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In this study, we fabricated albumin nanoparticles (ANP) using a solvent diffusion method and

modified the surface of the ANP with hematoporphyrin (HP) which has been used for cancer

photodynamic therapy. Hematoporphyrin linked albumin nanoparticles (HP-ANP) were further

functionalized with gamma-emitting nuclides (99mTc) for scintigraphic imaging. The fabrication method

for HP-ANP was optimized extensively to obtain HP-ANP particles within the size range of 100 to

200 nm. HP-ANP had enhanced accumulation in A549 and CT-26 cancer cell lines, and photodynamic

activity against A549 cells after UV exposure. HP-ANP also showed increased accumulation in murine

lung tumors, which was induced by CT-26 colon cancer cells, compared to normal lungs.

Pharmacokinetics of 99mTc chelated HP-ANP (99mTc-HP-ANP) was estimated through scintigraphic

imaging of rabbits. 99mTc-HP-ANP demonstrated good imaging properties in the rabbit with a much

more extended biological half life compared to 99mTc-HP. 99mTc-HP-ANP could be utilized as a radio-

diagnostic tool for cancer as well as the obvious application for photodynamic therapy.
Introduction

Recently nanotechnology has become the cynosure in science

and engineering.1 Nanotechnology combines all areas of science;

physics, chemical engineering, material science and medicine etc.2

Scientists are now able to precisely control the size of nano-

particles in dimensions of 10, 20, 50 and 100 nm.3 Interestingly,

nanomaterials display totally different physico-chemical and

biological properties such as pharmacokinetics, intracellular-

trafficking, auto-fluorescence and magnetic properties that

cannot be observed in the micro-state.4

Nanoparticles, in sizes under 200 nm, demonstrate great

potential as drug carriers which penetrate the abnormal neo-

vasculature windows and exclusively accumulate into malignant

lesions with decreased exposure to other vital organs.5 This

typical property, known as passive targeting, has been utilized

for cancer drug targeting.

Recent understanding about cancer biomarkers also enables

us to functionalize nanoparticles which can actively travel to the

tumor with more enhanced efficiency. Various targeting ligands

such as folic acid,6 cRGD,7,8 and VEGF antibody9 etc. have been
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explored as a paddle for nanoparticles. In the near future,

nanoparticles could be well-functionalized enough to find, fix or

eliminate a single diseased cell in the body, ultimately

approaching the definitive goal of nano-therapy.

Nanomaterials have been explored for the diagnosis of

cancer.10 Some materials that exhibit strong fluorescence, like

quantum dots, have been developed as a tumor marker after

surface-modification with cancer-targeting ligands.11,12 Another

example is imaging-probes such as super-paramagnetic iron

oxide (SPIO); gadolinium chelates are loaded on functionalized

carriers to increase contrast between tumor and normal

tissue.8,13,14 Application of newly designed nano-imaging probes

with improved functionalities becomes more prevalent not only

in the diagnosis of cancer but also in image-guided cancer

therapy.

However, clinical application of experimental nanomaterials

raises great concerns about safety despite their superior perfor-

mance.15 Systemic side effects, which suspiciously originate from

nanomaterials, have been also reported in many examples such

as decreased glomerular filtration rate, immune response and the

dreadful accumulation of nanoparticles on central nerve systems

etc.16,17 Safety assurance of nanomaterials is getting more

imperative to access further clinical trials.

Our research employed albumin and porphyrins to design

multifunctional nanoparticles, which are regarded as safe and

already approved for clinical applications.18 Albumin nano-

particles have drawn more attention due to their biocompati-

bility and wide application for many cancer drugs. The recent

clinical success of nanoparticle albumin-bound paclitaxel

(Abraxane�) for treatment of metastatic breast cancer widely

opened the feasibility of albumin nanoparticles for medical

purposes.19

Porphyrins have been utilized in various fields stemming from

their diverse properties; photodynamic therapy (PDT), chelating

agents and cancer diagnostic markers. Porphyrins produce
This journal is ª The Royal Society of Chemistry 2010
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a singlet oxygen (1O2) under UV exposure to induce apoptosis of

tumor cells.20–22 Some researchers utilized specific properties of

porphyrins (i.e., intrinsic fluorescence and high affinity for

neoplastic tissue) for the development of cancer diagnostic

markers.18 Another typical property of porphyrins is chelating

power similar to EDTA, in that they form bonds to a metal ion

through nitrogen. But PDT has been limited to light penetrable

cancers such as oral cavity carcinoma, bronchial cancer and

cervical cancer, etc.23 Out-door activities during the therapy are

extremely restricted because of the toxicity to skin and the retina

under sunlight. More improved targeted design for PDT is

needed for decreased toxicity together with enhanced therapeutic

efficacy. An increased accumulation of porphyrins at the tumor

site may allow PDT for deeper site organs such as lung and liver,

although the penetration of UV may be decreased by distance.

In this study we fabricated albumin nanoparticles (ANP)

based on a solvent diffusion method,24 and attached hemato-

porphyrin (HP) on the surface of ANP for cancer targeting and

imaging. Surface morphology, particle size, in vitro cellular

uptake and in vivo cancer targeting of the HP attached albumin

nanoparticles (HP-ANP) were evaluated.
Experimental

Materials and methods

Preparation of HP-ANP. HP-ANP was prepared as follows:

250 mg of serum albumin was dissolved in 10.0 ml of purified

water. Then, pH was adjusted to be 8.0–8.5 by drops of 0.1 N

NaOH, and solvent diffusion was induced by adding 40.0 ml of

absolute ethanol at a prefixed feeding rate (1–20 mL min�1)

under magnetic stirring. Between 50 and 240 mL of 8% glutar-

aldehyde was added subsequently to induce cross-linking of

albumin. The resulting ANP suspension was magnetically stirred

overnight, centrifuged at 1000 rpm for 10 min (5415R, Effendorf,

Germany) and resuspended in distilled water or pH 9.7

carbonate buffer at a concentration of 5.0 mg mL�1. Surface-

derivatization of ANP was performed by adding N-hydrox-

ysuccinimide ester of HP (HP-NHS) which was prepared

according to the reported method (see ESI†).25 The applied

amount of HP-NHS was adjusted to 1.0 to 20.0% of the weight of

ANP. The acquired HP-ANP was purified by three cycles of

centrifugation (1000 rpm, 10 min) and filtration (0.45 mm).

Characterization of HP-ANP. The particle size and zeta

potential of nanoparticles was measured in an aqueous suspen-

sion using a dynamic light scattering (DLS) instrument (ELS-

8000, Otsuka electronics co., Japan) equipped with a 15 mW

laser diode and PMT detector. Samples were appropriately

diluted with water for measurement. Scattered light was detected

at a 90� angle at room temperature. Zeta potential was calculated

from the electrophoretic mobility. TEM images of HP-ANP and

ANP were acquired on a JEM 1010 (Jeol Co, Tokyo, Japan).

Diluted nanoparticle suspension was dropped on the glow-dis-

charged grid and allowed to stand for drying. Then, the grid was

stained with one drop of 2% phosphotungstic acid and intro-

duced to TEM. The optical property of HP-ANP was evaluated

using a luminescence spectrometer (LS55, PerkinElmer, USA).

Emission spectra of HP, ANP and HP-ANP solution were
This journal is ª The Royal Society of Chemistry 2010
scanned using an excitation wavelength of 405 nm and 10 nm of

band width.

In vitro cellular uptake of ANP and HP-ANP. In vitro cellular

uptake of ANP and HP-ANP was estimated using A549 (human

alveolar epithelial cancer cell line) and CT-26 (murine colon

cancer cell line) cells. Five mg of FITC labelled albumin and

245 mg of albumin were employed to make ANP and HP-ANP.

In this way, FITC loaded HP-ANP (FITC-HP-ANP) emits green

(ex; 494 nm, em; 521 nm) and red (ex; 420 nm, em; 620 nm)

fluorescence from FITC and HP, respectively, whereas FITC-

ANP emits only green (ex; 494 nm, em; 521 nm) fluorescence.

A549 and CT-26 cells routinely grown with RPMI 1640 medium

supplemented with 10% FBS, 100 IU mL�1 penicillin, 100 mg

mL�1 streptomycin, and 2 mM L-glutamine in 5% CO2 humidi-

fied air at 37 �C, were seeded on 6-well plates containing 18 mm

coverslips at a concentration of 3 � 105 cells/well and grown up

to reach 80% confluence. For uptake study, FITC-ANP and

FITC-HP-ANP were added to the cell culture media at a particle

concentration of 150 mg/well, respectively and incubated for 5 h

at 37 �C. Then, cells were washed three times with PBS buffer,

fixed and put on slides coated with mounting medium for

confocal microscopy (Leica TCS SP2, Leica microsystems,

Germany).

Cytotoxicity study. The cytotoxicity of HP-ANP and ANP was

evaluated in A549 lung cancer cells. A549 cells were plated in 96-

well plates with a seeding density of 500 cells per well and treated

with nanoparticles at a concentration of 50 mg per well 24 h after

seeding. Cells were incubated with nanoparticles for 5 h, washed

with fresh media and then exposed to UV illumination for 10

min. The amount of ATP in the cells was measured from the

luminescent signal, which was produced by the luciferase-cata-

lyzed reaction between luciferin and cellular ATP, using a lumi-

nescent counter (Spectra Max M5, Molecular devices, CA) after

2 days of treatment. Cell viability was calculated based on the

viability of untreated cells.

99mTc labelling of HP-ANP and imaging of pharmacokinetics. In

vivo pharmacokinetics and imaging property of HP-ANP were

evaluated on a planar gamma camera (Diacam LC 75-005,

Siemens AG, German) after radio-labelling HP with 99mTc-per-

technetate. Radio-labelling was processed based on the reported

method (ESI†).26 The estimated labelling efficiency of 99mTc by

thin layer chromatography was over 95.0% (Figure S3, ESI†).
99mTc labelled HP-ANP (99mTc-HP-ANP) and 99mTc labelled HP

(99mTc-HP), respectively, were administered to New Zealand

white female rabbits through the ear vein at a dose of 0.7 mCi.

Rabbits were anaesthetized with an intramuscular injection of

ketamine hydrochloride (50 mg ml�1 each), placed on the

imaging platform, and fixed on a board in anterior position for

imaging.

Tumor targeting of HP-ANP. Cancer targeting of HP-ANP

was investigated using a murine metastatic lung cancer model.

The lung metastasis was induced by tail vein injection of CT-26

cells, a transplantable mouse colon cancer cell line, to CDF1

mice at a concentration of 1 � 105 cells/mouse. The study was

conducted 2 weeks after the cell injection after confirming lung
J. Mater. Chem., 2010, 20, 9042–9046 | 9043
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Fig. 2 Controlled particle size of ANP and HP-ANP (n ¼ 3, mean �
s.d.). A) Mean particle size of ANP by ethanol feeding rate during solvent

diffusion process. B) Mean particle size of HP-ANP after HP-derivati-

zation of ANP. The applied amount of HP-NHS per 1 mg of ANP is

shown.
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tumor formation through histological examination (Figure S6,

ESI†). FITC-ANP and FITC-HP-ANP were injected via the tail

vein at a dose of 10 mg kg�1. Lungs were harvested at pre-

determined time-points after the injection, washed twice with

physiological saline, dried with blotting paper and then

homogenized for 5 min in an ice bath with 4 times the volume of

water using a tissue homogenizer (T25 basic, IKA, Germany).

The lung homogenate was extracted twice with 2 mL of ethyl

acetate each time. The ethyl acetate fractions were pooled, dried

under nitrogen gas and reconstituted with pH 7.0 phosphate

buffer for fluorescence spectrophotometry. The accumulation of

nanoparticles was estimated based on area under the curve

(AUC) of lung concentration which was determined based on the

pre-obtained calibration curve.

Results and discussion

The objective of our study was to prove the targeting and

imaging property of hematoporphyrin-linked albumin nano-

particles (HP-ANP), which could be applied for further devel-

opment of visible photodynamic therapy and radio imaging of

cancer (Fig. 1A). ANP were prepared by ethanol diffusion

techniques.

Variable parameters for the preparation of HP-ANP such as

pH of the albumin solution, ethanol feeding rate, the applied

amount of HP and glutaraldehyde were explored to obtain

nanoparticles within the size range of 100 to 200 nm. Fig. 1B, 1C

and S1 (ESI†) show ANP and HP-ANP have spherical shape

with narrow particle size distribution.

HP-ANP displayed swollen and rough surfaces with increased

size in comparison with ANP (Fig. S1, ESI†). Particle size highly

affects in vivo organ distribution and cancer targeting efficiency

of nanoparticles.27,28 Optimal size for cancer targeting is known

to be around 50–150 nm, in which nonspecific elimination of

particles by the liver, spleen and kidney is reduced, whereas
Fig. 1 A) Schematic illustration of 99mTC chelated hematoporphyrin

(left) and hematoporphyrin (HP) attached albumin nanoparticles (ANP)

for use as a cancer targeting agent (right). B) TEM image of a represen-

tative HP-ANP after negative staining with 2% PTA solution. C) Particle

size distribution of ANP (dashed line) and HP-ANP (solid line).

9044 | J. Mater. Chem., 2010, 20, 9042–9046
accumulation in the tumor is increased. Fig. 2A shows how

ethanol feeding affects the particle size of ANP. Particle sizes

around 220 nm were achieved at ethanol feeding of 1 mL min�1.

Particle size decreased to 130 nm as the feeding rate increased.

However recovery of ANP dropped below 40.0% when the

feeding rate was increased (data not shown). The amount of HP

added also affected size of ANP (Fig. 2B). Zeta potential was

slightly affected by the HP-derivatization. The estimated zeta

potential of ANP was �32.5 mV and changed to �38.3 mV after

HP-derivatization. The zeta potential of ANP was comparable

with the reported values, and the altered zeta potential of HP-

ANP also suggested the successful derivatization of ANP.29

Sequential experiments proved other factors such as magnetic

stirring rate and pH of solution also affected the particle size of

ANP (data not shown). Generally, the particle size decreased as

the stirring rate increased. Severe aggregation of ANP was

observed when the pH of albumin solution was under 8.0 or over

9.0, thus the pH of the albumin solution was precisely controlled

to be 8.3. Excess amounts of aldehyde caused particle aggrega-

tion, resulting in poor polydispersity and low recovery of parti-

cles (data not shown).24 The optimal amount of glutaraldehyde

was determined to be 0.5–0.7 mL per 1 mg of albumin based on

the residual amount of free amino groups of albumin, which was

estimated using the trinitrobenzene sulfonic acid (TNBS) method

(ESI†).30 The total amount of free amino groups was 507 mmol

per gram of albumin. 60% Of amino groups were cross-linked

after aldehyde treatment. HP-NHS was attached to about 30% of

the residual amino groups (Fig. S2, ESI†). In this condition, the

acquired particles were apparently spherical with diameters less

than 120 nm, as shown in Fig. 1.

HP and HP-ANP solution exhibited fluorescence emission at

613 and 618 nm, respectively (Fig. 3). A slight red shift of the

emission spectrum of HP-ANP suggests a formation of chemical

bonding between protein amine and carboxylic acid of HP.

Confocal fluorescence images of A549 and CT-26 cells are

shown in Fig. 4. Absence of cell associated fluorescence of CT-26

and A549 cell line (Fig. 4A and 4D) in contrast to an intense cell-

associated green and red fluorescence for HP-ANP (Fig. 4B, 4C,

4E and 4F) reveals dependence of nanoparticle uptake on HP

conjugation. Using another method, the recovered cells were

lysed with 1% TritonX-100 and introduced to an LS55 lumi-

nescence spectrometer (Perkin-Elmer, PerkinElmer, USA) to

estimate the uptake rate. Uptake of HP-ANP reached a plateau

after 5 h of incubation. The uptake rate was so slow that no
This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 Emission fluorescence of HP, ANP and HP-ANP using excitation

at 405 nm. Bandwidth and scanning speed was 10 nm and 200 nm min�1,

respectively.

Fig. 4 Uptake of ANP (A and D) and HP-ANP (B, C, E and F) by CT-

26 murine colon cancer cells and A549 human lung cancer cells after 5 h

exposure. ANP and HP-ANP were fabricated with 5% content of FITC-

albumin. Red and green fluorescence were observed from excitation of

HP and FITC at 405 and 490 nm, respectively.

Fig. 5 Cell viability of UV-treated and untreated A549 lung cancer cells

after uptake of HP-ANP. Cells were treated with 50 ug/well concentra-

tion of HP-ANP for 5 h, washed with media and exposed to UV light.

Cell viability was estimated by measuring cellular content of ATP 3 days

after treatment.

Fig. 6 Pharmacokinetic behaviors of radio-labelled HP-ANP and ANP.

In vivo rabbit scinti-images after IV injection of 99mTc-HP-ANP (A) and
99mTc-HP (B) at a dose of 0.7 mCi. Images were taken 30 min after

injection. C) Time dependent radio-intensity of 99mTc-HP-ANP and
99mTc-HP, which was estimated by Image J on the basis of scinti-images

(Fig. S4, ESI†). D) Accumulation of ANP and HP-ANP on CT-26

murine metastatic lung (n ¼ 3, * P < 0.05).
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significant uptake of HP-ANP was observed after 2 h of incu-

bation.

Bohmer et al. observed temperature-dependent cellular uptake

of porphyrins and suggested an energy-dependent pathway to

explain the uptake mechanism of porphyrins.31 They found the

cellular uptake of porphyrins was delayed up to 5 h before

reaching a plateau. Other studies also proved that carrier medi-

ated uptake of porphyrins with saturation kinetics was strongly

restrained by inhibitor and low temperature.32 Shibata et al.

suggested that porphyrin is taken-up by LDL receptors which

are abundantly over-expressed in cancer cells such as glioma cells

etc.33 5-Aminolevulic acid ester (ALA) which is a bio-precursor

of prophyrin has been widely studied for use in photodynamic

therapy. Some researchers suggested ALA is taken-up via peptide

transporters,34 but others have proposed the GABA pathway.34

The uptake mechanism of porphyrins appears to be distinctive

for each cell type and still not fully understood yet. However,

porphyrins are generally regarded as an active targeting moiety

and are clinically used for cancer therapy which solidifies the

proof of their therapeutic potential.
This journal is ª The Royal Society of Chemistry 2010
Photodynamic effects of HP-ANP were investigated using

A549 human lung cancer cells (Fig. 5). The viability of A549

dropped when the cells were treated with both UV and HP-ANP.

UV-nontreated cells, which were treated only with HP-ANP,

maintained the same viability as control cells. This study suggests

HP-ANP is working as photodynamic therapy and is relatively

non-toxic without UV-exposure.

Fig. 5 also shows 5% is the most optimal level for HP deriv-

atization for effective toxicity. This observation corresponds

with previous results, which demonstrated that over 5% of HP

did not influence the residual amount of free amino-groups

(Fig. S2, ESI†) and particle size (Fig. 2).
J. Mater. Chem., 2010, 20, 9042–9046 | 9045
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Representative rabbit-body scinti-images for two preparations

are shown in Fig. 6A and 6B, which are taken 30 min after

dosing. The intensity of scinti-images was estimated by Image J

and time dependent intensity profiles are shown in Fig. 6C. 99mTc-

HP-ANP showed very different in vivo pharmacokinetic prop-

erties than 99mTc-HP, which spread throughout the body

instantaneously after dosing and was excreted rapidly via the

kidneys (Fig. S5, ESI†). 99mTc-HP-ANP showed much more

extended terminal half life (t1/2, 16 min) in comparison to 99mTc-

HP (245 min). These results indicate that nano-formulation

greatly affected the retention of HP.

Fig. 6D shows the increased accumulation (AUC) of HP-ANP

in mouse lung cancer, which was induced by CT-26 murine colon

cancer cell, by 14.7% in comparison with ANP (n ¼ 3, P < 0.05).

Increased accumulation of HP-ANP in the lung tumor suggests

that HP-ANP might be a good candidate for further therapeutic

challenges such as photodynamic therapy for lung tumors.

Another potential application of HP is in metal-isotope chela-

tion. As shown in our study, 99mTc-HP-ANP displayed good

imaging properties in the radio-scintiimage study. Especially

short half-life gamma emitters like 57Co, 111In and 64Cu etc.,

which have been used for cancer therapy and imaging, could be

applied to HP-ANP for tumor detection and imaging through

positron emission tomography (PET).26,35,36
Conclusion

In this study, we illustrated the possible application of HP-ANP

for cancer targeted imaging and therapy. ANP particles 100–150

nm in size were acquired using a solvent diffusion method. HP-

ANP showed enhanced uptake by cancer cell lines (A549 and

CT-26) and higher accumulation in a murine lung cancer model.

Photodynamic activity of HP-ANP was proved after UV expo-

sure using A549 lung cancer cells. Radio-labelled HP-ANP

showed good radio-scintiimages in a rabbit, which was enough to

see the body retention and organ distribution. The increased

targeting efficiency of HP-ANP, which is endowed by nano-

design and HP-modification, allows further development of

nano-carriers for cancer photodynamic therapy and radio

imaging.
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