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1. Introduction

There are numerous established and potential applications for
superparamagnetic nanoparticles (SPIO) in medicine and industry.
In medicine, major interests relate to their potential as drug deliv-
ery devices and as contrast agents in magnetic resonance imaging
(MRI) (Bulte and Kraitchman, 2004; Corot et al., 2006; Silva et al.,
2007a).

Key developments in the preparation of enhanced SPIO involve
the introduction of surface charge and/or surface coatings. This
has been achieved primarily through electrostatic effects using
citric (Wagner et al., 2002), 2,3-dimercaptosuccinic (Brillet et al.,
2005) or oleic acids (Okassa et al., 2007). Dextran (Jung, 1995; Jung
and Jacobs, 1995), poly(vinylalcohol phosphate) (Mohapatra et
al., 2006), poly-epsilon caprolactone (Hamoudeh and Fessi, 2006)
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(SPIO) nanoparticles are primarily used as contrast agents in magnetic
also been derivatized to add targeting and drug-carrier functionality as
paration and characterization of amino-functionalized SPIO (ASPIO) and
erminal-ASPIO are now reported. The target for galactose-terminal-ASPIO
rotein receptor (ASGPR) expressed by hepatocytes. Two batches of ASPIO
61 [42] nm and 127 [125] nm [full-width half maximum; FWHM] were
ased from 61 nm to 278 [309] nm upon lactosylation (Gal-ASPIO-278) and
AcASPIO-302); the larger ASPIO afforded galactosyl-terminal ASPIO of 337
IO of 326 [308] nm. The LD50 of Gal-ASPIO-278 was 1500 �g/mL to HepG2
with HepG2 cells in vitro, whereas NAcSPIO-302, prepared from the same
-278 and NAcASPIO-302 were not bound by ASPGR non-expressing 143B
IO-278 to HepG2 cells was reduced by free galactose, supporting the model
hese data underline the potential application of Gal-ASPIO as a targeted
lls in vivo.

© 2008 Elsevier B.V. All rights reserved.

and silica/silanes (Liang et al., 2007; Zhang et al., 2007) have also
been used to create polymer-coated SPIO. In addition, SPIOs have

been prepared by polymerization using N-isopropylacrylamide
(NIPAM) as the main monomer, methylene-bis-acrylamide as
crosslinker and potassium persulfate as initiator (Shamim et
al., 2007). Emulsification in organic solvents containing sor-
bitan tristerate with terephthaloyl chloride solution to attain
interfacial cross-linking has also proven effective (Silva et al.,
2007b). Polymeric surface coats may be functional in themselves
through their influence on particle size and in vivo properties,
or serve as platforms for the introduction of bioactive moieties
such as cell-surface ligands of E-selectin (Boutry et al., 2006). In
addition, SPIO have been encapsulated within large unilamellar
vesicles of egg phosphatidylcholine and distearoyl-SN-glycero-3-
phosphoethanolamine-N-[methoxy(poly-(ethyleneglycol))-2000]
by film hydration and extrusion (Martina et al., 2005).

Charged functional groups were first introduced by chem-
ical methods in which SPIO are treated with epichlorhydrin
and ammonia (Palmacci and Josephson, 1993; Josephson et
al., 1999). Cationic SPIOs have also been prepared by coating
SPIOs with a silane coupling agent such as [N-(2-aminoethyl)
-3-aminopropyl]trimethoxysilane (Liang et al., 2007; Zhang et al.,
2007) to introduce amine functionality. In either case, the amino
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groups provide a convenient anchor for proteins such as Annexin
V (Smith et al., 2007), monoclonal antibodies (Liang et al., 2007),
HIV-1 tat peptide (Zhao et al., 2002; Nitin et al., 2004) and trypsin
(Li et al., 2007).

Effective targeting of selective tissue markers has been demon-
strated using derivatized SPIO. For example, Annexin V-SPIO
successfully targeted atherosclerotic plaque (Smith et al., 2007),
Hepama-1 (humanized monoclonal antibody)-SPIO targeted liver
cancer (Liang et al., 2007) and HIV-1 tat peptide-SPOI have demon-
strated efficacy for intracellular magnetic labeling and non-invasive
tracking of a large number of cell types (Zhao et al., 2002).

The asialoglycoprotein receptor (ASGPR) is a well-characterized
molecular target expressed on the cell surface of hepatocytes and
hepatomas (Morell et al., 1968; Kim et al., 2007; Li et al., in press).
Asialorosomucoid (ASOR)-galactose-terminal protein derived from
human �1-acid glycoprotein, and galactose-derivatized complexes,
can be targeted specifically to hepatocytes by ASGPR on cell sur-
faces. Once complexed to the ASGPR, they enter the cell via
ASGPR-mediated endocytosis (Wu et al., 2002).

The preparation and properties of galactose-derivatized super-
paramagnetic nanoparticles, and their in vitro uptake by ASGPR-
expressing HepG2 cells, are now reported. The long-term goals
of this approach are to assist in magnetic separation of hepato-
cyte cells in vitro, for use as cell markers for cell tracking, and
for contrast enhancement in the diagnosis of liver disease using
MRI.

2. Experimental

2.1. Materials

Lactose monohydrate, calcium chloride, sulfuric acid, potas-
sium carbonate anhydrous, sodium chloride, sodium iodide, dibasic
sodium phosphate, monobasic sodium phosphate, dimethyl sul-
foxide and ammonium persulfate were purchased from BDH Inc.,
Canada. Acetic anhydride, methanol, sodium hydroxide, chloro-
form, ammonium hydroxide and HPLC water were purchased from
Caledon Laboratories Ltd., Canada. Sodium cyanoborohydride, phe-
nol, resorcinol, copper sulfate, isoamyl alcohol, sodium metabisul-
fite, galactose, mannose and 3-aminopropyltriethoxysilane [3-
APTES, NH2–(CH2)3–Si–(CH3CH2O)3, 99%] were purchased from
Aldrich Chemical Company Inc., USA. Hydrochloric acid was
purchased from EM Science, an Associate of Merck Germany.

Maghemite (�-Fe2O3, 99+%) was provided by Alpha Chemicals,
USA. EDTA, Tris base (Tris [hydroxymethy1] aminomethane),
MTT (3-[4,5-dimethylthiazol-2yl]-2,5-diphenyl-tetrazolium bro-
mide), cytochrome C and 5-bromo-2′-deoxyuridine were obtained
from Sigma–Aldrich. The HepG2 and 143B cell lines were
obtained from the American Type Culture Collection (ATCC), USA.
Fetal Bovine Serum (FBS; 10%) was purchased from Cansera,
CANADA. HEPE buffer solution (1 M), which contained HEPES
(N-2-hydroxyethylpiperazine-N′-2-ethane sulfonic acid 238 g/L) in
water, was purchased from Sigma–Aldrich CANADA. Trypsin-EDTA
was purchased from Gibco BRL.

2.2. SPIO production

Silanized SPIO nanoparticles were produced as reported previ-
ously (Liu et al., 1998). Briefly, maghemite (average particle size ca.
30 nm by transmission electron microscope, surface area 44 m2/g)
was dried in a vacuum oven at reduced pressure and 120 ◦C for
24 h prior to coating. Tetraethoxysilane (TEOS) distilled in quartz,
reagent grade ammonium hydroxide and absolute ethanol distilled
in-house, were mixed with the maghemite. The coating reaction
harmaceutics 360 (2008) 197–203

was allowed to proceed for 5 h to ensure maximum hydrolysis
of TEOS and the formation of the monosilicic acid necessary for
condensation. The particles treated as such were separated from
solution by a hand-magnet, rinsed with ethanol, dried in a vacuum
oven at 110 ◦C and stored in a desiccator.

2.3. Amino-functionalized SPIO (ASPIO)

A literature procedure (Wu and Xu, 2005) was used for surface-
amine-functionalization. To effectively hydrolyze the SPIO surfaces,
the mesoporous Fe3O4 particles were steamed for 30 min with boil-
ing deionized water, then recovered and baked at 120 ◦C to remove
free water. The sample was then mixed by vigorous stirring with
toluene, followed by slow addition of 3-APTES under continuous
mechanical stirring. Reaction under reflux was continued for 4 h.
The resulting suspension of amino-SPIOs (ASPIO) nanoparticles was
cooled to room temperature and the particles were collected with
a hand magnet. After successive washes with toluene, water, and
ethanol, the particles were dried in a vacuum oven at room tem-
perature.

2.4. ASPIO size measurement

The size distribution of ASPIO was measured using a dynamic
light scattering particle size analyzer (BI-90, Brookhaven Instru-
ments Corporation, New York, USA). A few measurements, for
comparative purposes, were made using a Beckman Coulter particle
analyzer. To reduce the dust contamination, distilled water was fil-
tered through a 0.45 nm membrane filter, then 1 mL was transferred
to a quartz cuvette. One drop of the nanoparticle suspension was
added to the cuvette and the contents were mixed by gentle shak-
ing, followed by measurement at 20–25 ◦C. Measured values are
given as mean volume-average; dispersion about the mean value
is described as the full-width half maximum in square brackets
[FWHM]; both values are given in nanometers.

2.5. ASPIO surface charge

Zeta potentials were measured using a Zetaphoremeter III
(SEPHY/CAD; Laval Lab Inc., France) fitted with a rectangular cell,
two hydrogenated palladium electrodes, laser-illumination device
and digital camera. SPIO suspensions (∼50 mL) were introduced
into the electrophoresis cell, and the movement of particles at the
stationary layer in the cell was tracked 5 times for each direction

by alternating positive/negative electrode potential, at 22 ± 0.1 ◦C.
Software-based image analysis provided the zeta potential value
along with other information such as mobility, conductivity and
concentration of suspensions.

2.6. ASPIO lactosylation (Gal-ASPIO)

ASPIO (∼250 mg in colloidal suspension) was mixed with a
solution of lactose (1 mM) in water (3 mL), further mixed with a
solution of sodium cyanoborohydride (5 mM) in water (3 mL), and
then allowed to stand for 7 days, with gentle shaking 3 or 4 times
daily. After this derivitization process, the Gal-ASPIO particles were
settled by placing the vial onto a small permanent magnet. The
aqueous layer was removed by pipette. To remove any free lactose
remaining in the sediment, the sediment was washed by briefly
shaking with water (5 mL), settling over a magnet and then care-
fully decanting the water. This washing procedure was repeated
five times with water, then three times with 1:1 water/methanol,
and finally twice with methanol. Then methanol (4.5 mL) contain-
ing acetic anhydride (0.5 mL) was added to the particles and the
mixture shaken (3 h) to chemically cap (acetylate) any remaining
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determined to have mean particle sizes (volume-average) of 61
(ASPIO-61) and 127 (ASPIO-127) nm as determined using the BI-
90 method. After storage for 1 year, the mean volume-average
particle size increased to 86 nm and 141 nm, respectively. When
measured with a BI-90 instrument, the size distribution of ASPIO-
61 particles was 10% <37 nm; 25% <46 nm; 50% <58 nm; 75% <72 nm
and 90% <89 nm (Fig. 1); measurement using the Beckman Coulter
instrument provided a slightly larger average size of 69 nm (Fig. 1,
inset). One year later, the ASPIO-61 size had increased to a mean
of 86 nm distributed with 10% <48 nm; 25% <61 nm; 50% <80 nm;
75% <104 nm and 90% <131 nm (BI-90 instrument). The ASPIO-127
particles had the following size distribution about the mean: 10%
<63 nm; 25% <83 nm; 50% <114 nm; 75% <156 nm and 90% <207 nm,
and 1 year later, a mean of 141 nm, with 10% <70 nm; 25% <93 nm;
50% <127 nm; 75% <173 nm and 90% <229 nm.

The electrostatic charges (zeta potential) of ASPIO-61 (Fig. 2)
and ASPIO-127 particles (mobility diagram not shown), calculated
from the electrophoretic mobility diagrams, were −43.9 ± 1.7 mV
and −38.5 ± 5.2 mV, respectively.
G. Huang et al. / International Journ

non-lactosylated (free) amino residues. Finally the particles were
washed in reverse order of the previous cycle and diluted with 5 mL
water.

2.7. ASPIO acetylation (NAc-ASPIO)

Neutral (amino-capped) particles were prepared by adding
ASPIO (250 mg) in colloidal suspension to methanol (4.5 mL) con-
taining acetic anhydride (0.5 mL). This mixture was shaken for 3 h,
washed as described above, and then stored in water (5 mL).

2.8. Gal-ASPIO assay for galactose content

Galactose, the terminal monosaccharide moiety of lactose, was
determined by the phenol/sulfuric acid method (Dubois et al.,
1956). Briefly, galactose standard solutions (0 �L, 40 �L, 60 �L,
80 �L, 100 �L, 120 �L; 1 mg/mL; volumetrically diluted to 2 mL),
Gal-ASPIO (50 mg/mL; 2 mL) and NAcASPIO (50 mg/mL; 2 mL) were
prepared. Phenol reagent (5% in water; 1 mL) and concentrated sul-
furic acid (4 mL) were added to each tube, the tubes were sealed
and mixed for 1 min, allowed to stand (15 min) at room temper-
ature, then settled over a magnet. The absorbance of each of the
standards and samples was measured (490 nm) and the content of
the beads was interpolated from a standard curve prepared in this
manner.

2.9. In vitro cytotoxicity of Gal-ASPIO

HepG2 human hepatoma cells were used to determine the cyto-
toxicity of Gal-ASPIO in cell culture using the MTT assay (Mosmann,
1983). Briefly, HepG2 cells suspended in Eagle’s Minimum Essen-
tial Medium (EMEM) supplemented with 10% fetal bovine serum
were diluted to 8 × 103 cells/mL and then plated in 100 �L volumes
into 96-well microplates. The cells were incubated (24 h; 37 ◦C) in
air containing 5% CO2. Aliquots (100 �L) of Gal-ASPIO (3 mg/mL;
300 �g/mL, 30 �g/mL, 3 �g/mL; 0.3 �g/mL and 0.03 �g/mL) were
added to 10 wells containing HepG2 cells. As a control, EMEM
(100 �L) was added in place of cells in 10 wells, and as a background
control, EMEM (100 �L) was plated in wells without cells. The plates
were incubated (5 days; 37 ◦C; humidified 95% air and 5% CO2),
then dilute 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (50 �L) was added to each well. The plates
were incubated (37 ◦C; 4 h), and then the medium was aspirated,
leaving about 20 �L of medium in each well. DMSO (150 �L) was

then added to each well, the plates were shaken (15 min) to dissolve
the formazan crystals formed, and were then read immediately at
540 nm on an ELISA reader. The percent viability of cells was calcu-
lated for each group (Gal-ASPIO, cell control, background control),
so that for each MTT assay, the control HepG2 cell viability was
100% by definition.

2.10. Cellular binding of Gal-ASPIO and NAc-ASPIO

HepG2 cells (0.3–0.5 × 106 cells/dish) were seeded in tissue cul-
ture dishes (35 mm plastic) for 2, 3 and 5 days prior to assay. At
the time of assay, pre-warmed PBS (1 mL) was used to wash each
dish (2×). Gal-ASPIO (or NAc-ASPIO) (200 �L per dish) and pre-
warmed EMEM (1 mL) were dispersed evenly within each dish.
The dishes were incubated (37 ◦C; 2 h), washed once with PBS, and
then EMEM (1 mL) was added to each dish for a second cycle of
incubation (37 ◦C; 24 h) and washing with PBS (3× 1 mL). Aque-
ous ethanol (500 �L; 70%, v/v) was added to each dish as the fix
solution. After standing at room temperature for 10 min, each dish
was washed with PBS (3× 1 mL), and then kept in PBS. The cells
were viewed under a phase contrast microscope (ECLIPSE, TS100,
harmaceutics 360 (2008) 197–203 199

Nikon, Japan) and pictures were recorded at 40×, 100×, 200× and
400× magnifications. At the time of assay, the cells were near con-
fluence (1–1.5 × 106 cells/dish). Similar procedures were followed
using human 143B osteosarcoma cells as ASGPR-non-expressing
controls.

2.11. Gal-ASPIO cell binding challenge study

The experimental conditions were as described above for the
uptake of Gal-ASPIO, except that galactose was added to three
dishes, to a final concentration of 65 mM, followed by incubation
for 30 min, 1 h and 2 h with the Gal-SPIO. Phase contrast photomi-
crographs were taken at 100× magnification.

The use of human cell lines for this work was approved by the
Biosafety Committee, University of Alberta.

3. Results

Two batches of ASPIO were prepared. Both batches were sized,
and studied to determine Zeta potential, superparamagnetic prop-
erties and the effects of storage on size.

3.1. ASPIO properties

The two batches of ASPIO prepared for this work were
Fig. 3 depicts ASPIO-61 magnetization as a function of the
applied magnetic field. This typical curve shows that ASPIOs can be

Fig. 1. ASPIO-61 particle size distributions (mean 61 nm) as determined using the
BI-90 (Brookhaven Instruments Corp.) dynamic light scattering particle size ana-
lyzer and (inset) Beckman Coulter particle analyzer (mean diameter 69.6 nm; 82%
<88 nm).
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Fig. 2. Mobility diagram of ASPIO-61 particles as determined using a Zetaphoreme-
ter III.

highly magnetized in a reversible fashion, i.e. they are superpara-
magnetic. The saturation magnetization of the ASPIO was found
to lie between the values for magnetite (Fe3O4: 80 emu/g) and
maghemite (r-Fe2O3: 52.7 emu/g) (Wu et al., 2004).

3.2. Gal-ASPIO production

Galactose coupling to ASPIO was based on a two-phase reaction
starting with lactose, a glucosyl-galactose disaccharide. In order to
achieve a reasonably uniform particle size distribution, the ASPIO-
lactose mixture was well-stirred before adding NaBH3CN. Addition
of NaBH3CN results in Schiff base formation between the aldehyde
group of the ring-open form of the glucose moiety in lactose and

Fig. 3. Superparamagnetic property of ASPIO-61 particles measured with a vibrat-
ing sample magnetometer (VSM) (Quantum design 9T-PPMS DC Magnetometer/AC
Susceptometer, San Diego, CA, USA).

Table 1
Mean volume-average sizes of ASPIOs, NAc-ASPIOs and Gal-ASPIOs, in nm [FWHM], as dete
particle sizer

ASPIO source batch ASPIO volume-average (nm)
[FWHM]

ASPIO volume-average
[FWHM]a

ASPIO-61 61 [42] 86 [70]

ASPIO-127 127 [125] 141 [138]

Full-width at half maximum [FWHM].
a Measured after standing for 1 year.
b Values in parentheses are mean volume-average size measured 30 days after manufa
Fig. 4. Cytotoxicity of Gal-ASPIO-278 to HepG2 cells in vitro following a 5-day
period of incubation. Cell survival was estimated using the MTT cell viability assay
(Mosmann, 1983). Data points are mean values with error bars representing stan-
dard deviations, n = 10.

the ASPIO amino groups. Two different sizes of galactose-terminal
ASPIO were prepared. As shown in Table 1, galactose-derivitization
substantially increased the mean volume-average size of the ASPIO.
Neutral (acetylated) NAc-ASPIO particles (controls) were made
using a standard N-acetylation technique. ASPIO-61 were used to
prepare NAc-ASPIO-302 and Gal-ASPIO-278, and ASPIO-127 to were
used to prepare NAc-ASPIO-326 and Gal-ASPIO-337. One month
after coating (lactosylation) or capping (acetylation), respectively,
the sizes of both groups appeared to have increased marginally
(5–10%) but this was not statistically validated. However, these
particles began to aggregate upon standing in solution for approx-

imately 3 months (visual observation).

The galactose content of the galactose-terminal ASPIO varied
from 0.73 �g to 0.95 �g of galactose per mg (36.3–47.7 �g/mL). Loss
of the galactosyl moieties was found minimal over the period of 1
month (Table 2).

Gal-ASPIO-278 cytotoxicity (LC50) for HepG2 cells, as deter-
mined by MTT cell survival assay, was approximately 1500 �g/mL,
with no measurable toxicity observed below 150 �g/mL (Fig. 4).

Gal-ASPIO-278 uptake by HepG2 cells in culture was deter-
mined using phase contrast microscopy over 5 days of culture (at
days 2, 3, 5), at magnifications of 40×, 100×, 200× (Fig. 5) and
400×. Although no quantification was attempted, the association
of Gal-SPIO-278 with HepG2 cells was visibly greater than that
of NAc-ASPIO-302; no association was observed with 143B cells
was observed for either NAc-ASPIO-302 or Gal-ASPIO-278, and
HepG2 cells did not show any affinity for NAc-ASPIO-302. Quali-
tative examination of the photomicrographs showed that uptake
of Gal-ASPIO-278 by HepG2 cells was diminished in the presence
of galactose as a competing agent (Fig. 6).

rmined by BI-90 (Brookhaven Instruments Corp.) dynamic light scattering scanning

(nm) NAc-ASPIO volume-average
(nm) [FWHM]

Gal-ASPIO volume-average
(nm) [FWHM]

302 [280] (314)b 278 [309] (290)b

326 [308] (376)b 337 [372] (365)b

cture.
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Fig. 5. Receptor-mediated association between Gal-ASPIO-278 and HepG2 cells. Th
of Gal-ASPIO-278 (right). Cells were cultured for 3 days and photomicrographs we
spots) associated with a cell. (For interpretation of the references to color in this fig

Table 2
Assay for galactose content in Gal-ASPIO (�g/mL)

Galactose assay Galactose (�g/mg)

Gal-ASPIO-278 Gal-ASPIO-337

Fresh 0.95 ± 0.06 0.77 ± 0.09
30 days 0.80 ± 0.08 0.78 ± 0.07
4. Discussion

The classic phenol/sulphuric acid colorimetric reaction (Dubois
et al., 1956) for the determination of galactose residues, in which
simple sugars give an orange yellow color, is sensitive and the color
is stable when applied to Gal-ASPIO. Measurements confirmed that
galactose to ASPIO coupling yields, when using 1 mM lactose per g
ASPIO, were consistent from batch to batch.

The two pre-derivitization (ASPIO) batches prepared for this
work had initial volume-average particle sizes of 61 nm and 127 nm,
and these increased to 86 nm and 141 nm, respectively after stor-
age for 1 year. This increase was not anticipated on the basis of
the zeta potential measurements (−43.5 mV and −38.3 mV, respec-
tively, since suspensions having zeta potentials of 30 mV or more
are considered to be stable (Hunter, 1981).

Galactose residues of the triantennary oligosaccharide (ASOR)
bind simultaneously to the ASGPR binding site, a lattice at the ver-
tices of a triangle with sides of 15 Å, 22 Å, and 25 Å (ASGPR trimer)
(Stockert, 1995). For binding, the galactose moiety can be coupled
(at C-1) to any number of residues, including sugars. To prepare

Fig. 6. Galactose-mediated competitive inhibition of Gal-ASPIO-278 binding to HepG2 c
ASPIO-278 and galactose (right). Arrows show site of Gal-ASPIO (yellow-brown spots) asso
(For interpretation of the references to color in this figure legend, the reader is referred to
harmaceutics 360 (2008) 197–203 201

ge shows HepG2 cells on culture plates in the absence (control; left) and presence
n at 200× magnification. The arrow points out the Gal-ASPIO-278 (yellow-brown

gend, the reader is referred to the web version of the article.)

ASPIOs that feature galactose-terminal functional groups, we cou-
pled lactose (a glucose-galactose disaccharide); i.e., coupling at C-1
of the lactose glucosyl residue to an amino function on the ASPIO
surface affords the desired galactose-terminal ASPIO.

Lactose coupling to ASPIO is a two-phase reaction. The lactose
solution was first added to a suspension of ASPIO and this was
stirred to ensure homogeneity. NaBH3CN was then added with stir-

ring, resulting in Schiff base formation between the aldehyde group
of the open (aldehyde) glucose form of lactose and the amino group
of the particles. Optimum conditions for coupling lactose to ASPIO
have not yet been established.

Derivatization (i.e., N-lactosylation or N-acetylation) would be
expected to lead to increased aggregation and flocculation because
of charge neutralization. Indeed, particle sizes increased by a factor
of 2–3 times, for both the neutral (NAc-ASPIO) and the polyhydric
(Gal-ASPIO) amino caps. Thus, ASPIO-61 enlarged to NAc-ASPIO-
302 after acetylation and to Gal-ASPIO-278 upon lactosylation.

The >50 nm ASPIO volume-average size is relatively large for
biological applications. Reported literature values for derivatized
SPIOs range from 4.3–6.0 nm (31 mm with dextran coat; Brillet et
al., 2005) to 8 nm (24 nm with meso-2,3-dimercaptosuccinic acid
coat; Brillet et al., 2005) to 12–14 nm (PEG-phospholipid coat; Nitin
et al., 2004) and 10–15 nm (unchanged after conjugation with a
monoclonal antibody; Liang et al., 2007). In other cases, however,
substantial enlargement upon derivitization, even of small parti-
cles, has been reported. For example, 10–14 nm particles expanded
to 90–100 nm when derivatized with Protein G and Annexin V
(Smith et al., 2007), to 195 nm when formulated in liposomes

ells in vitro. Cells were incubated for 2 h with Gal-ASPIO-278 alone (left), and Gal-
ciated with cells (white-blue). Photomicrographs were taken at 100× magnification.

the web version of the article.)
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(Martina et al., 2005) and to 280 nm when formulated with oleic
acid (Okassa et al., 2007). Ferumoxides (dextran coated), ferumox-
tran (dextran covered), and ferumoxsil (siloxane coated) SPIO, with
mean SPIO crystal diameters (volume weighted distributions) of
4.8–5.6 nm, 5.8–6.2 nm, and 7.9–8.8 nm, respectively, reportedly
increased to 50 nm, 30 nm and 300 nm (volume-weighted dis-
tribution), respectively, upon coating, as determined from XRD
line-broadening (Jung, 1995; Jung and Jacobs, 1995). No rational
explanations of these effects have been forthcoming.

Preliminary investigation of the interaction of Gal-ASPIO-278
in cell culture indicated (Fig. 5) that these particles have a strong
association with HepG2 cells. This is attributed to affinity of the
galactosyl residues to the ASGPR expressed on the surface of
HepG2 cells (Li et al., in press). This receptor was not expressed by
the control cell line, 143B human osteosarcoma cells, and indeed
no Gal-ASPIO binding was observed photomicrographically (not
shown). Furthermore, no association was observed for control
(NAc-ASPIO-302) particles for either HepG2 or 143B cells, and
binding of Gal-ASPIO-278 to HepG2 was reduced in the presence
of galactose (Fig. 6). Galactose has been shown to competitively
inhibit and dissociate the binding of another galactosylated lig-
ands, ASOR, to HepG2 cells (Li et al., in press), and similar effects
now support the model of specific interaction between Gal-ASPIO-
278 and ASGPR. The galactose content of both Gal-SPIO-278 and
Gal-SPIO-337 (approximately 1 �g per mg of Gal-SPIO) therefore
appears to be adequate to promote triantennary binding to ASGPR,
thereby anchoring the ligand to the receptor and possibly pro-
moting endocytosis of the Gal-SPIO construct. Unfortunately, the
current methodology does not support differentiation between sur-
face binding and internalization (uptake). Direct comparisons to
literature data are not possible, since no ASGPR-targeted nanopar-
ticle studies have been reported. However, it is known that small
(30 nm), medium (300 nm) and large (3500 nm) non-derivatized
SPIO reduce the T2 relaxation times of liver by 50%, 40% and
15%, respectively, and of spleen by 60%, 65%, and 25%, respec-
tively, following intravenous injection at 1 mg Fe/kg into rabbits
(Bach-Gansmo et al., 1994), implying proximity to intracellular
as well as extracellular water. Smaller, non-targeted particles are
reported to be sequestered by phagocytic Kupffer cells in the nor-
mal reticuloendothelial system, but are not retained in tumor tissue
(Tanimoto and Kuribayashi, 2006; Boutry et al., 2006).

The low cytoxicity (LD50 ∼ 1500 �g/mL) of Gal-ASPIO-278 is
in line with cytotoxicity reported for non-derivatized SPIOs to
adult mesenchymal stem cells (Schäfer et al., 2007). Unfortu-

nately, these literature data are not directly comparable to the
Gal-ASPIO-278 data because that study focused on iron dose,
did not exploit any selective transport mechanism, and did not
report particle size. The MTT assay used in the Gal-ASPIO-278
study is convenient and simple to use, but high variability and
non-specificity mitigate the use of additional histopathological
and morphological methods and cytogenetic analysis in future
studies.

5. Conclusions

Amine-functionalized superparamagnetic iron oxide nanoparti-
cles (ASPIO) have been characterized, and derivatized with lactose
to form galactose-terminal (Gal-ASPIO) nanoparticles. Gal-ASPIO-
278 have low cytotoxicity (LD50 ∼ 1500 �g/mL) despite substantial,
receptor-mediated association with HepG2 cells. Neutral NAc-
SPIO-302 are not taken up by HepG2 cells, and Gal-ASPIO-278 are
not taken up by cells not expressing ASGPR, establishing a firm link
between the ASGPR endocytosis mechanism of uptake and galac-
tose presentation by Gal-ASPIO-278.
harmaceutics 360 (2008) 197–203
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