
Abstract. Purpose: This study was aimed at the synthesis,
formulation and in vitro evaluation of folate receptor (FR)-
targeted solid-lipid nanoparticles (SLNs) as a carrier for a
lipophilic derivative of the photosensitizer hematoporphyrin
(Hp), in FR-overexpressing tumor cells. Materials and
Methods: FR-targeted hematoporphyrin-stearylamine (HpSa)
SLN composed of Triolein:Egg-phosphatidylcholine
(EPC):Tween-80 (T-80) (64:25:10), with 0.5 mole % of folate-
polyethyleneglycol-cholesterol (FPC) or polyethyleneglycol-
distearoylphosphatidylethanolamine (PEG-DSPE), were
prepared by ethanol injection method. Stability of the SLN was
monitored by changes in particle size at 4ÆC and drug retention
at various time points. Cellular uptake and IC50 values of the
FR-targeted formulations were determined in vitro in the FR
(+) KB cells. Results: Stable targeted SLNs were prepared by
ethanol injection encapsulating greater than 95 percent of 5
mole % of HpSa, having a mean diameter < 200 nm. In vitro
cytotoxicity assay on the FR-targeted SLN gave IC50 of 1.57
ÌM in KB cells and non-targeted SLNs gave an IC50 of 5.17
ÌM. FR selectivity was confirmed by fluorescence microscopy.
Conclusion: FR-targeted SLNs incorporating the lipophilic
drug HpSa were capable of specific receptor binding in
cultured KB cells, which warrants further investigation. 

Photodynamic therapy (PDT) has emerged as a modality that

may be used to treat a number of diseases (1). PDT uses

light-activated drugs and non-thermal light to selectively

destroy cancerous cells (2), which is accomplished primarily

by the association of the drug with membranes of the cell and

destruction of lipids and proteins as well as the tumor

vasculature (3,4). Most photosensitizers (PS) are hydrophobic

compounds, which complicates their intravenous (i.v.) route

of administration. This has led to the development of specific

delivery systems for PS, such as emulsions, liposomes and

polymers. Other delivery systems have been proposed such as

antibody conjugation and low-density lipoprotein (LDL)-

mediated uptake. The latter may be a factor in the selective

accumulation of unformulated/conjugated photosensitizers in

tumor tissue. (1,5,6). 

The purpose of this project is to explore the possibility of

producing stable FR-targeted SLNs of hematoporphyrin for

systemic delivery. Extensive work has been carried out to

develop more water soluble PS to allow more effective

systemic delivery, however, an alternative to this is to create

a more lipophilic derivative that can be incorporated into

suitable vehicles for delivery. Many emulsions and

liposomes of hydrophobic drugs, such as paclitaxel, have

proven to be unstable in the presence of serum (7). Stable

incorporation of PS into delivery vehicle, i.e. through

covalent linkage, could limit the removal of the PS by serum

proteins (8-10) and would allow the drug to be delivered

more selectively to the target tissue.  

Folates are vitamins implemented e.g. in one-carbon

metabolism and de novo nucleotide synthesis. Folic acid

shows a high affinity for the FR (Kd~ 0.1-1nM) (11), which

is overexpressed in many forms of cancer (12-15). Covalent

coupling of folic acid to a drug or drug carrier has been

evaluated in numerous studies (16-21). Upon receptor

binding, such folic acid conjugates are endocytosed, which

is believed to be a non-destructive pathway (22-24), thus

allowing folate conjugation to present a potential strategy

for the targeted delivery of therapeutic agents e.g.
radiopharmaceuticals for use in diagnostic imaging and

liposomes acting as drug carriers (11,25). 

Materials and Methods

Materials. Hematoporphyrin was purchased from Frontier Scientific

USA (Logan, Utah, USA). Egg-phosphatidylcholine (EPC) was

purchased from Avanti Polar Lipids (Alabaster, AL, USA).

Polyethyleneglycol-Cholesterol (PEG-Chol) was synthesized in our

laboratories. Triolein was purchased from Chem. Service (West

Chester, PA, USA). Stearylamine was purchased from Sigma (St.
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Louis, MO, USA). Folate-polyethyleneglycol-cholesterol (folate-

PEG-Chol) was synthesized in our laboratory as described

previously (26). 

Synthesis of stearlyamine linked hematoporphyrin. As shown in

Figure 1, ester formation of hematoporphyrin (Hp) 1 was

performed using N-hydroxysuccinimide (NHS) and 1-ethyl-e-

dimethylamino-propyl carbodiimide (EDAC). NHS deprotection

of the intermediate using triethylamine (TEA) with stearylamine

(2) gave compound 3. The product was subsequently dried by

rotary evaporation and then subjected to extraction in

dichloromethane (DCM): methanol (MeOH) (9:1) and water five

times. The sample was then passed through a silica gel column

using DCM: MeOH (9:1) for a final yield of 30%. Mass

spectrometry was performed on a Micromass Q-Tofì II mass

spectrometer equipped with an orthogonal electrospray operated

in positive ion mode.

Solid-lipid nanoparticle preparation. SLN were prepared using

Triolein:Egg-phosphatidylcholine (EPC):Tween-80 (T-80) (64:25:10),

with 0.5 mole % of folate-polyethyleneglycol-cholesterol (FPC) or

polyethyleneglycol-distearoylphosphatidylethanolamine (PEG-

DSPE). Briefly, all components were dissolved in chloroform then

combined and dried by rotary evaporation for 1 h, and further dried

by high-pressure vacuum. The rehydration process was carried out by

the ethanol injection method. The dried sample was dissolved in 95%

ethanol then added to a vortexing solution of normal saline drop wise.

Free drug was removed by diafiltration through a Spectrum

tangential flow filter unit. The HpSa content was monitored by

absorbance at 400 nm on a Shimadzu UV/Vis Spectrophotometer.

Encapsulation efficiency was calculated as the ratio of drug

concentration before and after diafiltration. SLN particle diameter

was determined by dynamic light scattering on a NICOMP Particle

Sizing Systems Submicron Particle Sizer Model 370. SLN samples

were stored at 4ÆC and were analyzed for particle size changes after

varying times of storage. Separation of the SLN from the free drug

was carried out by diafiltration as described above. 

Cell culture. KB cells, a FR (+) human oral epidermal

carcinoma cell line, was kindly provided by Dr. Monohar

Ratnam (Department of Biochemistry & Molecular Biology,

Medical College of Ohio, Toledo, OH, USA). Cells were

cultured as monolayers in folate-free RPMI 1640 media

supplemented with penicillin, streptomycin and 10% fetal

bovine serum and propagated in a humidified atmosphere

containing 5% CO2 at 37ÆC. 

Selective uptake. 2 x 104 KB cells were seeded in Lab-Tek 8

chamber slides 24 h prior to assay. Medium was replaced with

medium containing targeted, targeted + 1mM free folic acid and

non-targeted SLN, and free HpSa diluted in medium to 20 ÌM

HpSa for 2 h. Cells were then washed 3 x with PBS, fixed with 5%

formaldehyde and viewed under phase contrast and fluorescence

microscopy using a Nikon Eclipse E800 microscope utilizing a

TRITC fluorescence filter. 

Irradiation studies. Illumination was carried out with a Dolan

Jenner Fiber Lite MI-150 High Intensity Illuminator with a 150W

halogen bulb. Cells were irradiated at a total fluence of 5 Jcm-2,

which was monitored by an Extech Light Meter.

Cytotoxicity of the emulsions was determined by MTT cell

viability assay. KB cells were transferred to 96-well tissue culture

plates at 2 x 104 cells per well 24 h prior to assay. The medium was

replaced with 200 ÌL of medium containing serial dilutions of

emulsion or free paclitaxel. Competition studies were conducted

by incubation with 1 mM free folic acid added to the medium used

in the serial dilution. After 2 h of incubation at 37ÆC, cells were

washed twice with PBS and incubated in fresh culture medium till

control wells reached confluency. Twenty ÌL of MTT (5 mg/mL in

PBS) was added to each well and cells were incubated for 4 h. The

medium was removed and cells were solubilized in 200 ÌL

isopropanol containing 0.1 M HCl. Viable cells in each well was

assessed by absorbance at 570 nm measured on an automated plate

reader (Biorad). All media contained 2% serum albumin. 

Results

Synthesis of conjugate. The reaction scheme and structure of

HpSa is shown in Figure 1. HpSa was purified through

extraction in DCM:MeOH (9:1) and water, and passage

through silica gel with DCM:MeOH (9:1) to afford the

desired product (30% yield, m/z 850; calculated for

C52H75N5O5; found 850.687). Comparison of both Hp and

HpSa in dilute solutions by absorbance spectroscopy showed

no apparent shift in the spectrum of either the soret band

or the Q-bands of HpSa compared with Hp. 

Characterization of SLN. SLN containing HpSa were

prepared by ethanol dilution. The stability and

encapsulation efficiency of the formulations were evaluated

immediately after production and following storage at 4ÆC

for various lengths of time. After 3 months of storage at

4ÆC, the average particle size was 120 nm, which was

comparable to the initial particle size of 123 nm. No drug

leakage was observed by absorption at 400 nm after

filtration through a Spectrum tangential flow filter system. 

Cytotoxicity of FR targeted SLN. The cytotoxicity of all

formulations was evaluated using FR (+) KB cell lines using

an MTT assay. Table I summarizes the IC50 values of

emulsions and free drug under conditions of light

irradiation. Targeting of the SLN increased cytotoxicity

from 5.17 to 1.57 ÌM. Competitive blocking with 1mM free

folic decreased the IC50 to 2.79 ÌM.  

Cellular uptake of HpSa loaded SLN. SLN uptake by FR (+)

KB cells was determined by fluorescence microscopy. KB cells

were incubated with the drug loaded SLN, either FR-targeted

or non-targeted, in the presence and absence of 1mM folic

acid, and examined by fluorescence microscopy. As shown in

Figure 2, higher SLN uptake was observed among the cells

that were treated with the FR-targeted SLN (Frame 1)

compared to those that were treated with the non-targeted

emulsion (Frame 4) or FR-targeted SLN in the presence of 1

mM folic acid as a receptor blocking agent (Frame 3). 
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Discussion

The efficacy of conventional liposome and emulsion

formulations carrying PS may be further improved if

appropriate targeting moieties are incorporated into the

vehicle. In this study, we evaluated FR-targeted and non-

targeted SLN formulations that incorporated covalently Hp

in the form of lipophilic HpSa, including a characterization

of the stability and efficiency of drug incorporation of these

formulations. We also examined the FR-specific uptake of

the paclitaxel containing SLN and antitumoral activity in
vitro in FR (+) KB cells. 

All formulations displayed excellent stability at 4ÆC,

assessed by the degree of change in particle size and drug

release. Drug release was immeasurable for the SLN over a

3-month period. All formulations could pass through a 0.2 Ìm

syringe filter, allowing for an easily attainable sterile product.  

We compared antitumor activity of FR-targeted HpSa

loaded SLN and non-targeted, empty emulsions and free

drug in the FR (+) KB tumor cell lines. Efficient drug

release occurred intracellularly as suggested by the observed

high antitumor activity. These data indicate that FR-

targeted HpSa SLN can effectively target tumors that over-

express the folate receptor, such as ovarian carcinomas. An

advantage of FR-targeting is the ability to shorten

incubation times to achieve effective photosensitizer uptake

by tumor cells. Typically, a period of 18-24 h is needed after

delivery before irradiation is given, however we have

observed, even after a 2-h incubation period, that the ability

of the FR-targeted SLN to elicit a cytotoxic effect is

significantly increased.  
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Figure 1. Reagents and conditions: (a) Hematoporphyrin, NHS, EDAC, DMF, 25ÆC, 4h (b) Stearylamine, TEA, 25ÆC, 4 h. Synthesis HpSa. 

Table I. Cytotoxicity of SLN in KB cells by MTT assay.

IC50 (ÌM)

KB

Targeted SLN 1.57

Non-targeted SLN 5.17

Targeted SLN + 1 mM free folic acid 2.79

Free HpSa 5.37

IC50, or concentation giving 50% cell death, was determined using the

MTT assay
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Figure 2. Fluorescence of selective
uptake of FR-targeted HpSa. 1: Treated
with FR-targeted SLN; 2: Treated with
free HpSa; 3: Treated with FR-targeted
SLN with 1mM free folic acid; 4: Treated
with non-targeted SLN. Left Panels:
micrographs taken in fluorescence mode;
right panels (5-8): same field viewed in
phase contrast mode. 



In summary, we have demonstrated in this study that the

introduction of folic acid into SLN greatly increases the

cytotoxicity and cellular uptake in FR (+) KB cells.

Additional studies are warranted to further characterize the

FR-targeted HpSa SLNs including in vivo biodistribution,

antitumor efficacy and the mechanism of tumor inhibition.
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