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PEG-coated Poly(1actic acid) Nanoparticles for the Delivery 
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Abstract 
Hexadecafluoro zinc phthalocyanine (ZnPcFI6), a second generation sensitizer for the photodynamic therapy 
of cancer, was incorporated in three vehicles: poly(D,L-lactic acid) (PLA) nanoparticles, polyethylene glycol 
(PEG)-coated nanoparticles and a Cremophor EL (CRM) oil-water emulsion. Nanoparticles were prepared 
by the salting-out procedure. Biodistribution of the dye was assessed by fluorescence in EMT-6 mammary 
tumour bearing mice after intravenous injection of 1 pmol kg-' ZnPCF16. 

Plain nanoparticles were rapidly retained by the reticuloendothelial system (RES) as reflected by the 
low area under the blood concentration-time curve (AUC0-168,57 pg h g-'). Little tumour uptake of the dye 
was observed with this formulation. In contrast, PEG-coated nanoparticles displayed a reduced RES uptake, 
leading to significantly higher blood levels over an extended period (tf 30 h; AUC 0-168 227 pg h g-1) and 
enhanced tumour uptake. At 48 h post injection, tumour to skin and tumour to muscle concentration ratios 
reached 3.5 and 10.8, respectively. 

Blood levels of ZnPcF16 after administration as a CRM emulsion decreased faster than with PEG-coated 
nanoparticles (tf 12 h), but since no early liver uptake was observed, the A U C O - ~ ~ ~  and the tumour uptake 
were only slightly lower. However, with the CRM formulation, a late liver uptake was observed, reaching 
5 1 % of the injected dose after 7 days. 

ROSS W. BOYLE, JEAN-CHRISTOPHE L E R O U X * ,  ROBERT G U R N Y *  A N D  JOHAN E.  VAN L I E R  

Photodynamic therapy of a variety of cancers with red light 
after systemic administration of a mixture of haematopor- 
phyrin derivatives (Photofrin 11) has now been approved in 
a number of countries to complement established treatment 
protocols such as surgery, radiotherapy and chemotherapy 
(Henderson et a1 1994). Second generation photosensitizers 
of known composition and increased photodynamic activ- 
ities are being developed to provide an alternative to 
Photofrin 11. Phthalocyanines are promising agents for 
photodynamic therapy (van Lier 1990; Rosenthal 1991), 
primarily because of their advantageous photophysical 
properties, including a high molar absorption in the red 
region of the visible spectrum, where tissue transmission is 
optimal (Henderson & Dougherty 1992). Their photody- 
namic activities in-vivo largely depend on their pharmaco- 
kinetics and intratissular distribution. To improve the 
efficiency of photodynamic therapy there is a need to 
target the photosensitizer more accurately to malignant 
tissues. One way to satisfy this is to use colloidal drug 
delivery, such as nanoparticles (Brasseur et a1 1991; Labib 
et a1 1991) or liposomes (Jori et a1 1983; Ginevra et al 1990). 

Nanoparticles have received considerable attention as 
possible vehicles for drug targeting. However, unmodified 
nanoparticles suffer a major drawback in that they are 
massively taken up by the cells of the reticuloendothelial 
system (RES), mainly in the liver Kupffer cells and spleen 
macrophages. Consequently, nanoparticle uptake by other 
cells (e.g. tumour cells) remains quite low (Allemann et al 
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1993a). To circumvent this problem, investigators have 
focused on ways of modifying nanoparticle surface char- 
acteristics with the hope of altering the recognition by the 
RES. In-vivo studies with non-biodegradable nanoparticles 
have revealed the efficiency of poloxamers and poloxamines 
as efficient coatings to reduce liver sequestration (Mum & 
Davis 1987; Illum et a1 1987; Troster et a1 1990; Troster & 
Kreuter 1992; Tan et a1 1993). Similar results were obtained 
with polyethylene glycol (PEG) when the latter was cova- 
lently bound to polystyrene nanoparticles (Dunn et a1 1992). 
The importance of nanoparticle hydrophilicity and coating 
thickness in modifying the adsorption of plasma opsonins 
onto the surface of nanoparticles has been demonstrated. A 
recent study has shown that the uptake of poly(D,L-lactic 
acid) (PLA) nanoparticles by isolated human monocytes can 
be reduced significantly upon coating of the nanoparticles 
with PEG 20000 during the preparation procedure (Leroux 
et a1 1994). 

Based on these recent findings, the objective of this study 
was to compare the biodistribution of a phthalocyanine 
incorporated in three different formulations in EMT 6 
mammary tumour-bearing mice: an oil/water emulsion of 
Cremophor EL (CRM), PLA nanoparticles and poly- 
ethylene glycol-coated PLA nanoparticles (PEG-coated 
nanoparticles). The nanoparticles were prepared by the 
salting-out procedure as described previously (Allemann et 
al 1992). CRM, a non-ionic polyoxyethylated castor oil 
surfactant of complex composition, has previously been 
used to solubilize hydrophobic photosensitizers for intrave- 
nous administration and appears to promote their tumour 
uptake (Selman et al 1987; Garbo 1990; Henderson & 



PEG-COATED NANOPARTICLES FOR DRUG DELIVERY 383 

phate-buffered saline (PBS), pH 7.4 and filtered (0.2 PM). 
The final concentration of ZnPCF16 (100 pmol L-l) was 
determined spectroscopically in pyridine. 

F' 'F 

FIG. 1. Chemical structure of hexadecafluoro zinc phthalocyanine 
(ZnPcF16). 

Mayhew 1990). Recently, it has been demonstrated that 
CRM alters lipoproteins and this phenomenon has been 
suggested to account for the enhanced distribution to 
neoplastic tissues (Woodburn & Kessel 1994). 

The dye chosen in this study was hexadecafluorinated zinc 
phthalocyanine (ZnPCF16) (Fig. 1). It can be conveniently 
synthesized to yield a symmetrical, single isomeric product. 
This product represents the fluorinated analogue of zinc 
phthalocyanine (ZnPc), a compound which has recently 
been investigated as a possible second generation photo- 
dynamic therapy sensitizer (Ginevra et a1 1990; Reddi et a1 
1990; Schieweck et a1 1994). The fluorine atoms on ZnPcF16 
impart sufficient solubility on the molecule to allow the 
preparation of injectable aqueous emulsions and other 
colloidal drug delivery systems. 

Materials and Methods 

Materials 
According to a previously described method, ZnPcF16 was 
synthesized by condensation of tetrafluorophthalonitrile 
(Aldrich Chemicals Co., Milwaukee, USA) with zinc acet- 
ate dihydrate (1:l) at 160°C for 3 h (Birchall et a1 1970; 
Boyle & van Lier 1991). The crude compound was purified 
by suspension in aqueous hydrogen chloride (2 M) followed 
by filtration, washing of the residue with ethanol and 
extraction into acetone. ZnPcF16 has a molecular mass 
of 865. It is soluble in pyridine and in l-methyl-2- 
pyrrolidinone. The main absorption peak in pyridine is at 
678 nM ( E  = 2 x Cremophor EL was received from 
BASF (Toronto, Canada). PLA was a gift from Medisorb 
Technologies International L.P. (Cincinnati, USA) (intrin- 
sic viscosity 0.72 dL g-I). Poly(viny1 alcohol) (PVAL) was 
chosen as stabilizing colloid (Mowiol4-88, Hoechst, Frank- 
furt, Germany). Polyethylene glycol 20000 (PEG) was used 
as hydrophilic coating agent for the nanoparticles. The 
solvents were of analytical grade and all other chemicals 
were commercially available. 

Preparation of Cremophor emulsion 
The dye was first dissolved in l-methyl-2-pyrrolidinone, 
CRM (10% final) was added under sonication whereafter 
the solvent was discarded by means of 24 h dialysis 
(Spectrum dialysis bag, molecular weight cut-off 12-14 
kDa, Houston, USA). 1,2-Propanediol (3% final) was 
then added to the solution which was diluted with phos- 

Preparation of nanoparticles 
Nanoparticles were prepared by the salting-out technique 
(Allemann et a1 1992) and ZnPCF16 was incorporated as 
follows: 25 g of an aqueous gel containing 11 % of PVAL 
and 35% of magnesium acetate tetrahydrate was added 
under vigorous mechanical stirring (5500 rev min-I) to an 
acetone solution (10 g) of 5% (w/w) PLA and 0.05% (w/w) 
ZnPCF16, leading to the formation of a water-in-oil emul- 
sion. A liquid-liquid two-phase system was actually formed 
due to the presence of a salting-out agent (magnesium 
acetate). Upon further addition of the aqueous phase, an 
oil-in-water emulsion was obtained. Finally, 25 g of pure 
water was added to allow a complete diffusion of acetone 
into the aqueous phase, leading to the formation of plain 
nanoparticles. To obtain PEG-coated nanoparticles, the last 
step of the preparation was modified (Leroux et a1 1994). 
Instead of adding only 25 g pure water, 12.5 g PEG 5% was 
first added to the emulsion, followed by 12.5 g pure water. 

The nanoparticulate suspension was purified by cross-flow 
filtration using a Sartocon Mini device (Sartorius, Gottingen, 
Germany) mounted with a polyolefin cartridge filter (100 nm 
pore size) (Allkmann et a1 1993b). After the addition of 500 mg 
mannitol as cryoprotective agent, the nanoparticles were 
freeze-dried for 24 h and stored at 4°C until use. Before 
administration, the nanoparticles were suspended in saline. 
For PEG-coated nanoparticles, sonication (10 min) was 
required to redisperse the particles completely. 

Characterization of nanoparticles 
The size of the nanoparticles was assessed by photon 
correlation spectroscopy (Coulter Nano-sizer, Coulter Elec- 
tronics, Harpenden, Hertfordshire, UK). To determine the 
amount of ZnPcF16 bound to the polymeric matrix, 5 mg of 
nanoparticles was dissolved in pyridine, the solution was 
sonicated for 15 min and assayed spectrophotometrically at 
678 nM (Hitachi spectrophotometer, U-2000, Tokyo, Japan). 
The PEG content in nanoparticles can be assessed by colori- 
metry (Leroux et a1 1994). PEG in acidic solutions forms a 
complex with iodine in the presence of barium chloride 
(Childs 1975). Nanoparticles (20 mg) were mixed with 5 mL 
chloroform to dissolve the PLA and the PEG. The solution 
was sonicated for 30 min. A 1-mL aliquot was sampled and 
mixed with 10 mL water. The chloroform was then evapo- 
rated under reduced pressure to allow precipitation of PLA 
and diffusion of PEG in water. Water lost during evaporation 
was replaced. An aliquot of the PEG aqueous solution was 
added to 3 mL water, 1 mL barium chloride solution (5% in 
1 M HCI) and 0.5 mL 1.27% iodine -2.5% potassium iodide 
in water. The absorbance (505 nm) was recorded immediately 
after the addition of iodine. 

Animal experiments 
All ex,>eriments were performed on male BALB/c mice (19- 
23 g) (Charles River Breeding Laboratories, Montreal, 
Canada). These experiments were conducted following a 
protocol approved by the Canadian Council on Animal 
Care and an in-house ethics committee. The animals were 
allowed free access to water and food throughout the course 
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of the experiments. EMT-6 mouse mammary tumour cells 
were maintained according to an established protocol (Rock- 
well et a1 1972), as previously described (Brasseur et a1 1993). 
Before tumour implantation, hair on the hind legs and back of 
the mice was removed by shaving and chemical depilation 
(Nair, Whitehall, Mississauga, Canada). A tumour was 
implanted on each hind thigh by intradermal injection of 
2 x lo5 EMT-6 cells suspended in 0.05 mL Waymouth growth 
medium (Gibco, Canada). Mice were used 10 or 11 days after 
cell inoculation when the tumour diameter and thickness 
reached 4-8 mm and 2-4 mm, respectively. 

Biodistribution 
Tumour-bearing mice were injected intravenously via the 
caudal vein with 1 pmol kg-I of ZnPcF16 formulated either 
in CRM, in plain PLA nanoparticles or in PEG-coated 
nanoparticles (0.2 mL). At different time intervals after 
dye administration (3, 6, 12, 24, 48, 72 and 168 h), blood 
was collected from the axillary vessels in the angle of the 
forelimb by means of heparinized syringes, whereafter the 
animals (n = 5)  were killed. Organs and tissues of interest 
were then removed, washed with saline (0.9% NaCl) and 
blotted dry. 

One millilitre of water was added to blood samples (100 
mg) to induce haemolysis. The samples were then frozen 
(-40°C) and subsequently freeze-dried over 48 h to eliminate 
water completely. After this step 3.0 mL N,N-dimethylforma- 
mide (DMF) was added to the lyophilisates. Homogenization 
was achieved by sonication. Homogenates were incubated 
overnight at 37OC under mechanical agitation and then 
centrifuged at 2800 g for 20 min. The supernatants were 
sampled and further centrifuged under the same conditions. 
The dye concentration in the clear supernatant was assayed by 
fluorescence (Fluorescence spectrophotometer F-2000, 
Hitachi, Tokyo, Japan) (Aex 766 nm, A,, 780 nm, 5 nm 
band pass). Whole tumours (40-80 mg) and aliquots of 
other organs (80-150 mg) were homogenized with 2.0 mL 
DMF using a Polytron fitted with a PT 10/35 rotor 
(Brinkman, Rexdale, Ontario, Canada). Then, the samples 
were incubated and centrifuged as for blood samples. 

Fluorescence intensity of ZnPcF16 extracted from tissue 
samples in DMF varied as a function of water content. An 
increase in water content, due to a heavier tissue sample, 
decreased the fluorescence intensity. This is because of 
aggregation of ZnPcFI6 when the solvent mixture becomes 
more polar. To correct fluorescence intensity for the percen- 
tage of water in the samples, calibration curves of dye 
dissolved in DMF containing variable amounts of water 
were used. Following this intensity correction, calibration 
curves for the different organs were used to determine the 
concentration of dye in the samples. Calibration curves were 
established by adding known amounts of dye to 80-150 mg 
to tissue from control mice, whereafter the tissues were 
treated as described above. No fluorescence was found in 
control tissue samples to which no dye had been added. 

Results 

Preparation and characterization of nanoparticles 
Uncoated nanoparticles had a mean size of 464 nm and a drug 
load of 0.66%. PEG-coated nanoparticles had a mean size of 

1 '  , I I I I I I I 

0 24 48 72 96 120 144 168 
Time (h) 

FIG. 2. Blood concentration (% injected dose g-I) of ZnPcF16 in 
EMT-6 tumour-bearing mice after intravenous injection of dye 
(1 pmol kg-I; 0.865 mg kg-I) formulated in PLA nanoparticles (O), 
PEGcoated PLA nanoparticles (0), and CRM emulsion (A) (n = 5). 

988 nm and a drug load of 0.61%. The addition of PEG 
during the dilution step of the preparation procedure 
increased the mean size of the particles (Leroux et a1 1994). 
In this study, it was not possible to reduce the size of the PEG- 
coated particles by increasing the PLA concentration in the 
organic phase of the emulsion because of the low solubility of 
the compound in the organic phase (Allemann et a1 1992). 
This would have reduced the initial dye/polymer ratio result- 
ing in a lower undesired drug loading. The PEG content of the 
coated particles represented 2% (w/w) of the nanoparticles. 

Due to the necessity of using PVAL as stabilizing colloid 
during the emulsification, purified nanoparticles contain 
residues of this polymer, which is probably distributed on 
the nanoparticles surface. PVAL content is related to the 
particles' specific surface area (Allemann et a1 1993~). In this 
study, 464-nm particles contain approximately 3% (w/w) of 
PVAL and particles of 988 nm less than 1 % (w/w). 

Biodistribution of ZnPcF16 incorporated in nanoparticles 
The two types of nanoparticles investigated in this study 
gave rise to significantly different distributions of ZnPcFI6 
in organs. These differences are obvious, when comparing 
the blood clearances (Fig. 2). Like most types of nanopar- 
ticles, plain PLA nanoparticles were cleared very rapidly 
from the blood circulation. After 3 h the concentration of 
dye in blood was only 0.83 pg g-l. Although very low at this 
time, the concentration continued to decrease with a short 
half-life (ti = 10 h) until 24 h. The resulting bioavailability of 
ZnPcF16 was very low (AUC0-168 = 57 pg h g-I), the area 
under the blood concentration-time curve being calculated 
by the trapezoidal rule. Important concentrations of 
ZnPcFI6 administered in plain nanoparticles were found in 
the liver, spleen and lungs (Table 1). The combined accu- 
mulation of the dye in these three organs represented up to 
64% of the injected dose at 24 h post-injection (Table 2). 
From 24 h to 7 days the total amount of drug in these organs 
decreased to 47% of the injected dose. Probably due to a 
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Table 1. Tissue concentration (s.e.m.) of ZnPcFlq (1,pgg-I = 5% injected dose g-’) in 
EMT-6 tumour-bearing mice after intravenous injection of dye ( 1  pmol kg-’; 0.865 mg 
kg-’) formulated in different vehicles (n = 5). 
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Tissue Concentration (pg g-’ ) 

3 h  6 h  12h 24h 48 h 72h 168h 

PLA nanoparticles 
Blood 0.83 0.58 

Plasma 1.01 0.66 

Tumour 1.88 1.71 

Muscle b.d.1. 0.27 

(0.05) (0.02) 

(0.09) (0.10) 

(0.40) (0.29) 

(0.15) 

0.40 
(0.02) 
0.83 

0.25 
(0-01) 
0.83 

(0.24) 
1.20 

(0.04) 
0.41 

(0.09) 
0.38 

0.26 

0.65 
(0.02) 

0.41 

0.43 
(0.06) 

(0.02) 
0.26 

(0.02) 
0-589 

(0.24) 
1.16 

(0.14) 
0.10 

(0.07) 
0.57 

(0.05) 
137  

(0.22) 
0.12 

(0.10) 
1.04 

(0.29) 
b.d.1. 

b.d.1. 

‘1.25’ 
(0.17) 
0.33 

(0.06) 
0.2 1 

(0.06) 
0.20 Skin 0.41 ‘0.70’ 

(0.1 1) (0.17) 
Liver 7.58 9.40 

(1.05) (0.86) 
Spleen 30.94 26.40 

(3.43) (2.43) 

(0.74) (0.43) 

(0.04) (0-05) 

Lung 5.33 4.57 

Kidney 0.56 0.41 

(0.16) 
8.95 

(0.57) 
29.59 

(0.09) 
9.36 

(1.28) 
29.82 

(0.06) 
7.20 

(0.58) 
27.65 

(0.06) 
7.67 

(0.26) 
25.25 

6.63 
(0.59) 
22.48 

(1.61) 
3.69 

(0.32) 
0.33 

(0.03) 

(2.05) 
2.55 

(0.19) 
0.25 

(0.03) 

2.68 
(0.09) 
3.08 

(0.26) 
2.78 

(0.21) 
0.18 

(0.04) 
1.02 

(0.07) 
6.97 

(0.18) 
31.36 

(1.08) 
1.75 

(1 52) 
1.51 

0.23 
(0.20) 

(0.02) 

0.94 
(0.04) 
1.05 

(0.08) 
3.00 

(0.34) 
0.27 

(0.06) 
1.04 

(0.10) 
6.31 

(0.30) 
19.39 
(1.97) 
2.91 

(0.76) 
2.15 

(0.17) 
0.22 

(0.03) 

(0.35) 
0.20 

(0.01) 
PEG-coated PLA nanoparticles 
Blood 4.45 4.82 

Plasma 5.81 5.82 
(0.26) (0.1 1) 

3.32 
(0.12) 
4.07 

1.60 

1.57 
(0.05) 

0.39 

0.61 
(0.02) 

(0.35) (0.23) 
Tumour 2.25 2 62 

(0.05) (0.12) 
Muscle b.d.1. b.d.1. 

Skin 0.70 0.55 

Liver 5.77 6.69 
(0.08) (0.06) 

(0.32) 
3.17 

(0.35) 
0.35 

(0.05) 
4.01 

(0.48) 
0.37 

(0.07) 
1.55 

(0.10) 
b.d.1. 

0.81 
(0.17) 
4.94 

(0.33) 
10.15 
(0.77) 
2.30 

(0.10) 
0.87 

(0.13) 
1.14 

(0.08) 
5.66 

(0.60) 
37.90 

(0.ii) 
5.60 

(0.55) 
27.64 

(0.52) (0.27) 
Soleen 36.24 33.21 

(2.59) (3.68) 
6.3 1 

(0.26) 
1 .oo 

(0.08) 

(2.71) 
5.04 

(0.40) 
0.96 

(0.08) 

6.13 
(0.35) 
8.99 

(2.73) 
4.18 

(0.16) 
0.93 

(0.02) 

(2.20) 
3.28 

(0.37) 
0.79 

(0.03) 

\- - ~ ,  
Lung 7.09 

(0.51) 
Kidney 1.06 

(0.12) 

-.. 

(0.40) 
0.50 

(0.04) 

(0.24) 
0.67 

(0.05) 
CRM emulsion 
Blood 8.90 

(0.15) 
8.12 

12.38 
(0.95) 
2.93 

0.41 

1.48 

2.35 

2.66 

(0.44) 

(0.12) 

(0.10) 

(0.12) 

(0.22) 

2.38 
(0.13) 
3.13 

(0.21) 
3.63 

(0.33) 
0.5 1 

(0.08) 
1.48 

(0.09) 
8.45 

(0.51) 
5.33 

0.48 
(0.04) 
1.27 

(0.30) 
3-33 

(0.26) 
0.32 

(0.09) 
1.38 

(0.23) 
9.47 

(0.86) 
6.02 

0.39 
(0.02) 
0.92 

0.34 
(0.04) 
0.94 Plasma (3.19’ 

(0.70) 
Tumour 2.61 

(0.20) 

(0.37) 
3.48 

(0.36) 
0.45 

(0.09) 
2.60 

(0.10) 
0.33 

(0.1 1) 
2.04 

(0.15) 
0.10 Muscle ‘0.65’ 

(0.07) 
Skin 1.53 

(0.13) 
Liver 2.02 

(0.28) 
Sdeen 2.01 

(0.07) (0.05) 
1.50 

(0.04) 
1.02 ‘2.34‘ 

(0.29) 
5.17 

(0.27) 
3.34 

~ ~~ 

(0.08) 
10.18 
(0.89) 

~ ~- 

(0.20) 
10.46 
(0.56) 
5.76 ‘6.36’ 

(0.24) (0.21) (0.48) (0.36) (0.44) (0.59) (0.27) 

(0.11) (0.45) (0.17) (0.13) (0.03) (0.02) (0.07) 
Lung 2.5 1 2.72 1.40 0.76 0.62 0.54 0.47 

Kidnev 0.86 1.06 0.8 1 0-43 0.35 0.25 0.27 
(0.04) (0.07) (0.02) (0.02) (0.02) (0.01) (0.03) 

very rapid blood clearance, tumour concentrations 
remained low with this formulation (1.2-1.9 pg g-I). 
ZnPcF16 loaded in PEG-coated nanoparticles exhibited a 
totally different blood clearance (Fig. 2) ,  reflecting an 
extended circulation of the dye. During the time course of 
the experiment, blood clearance followed first-order kinetics 
with a tf  of about 30 h. A fourfold increase in AUC was 
observed when compared with the plain nanoparticles 
(AUCO-168 = 227 pg h g-I). The concentration of the dye 
in the liver was lower than with plain nanoparticles (Table 
1). Although spleen dye levels were slightly higher shortly 

after injection, they decreased faster than with the plain 
nanoparticle formulation. Due to their larger size, PEG- 
coated nanoparticles were partially filtered by the lungs. 
However, this was a transient phenomenon. Combined 
accumulation of ZnPcF16 in the three main reservoir 
organs was 56% of the injected dose at the beginning of 
the experiment and decreased to as low as 33% at the end of 
the experiment (Table 2) .  With this formulation, the tumour 
accumulated significant amounts of photosensitizer, reach- 
ing a maximum of 4.01 pg g-’ (22% injected dose g-’) at 
48 h post-injection. 
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Table 2. Cumulated percentage of injected dose in the liver, spleen and 
lungs of EMT-6 tumour-bearing mice after intravenous injection of 
1 pmol kg-I ZnPcFh incorporated in different vehicles (n = 5). 

Tissue Cumulative dose (YO) 

3 h  6h 12h 

PLA nanoparticles 
Liver 37.13 46.09 43.85 
Spleen 15.55 13.27 14.87 
Lung 7.32 6.28 5.07 
PEG-coated PLA nanoparticles 
Liver 28.29 32.81 27.73 
Spleen 18.22 16.70 19.05 
Lung 9.74 8.67 6.94 
CRM emulsion 
Liver 9.90 11.53 25.36 
Spleen 1.00 1.33 1.68 
Lung 3.45 3.73 1.92 

24h 48h 72h 

45.86 35.29 37.61 
14.99 13.90 12.69 
3.50 2.40 2.08 

34.17 27.46 30.95 
15.77 13.90 9.75 
5.74 4.51 4.08 

41.41 46.40 49.88 
2.67 3.02 3.19 
1.04 0.84 0.74 

168 h 
- 

32.5 1 
11.30 
2.95 

24.23 
5.10 
3.16 

5 1.26 
2.89 
0.64 

Biodistribution of ZnPcF,, incorporated in CRM 
The CRM oil-in-water emulsion did not allow high blood 
levels of the dye over an extended period of time (tf = 12 h). 
However, since there was no early uptake by the liver and 
spleen (Table 1) blood levels were higher than with the PEG- 
coated nanoparticles up to 24 h. The relative bioavailability 
was comparable to that observed with coated nanoparticles 
(AUCO-168 = 213 pg h g-’). Contrary to the findings with 
both nanoparticulate formulations, concentrations in the 
liver and spleen increased over the time course of the 
experiment (Table 2) leading to a final accumulation of 
55% of the injected dose of ZnPcF16 in the three main 
reservoirs. With this formulation, a significant accumulation 
of the dye in the tumour was observed, reaching a maximum 
of 3.63 pg g-] (20% g-I) 24 h post-injection. 

Tumour to organ ratios 
The two most promising formulations for the delivery of 
ZnPcF16 to EMT-6 mammary tumours (PEG-coated nano- 
particles and CRM emulsion) were compared in detail. 
Tumour-to-skin and tumour-to-muscle uptake ratios were 
calculated. These parameters are important to predict the risk 
of damage to tumour-adjacent tissues during the photo- 
dynamic therapy. Both CRM and PEG-coated nanoparticle 
formulation gave rise to advantageous tumour-to-skin ratios 
(Table 3), although the ratio for CRM was slightly lower 
throughout the whole experiment. Tumour-to-muscle ratios 
were very high for both formulations, with values around 10 
at 48 h post-injection. The tumour-to-blood ratios remained 
low up to 24 h for both formulations, but from 48 h post- 
injection, favourable ratios were observed. At this time point, 
the CRM formulation exhibited the highest dye uptake ratios 
due to rapid blood clearance. 

Discussion 

In a previous in-vitro study (Leroux et a1 1994), it was 
demonstrated that drug delivery via PEG-coated PLA 
nanoparticles as compared with plain nanoparticles could 
significantly reduce the uptake by monocytes. In the present 
study we have confirmed that PEG-coating of nanoparticles 
by the salting-out procedure, reduces liver uptake, and 
therefore enhances significantly (fourfold) the relative bio- 
availability of the drug. The protection of colloidal particles 

Table 3. Tumour-uptake ratios of ZnPcFld incorporated in PEG- 
coated PLA nanoparticles and CRM EL emulsion after intravenous 
injection of 1 pmol kg-l (n= 5). 

Tissue Ratio 

3 h  6h 12h 24h 48h 72h 168h 

PEG-coated PLA nanoparticles 
Tumour/skin 3.23 4.73 3.65 2.72 3.5 2.89 1.91 
Tumour/muscle 8.97 15.05 10.75 11.03 
Tumour/blood 0.51 0.54 0-95 1.04 2.51 3.18 3.93 
CRM EL emulsion 
Tumour/skin 1.7 1.98 1.49 2.45 2.41 1.73 1.99 
Tumourimuscle 4.02 7.09 7.73 7.18 10.35 7.94 21.06 
Tumourjblood 0.29 0.36 0.57 1 5 2  6.94 6.64 5.99 

against phagocytic cells has been attributed to the formation 
of a hydrophilic uncharged coating (Muller & Wallis 1993). 
Hydrophilicity alone, however, is not a sufficient condition 
to reduce the RES uptake. As a matter of fact, PVAL-coated 
nanoparticles are cleared very rapidly from the blood- 
stream. By modifying the salting-out procedure with the 
addition of PEG during the dilution step, the surface 
properties of the particles are modified such as to change 
their binding properties (Leroux et a1 1994). 

Spleen uptake of the dye with the PEG-coated nanopar- 
ticles was only transiently higher, and decreased faster than 
with plain nanoparticles. As stated elsewhere, this uptake 
could be significantly reduced if the coated nanoparticles 
were smaller (Davis et a1 1993). Lung levels were higher, 
which is probably due to capillary filtration of the coated 
particles which have a larger size than plain nanoparticles. 
With PEG-coated nanoparticles significant amounts of dye 
accumulated in the tumour reaching a maximum concentra- 
tion at 48 h post-injection and remaining high throughout 
the experiment. Low dye concentrations in the muscle and 
skin provided favourable tumour-to-muscle ratios (ranging 
from 9 to 15) and tumour-to-skin ratios (ranging from 2.7 to 
4.7). At these ratios, damage to healthy tissues surrounding 
the tumour will be minimal during phototherapy. 

ZnPcF16 formulated in CRM also exhibited a high relative 
bioavailability. The high blood levels observed up to 24 h led 
to the accumulation of dye in the tumour, reaching earlier 
maximum concentrations as compared with the coated 
particles. Although slightly lower than with PEG-coated 
nanoparticles, tumour-to-muscle and tumour-to-skin ratios 
also were favourable. These ratios remained stable from 24 to 
72 h. However, the tumour-to-blood ratio increased signifi- 
cantly during the same period of time, reflecting rapid blood 
clearance. Tumour to blood ratios at the time of photo- 
dynamic therapy are important with regard to the type of 
mechanism by which the photodynamic action induces 
tumour regression. High tumour-to-blood ratios should 
favour a direct tumour cell death, whereas tumour necrosis 
in conjunction with low ratios is indicative of an indirect cell 
kill mechanism, involving anoxia in the tumour tissue follow- 
ing microvasculature occlusion (Zhou 1989). Contrary to 
nanoparticle formulations, the total amount of dye in the 
liver, spleen and lungs increased continuously during the 
experiment, reaching 55% at 7 days post-injection. This 
observation is important with regard to possible toxicity. 
Indeed, it should be noted that clinical use of CRM has 
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been associated with anaphylactoid reactions (Dye & Watkins 
1980), hyperlipidaemia and abnormal electrophoretic lipo- 
protein patterns (Bagnarello et a1 1977). 

In conclusion, PEG-coated nanoparticles are promising 
formulations with regard to their ability to deliver ZnPcFI6 
to EMT-6 mammary mouse tumours. Both CRM and PEG- 
coated nanoparticles are clearly superior dye vehicles as 
compared with plain nanoparticles. Considering tumour 
uptake and tumour-to-organ ratios, the best protocol for 
in-vivo photodynamic therapy in this animal model would 
be 48 h post-injection, in the case of the PEG-coated 
nanoparticles. For the CRM emulsion, this time point 
likewise appears as the most appropriate, even though at 
24 h, tumour dye concentrations are somewhat higher. The 
substantially lower blood concentration at 48 h vs 24 h post- 
injection results in maximum tumour-to-blood ratios at 48 h 
which should provide more advantageous conditions for 
direct cell kill. Such considerations warrant comparative 
photodynamic therapy assays with these formulations at 
both 24 h and 48 h post-injection. 
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