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bstract

Two types of antibody-labeled nanoparticles (mAb-NPs) were prepared with the aim to achieve specific tumor targeting. Anti-HER2 and anti-
D20 monoclonal antibodies (mAb) were used as model ligands. Small poly(dl-lactic acid) nanoparticles (PLA NPs) with a mean size of about
70 nm were prepared by the salting out method. Thereafter, the coating of PLA NPs with mAbs was performed in two steps. First, thiol groups
–SH) were introduced on the surface of PLA-NPs by a two-step carbodiimide reaction. The number of –SH groups on the surface of NPs increased
rom 150 to 400 mmol-SH/mol PLA when cystamine concentrations of 25–1518 mol cystamine/mol PLA were used during the thiolation reaction.
n the second step, covalent coupling of antibodies to thiolated NPs (NPs-SH) was obtained via a bifunctional cross-linker, m-maleimidobenzoyl-
-hydroxy-sulfosuccinimide ester (sulfo-MBS). For both mAbs anti-HER2 and anti-CD20, respectively, the number of –SH functions on the NPs
ad no influence on the amount of mAb coupled to the NPs. Approximately, 295 anti-HER2 and 557 anti-CD20 molecules, respectively, were
ovalently coupled per nanoparticle. The NPs size after the coupling reactions was about 250 nm. The specific interaction between tumor cells and
Ab-NPs was determined by confocal microscopy using two cell lines: SKOV-3 human ovarian cancer cells (overexpressing HER2) and Daudi

ymphoma cells (overexpressing CD20). The results showed the selective targeting of mAb-NPs to tumor cells overexpressing the specific antigen.

hile anti-CD20 labeled NPs (anti-CD20 NPs) bound to and remained at the cellular surface, anti-HER2 labeled NPs (anti-HER2 NPs) were

fficiently internalized. The mAb-NPs represent a promising approach to improve the efficacy of NPs in active targeting for cancer therapy while
he choice of the antibody-target system defines the fate of the mAb-NPs after their binding to the cells.

2006 Elsevier B.V. All rights reserved.
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. Introduction
Major drawbacks of conventional chemotherapy are a modest
umor response and dose limiting side effects due to non-specific
iodistribution of drugs. In the last decades, significant progress

Abbreviations: NP, nanoparticle; mAb, monoclonal antibody; mAb-NPs,
ntibody coupled nanoparticles; anti-HER2 NPs, modified NPs with anti-HER2
onoclonal antibody; anti-CD20 NPs, modified NPs with anti-CD20 mono-

lonal antibody; –SH, thiol groups; PLA, poly(dl-lactic acid); NPs-SH, thiolated
anoparticles; Sulfo-MBS, m-maleimidobenzoyl-N-hydroxy-sulfosuccinimide
ster; CDC, complement-dependent cytotoxicity; ADCC, antibody-dependent
ellular cytotoxicity; FDA, United States Food and Drug Administration; MPS,
ononuclear phagocytic system; CHOP, combination of cyclophosphamide,

oxorubicin, vincristine and prednisone
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as been made in development of new delivery technologies.
rug carrier systems emerged as promising approaches in anti-

ancer treatment with major advantages: the capacity to improve
he therapeutic index of drugs by preferential localization at tar-
et sites and lower distribution in healthy tissues, delivery of
ydrophobic drugs, high drug loading capacity and controlled
elease rate (Brigger et al., 2002; Panyam and Labhasetwar,
003).

Depending on the nanocarrier formulation, drug targeting
oncepts can be achieved via either passive or active target-
ng. Tumors are characterized by pathological angiogenesis,
eaky vasculature and poor lymphatic drainage, which pro-
ote the extravasation and accumulation of macromolecules,
phenomenon known as enhanced permeability and reten-

ion (EPR) effect. This phenomenon allows the passive tumor
argeting of long-circulating nanocarriers, such as nanoparti-

mailto:Florence.delie@pharm.unige.ch
dx.doi.org/10.1016/j.ijpharm.2006.12.002
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les or liposomes (Duncan, 1999; Maeda, 2001; Brigger et al.,
002).

In a further development, active targeting combines the poten-
ial of nanoparticulate systems to carry anticancer drugs with the
apacity of the ligand to target specifically malignant cells. More
fficient distribution of the drug to tumor tissue, higher efficacy
n earlier stages of cancer and higher drug levels in target cells
re expected to be reached and maintained for a longer time with
his latter approach (Koo et al., 2005).

Active targeting can be achieved by covalent attachment to
he surface of nanocarrier systems of different target-specific
igands, such as antibodies or peptides. Different mAb modified
mmunoliposomes for specific targeting are described in the lit-
rature (Park et al., 1997; Sapra and Allen, 2003; Lukyanov et al.,
004). Polymeric nanoparticles represent an attractive approach
or specific targeting especially regarding their biocompatibility,
iodegradability and stability. Polymers, such as PLA approved
y FDA for medical devices are good candidates for drug deliv-
ry applications (Ignatius and Claes, 1996). Free carboxylic end
roups of PLA offer the possibility of surface modification by
ntroduction of sulfhydryl functions, which allow the covalent
oupling of proteins (Nobs et al., 2006).

Among numerous antigens present on malignant cells, HER2
s an interesting target for therapy. Being a member of the epi-
ermal growth factor (EGF) family of receptor tyrosine kinases,
ER2 is overexpressed in a variety of human cancers includ-

ng lung, breast and ovarian carcinomas (Harries and Smith,
002). Anti-HER2 (trastuzumab, Herceptin®) is a humanized
Ab designed to specifically antagonize the HER-2 function.
his monoclonal antibody was approved by the FDA in 1998 for

reatment of metastatic breast cancer. Many mechanisms have
een proposed to explain the therapeutic effect of Herceptin®

ncluding internalization and degradation of HER-2, inhibition
f angiogenesis and activation of apoptotic signals, but they
emain overall controversial (Nahta and Esteva, 2006).

The chimeric anti-CD20 mAb (rituximab, Mabthera®) was
pproved by the FDA for treatment of non-Hodgkin’s B-
ell lymphoma in 1997. Its efficacy was also demonstrated
n the treatment of rheumatoid arthritis and inflammatory

yositis. The mechanism of B-cell depletion and anti-tumor
ctivity of rituximab is still unclear. Its efficacy could be
ttributed to apoptosis, complement-dependent cytotoxicity
CDC) and antibody-dependent cellular cytotoxicity (ADCC)
Harris, 2004; Hiddemann et al., 2005a). The specific antigen
or rituximab, CD20 is a tetraspan cell surface molecule, which
s not internalized in response to antibody binding (Boye et
l., 2003; Eisenberg and Looney, 2005). Its restricted expres-
ion only in B lymphocytes and absence of expression on bone
arrow stem cells represent attractive advantages for targeted

herapy. Most efficient rituximab therapy in non-Hodgkin B lym-
homa is currently achieved by combination with chemotherapy,
uch as in CHOP-rituximab treatment (Czuczman et al., 2004;
iddemann et al., 2005b).

In our laboratory, two different approaches of active tumor

argeting have been previously described: (i) direct targeting
hen PLA NPs were covalently coupled to mAbs and (ii) a
retargeting multistep-method which involves an avidin–biotin

2

p
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ystem (Nobs et al., 2006). Nobs et al. obtained mAbs modified
Ps of around 400 nm. In vivo, these NPs will be preferen-

ially distributed in mononuclear phagocytic system (MPS) rich
rgans, such as liver and spleen and rapidly eliminated after
psonization (Brigger et al., 2002). Therefore, one of the aims
f present work was to decrease the size of NPs in order to have
longer circulation half-live and to increase the chance to reach

he target site.
Anti-HER2 (internalizing mAb) and anti-CD20 (non-

nternalizing mAb) were covalently coupled to the NPs using
he direct targeting approach. Assays were also performed to
tudy the influence of different concentrations of –SH groups
n the amount of mAbs bound to the NPs. The specific inter-
ction as well as cellular localization of anti-HER2 NPs and
nti-CD20 NPs in SKOV-3 and Daudi cells, respectively, were
tudied by confocal laser scanning microscopy.

. Material and methods

.1. Materials

Poly(dl-lactic acid) (100DL 4A, Mw 57 kDa) was provided
y Lakeshore Biomaterials, Inc. (Birmingham, AL). 1-
thyl-3-(3-dimethylaminopropyl)-carbodiimide (EDAC), d(+)-

rehalose dihydrate, phosphate buffer saline (PBS), poly-l-
ysine solution, 0.1% (w/v) from Sigma (Buchs, Switzerland),
-maleimidobenzoyl-N-hydroxy-sulfosuccinimide ester (sulfo-
BS), Tris (2-carboxyethyl)-phosphine hydrochloride (TCEP)

nd d-salt dextran plastic columns were supplied by Pierce
Rockford, IL, USA), Dioctadecyloxacarbo-cyanine perchlo-
ate (DiO) and Concanavalin A AlexaFluor® 594 conjugate
ere from Molecular Probes (Leiden, The Netherlands). Anti-
D20 (rituximab, Mabthera®) and anti-HER2 (trastuzumab,
erceptin®) were purchased from Roche (Basle, Switzerland).
oly(vinyl alcohol) (Mowiol 4–88) was purchased from Hoechst
Frankfurt/M, Germany).

.2. Cell lines

The human lymphoma cell line, Daudi and human ovarian
arcinoma cells, SKOV-3 (American Type Culture Collection
TCC, Manassas, VA) were grown in RPMI-1640 medium with
lutamax I (Gibco, Grand Island, NY) supplemented with 10%

v/v) fetal calf serum (FCS) (Brunschwig, Basle, Switzerland),
enicillin (100 units/ml) and streptomycin (100 �g/ml) (Gibco,
rand Island, NY) at 37 ◦C in humidified incubator contain-

ng 5% CO2. For all experiments, before incubation with NPs,
KOV-3 cells, maintained in monolayer, were harvested using
rypLE Express (Gibco, Grand Island, NY), whereas Daudi
ells, grown in suspension, were centrifuged. In both cases,
he cells were resuspended in fresh complete medium for a
oncentration of about 1 × 106 cells/ml.
.3. Preparation of PLA NPs

PLA NPs were prepared by a salting-out process as described
reviously (De Jaeghere et al., 2000). Briefly, 10 g of an aque-
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us solution containing 15% (w/w) poly(vinyl alcohol) (PVAL)
nd 60% (w/w) magnesium chloride hexahydrate were mixed
nder vigorous stirring with 4 g of an organic phase containing
8% PLA (w/w) dissolved in acetone. To determine the cellu-
ar localization of nanoparticles, DiO 0.01% (w/w) was added
n the organic phase as fluorescent probe. The NPs were puri-
ed by three successive centrifugations (26,000 × g for 40 min).
fter preparation and purification, the NPs were lyophilized in
resence of trehalose as a lyoprotector.

.4. Thiolation of NPs

Thiol functions were covalently bound to the PLA NPs by a
wo-step carbodiimide reaction as described earlier (Nobs et al.,
006). Briefly, 100 mg PLA NPs were suspended in 5 ml water
nd reaction was initiated by adding, consecutively 10 ml of a
olution of EDAC (24 mg/ml) and 5 ml of cystamine solution
t different concentrations: 2, 4, 10, 32, 71, 120 mg/ml (25, 50,
27, 405, 896, 1518 mol cystamine/mol PLA) to vary the –SH
oncentration on the particle surface. The final suspension was
ompleted with water to 25 ml and stirred under mild condi-
ions during 24 h at room temperature. Thereafter, EDAC and
on-reacted cystamine were removed by three successive cen-
rifugations (25,000 × g for 30 min). The NPs were re-suspended
n purified water. For reduction of disulfide bonds, the NPs were
ncubated for 3 h with 1 ml solution of TCEP (6 mg/ml). Finally,
he NPs-SH were purified by three successive centrifugations
25,000 × g for 30 min) and freeze-dried in presence of trehalose
30%, w/w). The concentration of –SH functions on the sur-
ace of nanoparticles was determined spectrophotometrically at
= 410 nm (Hewlett Packard, Model 8453, Germany) using Ell-
an’s reagent (Nobs et al., 2003). The size of NPs was measured

y photon correlation spectroscopy using a Zetasizer 3000 HS
Malvern instruments Ltd., UK).

.5. Activation of mAb and covalent attachment to the
hiolated NPs

The covalent attachment of mAb to the NPs-SH was per-
ormed according to a previously described method (Nobs et
l., 2006). mAb were purified by size exclusion chromatogra-
hy using a d-salt desalting column. Two milligrams purified
erceptin® or Mabthera® were activated in PBS (pH 7.4) with

ulfo-MBS at a molar ratio 1:20 (mAbs:sulfo-MBS) for 1 h at
oom temperature. Non-reacted sulfo-MBS was removed by
ize exclusion chromatography using desalting columns. Five
undred microliters activated anti-HER2 or anti-CD20 mAb
1 mg/ml) were incubated with 500 �l NPs-SH (20 mg/ml) and
ently shaken for 60 min at RT. Three batches of NPs-SH
ave been used with different concentrations of –SH func-
ions: around 200, 300 and 400 mmol-SH/mol PLA. Thereafter,
nconjugated mAb were removed by two cycles of centrifuga-
ion (25,000 × g, 10 min). The amount of mAb conjugated to

P was determined indirectly by measuring uncoupled mAb in

he supernatant after centrifugation step. A spectrophotometric
ethod (λ = 280 nm) (Hewlett Packard, Model 8453, Germany)
as used assuming an extinction coefficient of 1.4 M−1 cm−1.

t
a
A
l
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inally, mAb-NPs were stored in PBS at 4 ◦C. In order to verify
he efficacy of mAb-conjugation to NPs, selected experiments
ere also performed using trace amounts of 125I radiolabeled

ituximab mixed with native antibodies. Antibody radiolabeling
as performed using the chloramin T method with minor mod-

fications as described (Schaffland et al., 2004). Briefly, 0.1 ml
linical grade rituximab (1 mg) solution and 100 �l freshly
repared chloramine T solution (0.5 mg per 1 ml, in sterile phos-
hate buffer 0.15 M, pH 7) were reacted with 37 MBq Na125I
olutions, previously diluted to 200 �l with 0.15 M phosphate
uffer pH 7.0, for 5 min at room temperature. The solution of
abeling antibodies was purified through a 2 ml reversible col-
mn (Supelco, Buchs, Switzerland) filled with 1.8 g of anion
xchange resin (Dowex 1 × 8, 100 mesh) at 0.5 ml/min flow. The
abeling vial was washed with 2 ml 0.9% NaCl solution that was
lso passed through the resin filter. Furthermore, 3 kBq of radio-
abeling mAbs (10 �l) were added to 2 ml purified rituximab
5 mg/ml). The rituximab solution containing a trace amount
f 125I-labeled mAbs was used for coupling reaction. The per-
entage of rituximab bound to the NPs-SH was determined by
irect radioactivity counting of mAb-NPs in comparison with
he input radioactivity (100%). The number of mAbs molecules
ound on the surface of a single nanoparticle was calculated
sing the following equation (Nobs et al., 2004b):

= aN

(
d4

3πr3

)

here n is the number of mAbs per nanoparticle, a the mol of
Abs per g PLA, d the density of nanoparticles estimated to be

.5 g/cm3 based on the polymer density, r the mean radius of
anoparticles and N is the 6.022 × 1023 (Avogadro Number).

A control was performed using PLA NPs (without –SH
roups) to determine the fraction of non-covalently attached
Ab on the surface of the NPs.

.6. Cellular localization of anti-HER2 NPs and anti-CD20
Ps

Cellular distribution experiments were performed using
audi cells expressing CD20 antigen (negative for HER2)

nd SKOV-3 cells overexpressing HER2 antigen (negative for
D20). Approximately, 1 × 106 SKOV-3 or Daudi cells were

ncubated with 100 �l (1 mg/ml) suspension of mAbs-NPs, in
resh culture medium for different times (1 and 6 h) at 37 ◦C.
o analyze non-specific interaction between cells and nanopar-

icles, controls were performed using unmodified NPs and
odified NPs with a non-specific mAb. After incubation, the

ells were rinsed twice with cold PBS. The cell membranes were
tained for 3 min with a solution of Concanavalin A AlexaFlour
94 in PBS (0.05% w/v). After two washing steps with cold PBS,
he cells were fixed with paraformaldehyde 4% (v/v) for 30 min.
he paraformaldehyde was removed by three washings with
BS. The cells were fixed on the slides with poly-l-lysine solu-
ion and covered with coverslips. The slides were observed using
confocal laser scanning microscope, LSM 510 META (Zeiss
G, Zurich, Switzerland) equipped with argon and helium/neon

asers. Two channels at 488 and 543 nm laser excitation were
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Fig. 1. Schematic representation of ant

hosen. A Zeiss Plan-Apochromat 63×/1.4 oil objective was
sed. A Z Stack of images was displayed in an orthogonal view
sing LSM 510 META software.

. Results

Antibody coupling to NPs was performed in two steps: intro-
uction of –SH groups on the surface of PLA NPs and covalent
oupling of antibodies to NPs-SH via the bifunctional cross-
inker, sulfo-MBS (Fig. 1).

.1. Thiolation of NPs

PLA NPs with free carboxylic functions were prepared by a
alting-out method. We selected a high concentration of PVAL
15%, w/w) in aqueous solution, which allowed obtaining small
Ps with a mean size of about 170 ± 13 nm.
The influence of cystamine concentration on the amount of

SH introduced on the NPs surface has been studied. With
ncreasing concentrations of cystamine the amount of –SH
unctions increased and tended, however, to reach saturation
t the higher concentrations (Fig. 2). The maximum con-
entration of –SH groups was about 400 mmol-SH/mol PLA.
his corresponds to about 25,000 –SH groups per NP. For

urther experiments, three concentrations of cystamine were

sed: 25, 127, 896 mol cystamine/mol PLA. These concentra-
ions resulted in the introduction of a mean of 217 ± 30,
95 ± 27 and 385 ± 35 mmol-SH/mol PLA, respectively, in dif-
erent experiments.

ig. 2. Variation of thiol concentration on NPs surface as a function of cystamine
oncentration. (�) Points used for further experiments. Mean ± S.D. (n > 3).
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modified nanoparticles (not to scale).

The nanoparticle size increased from an initial size of
70 ± 13 to 202 ± 15 nm after maximal thiolation.

.2. Covalent coupling of mAb to the thiolated NPs

The influence of –SH concentration on the amount of mAb
oupled to the NPs was studied using three batches of NPs-SH
ith different thiol concentrations of about 200, 300, 400 mmol-
H/mol PLA. Evaluating constant concentrations of activated
Ab with the different batches of NPs-SH, the amount of
Ab coupled to the NPs after 1 h at RT was not influenced

y the concentration of –SH functions, both for rituximab and
rastuzumab. The controls performed with activated anti-CD20
nd non-thiolated NPs showed that only a minor quantity of mAb
0.7 mmol anti-CD20/mol PLA) was non-specifically attached
o the NPs.

In order to verify the efficacy of mAb-conjugation to NPs,
elected experiments were also performed using trace amounts
f radiolabeled antibody mixed with native antibodies. These
xperiments allowed the calculation of the percentage of mAb
oupling by direct radioactivity counting of mAb-NPs in com-
arison with the input radioactivity (100%). A good correlation
f results of the optical density measurements, described above,
nd direct radioactivity counting of mAb-NPs was observed
results not shown).

The amount of mAb conjugated to NPs-SH was in the range of
mmol anti-HER2/mg NPs and 5 mmol anti-CD20/mol PLA for

he selected condition of incubation of 50 �g antibody/mg NPs-
H. These results translate to approximately 295 anti-HER2 and
57 anti-CD20 molecules, respectively, per NP. Antibody cou-
ling efficiency was about 16% and 25% for anti-HER2 and

nti-CD20 mAbs, respectively. Fig. 3 shows a representative
xperiment of anti-CD20 coupling. After antibody coupling, the
ize of both nanoparticle formulations was very similar, about
50 nm (Table 1).

able 1
hysico-chemical characteristics of anti-HER2 and anti-CD20 modified NPs

arameter Anti-HER2 NPs Anti-CD20 NPs

article size (nm) 264 ± 5 256 ± 25
olydispersity index (P.I.) 0.2 0.1
oncentration of mAbs (�g mAb/mg NPs) 8 14
umber of antibody/NP 295 557
fficiency of mAb coupling (%) 16 25

.I.: Scale from 0 to 1.
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Fig. 3. Influence of thiol functions on the amount of anti-CD20 bound to the NPs.
C
a

3

N
m
w
c
a
S
T
t
t

3

F
i
n
m
t

ontrol (0) was performed using non-thiolated NPs incubated with activated
nti-CD20 mAb.

t
w

ig. 4. Specific interaction of mAb-NPs in SKOV-3 and Daudi cells studied by conf
n red with Concanavalin A AlexaFluor® 594 conjugate, whereas NPs were stained i
on-conjugated NPs at 37 ◦C for 6 h. (A and D) Anti-HER2 NPs; (B and E) anti-CD
embranes and green anti-HER2 NPs, since the latter are internalized and therefore d

o the cell membrane leads to the superposition of green and red fluorescence and app
l of Pharmaceutics 331 (2007) 190–196

.3. Tumor cell interaction with mAb coupled-NPs

The targeting of SKOV-3 and Daudi cells with anti-HER2
Ps and anti-CD20 NPs, respectively, demonstrated for both for-
ulations a strong interaction between cells and NPs modified
ith the relevant mAb (Fig. 4A and E). Control nanoparti-

les either lacking antibodies or coupled with the non-relevant
ntibodies showed a very minor non-specific interaction with
KOV-3 (Fig. 4B and C) and Daudi cells (Fig. 4D and F).
hese results demonstrate the preserved immunoreactivity of

he mAb-NPs and the specific interaction of the mAb-NPs with
he respective target cells.

.4. Subcellular localization of mAb coupled-NPs
Confocal microscopy showed two different cellular localiza-
ions of mAb-NPs (Fig. 5). xy section views were combined
ith xz/yz sections for a better visualization of NPs distribution.

ocal laser scanning microscopy (objectif: 63×). Cell membranes were stained
n green with DiO. The cells were incubated with 1 mg/ml mAb labeled NPs or

20 NPs; (C and F) unmodified NPs. Note: In (A) the clear distinction of red
issociated from the cell membrane, while in (E) the binding of anti-CD20 NPs
earance in yellow.
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ig. 5. Orthogonal views of (A) anti-HER2 NPs incubated with SKOV-3 cells
op: xz section and on the right: yz section.

n case of SKOV-3 cells, the internalization of the anti-HER2
Ps was observed whereas for Daudi cells, the anti-CD20 NPs

emained localized on the cellular surface (Fig. 5A and B) after
h of incubation at 37 ◦C. For anti-HER2 NPs, their intracellu-

ar uptake increased after 6 h of incubation at 37 ◦C compared
ith 1 h incubation (data not shown). Extension of the incuba-

ion time to 6 h increased the surface accumulation of anti-CD20
Ps on Daudi cells but still without internalization.

. Discussion

Active drug targeting represents a promising approach for
reatment of cancer when specific expression of particular tar-
et antigens, receptors and biomarkers can be exploited. This
ondition is fulfilled with the two mAbs used here as shown
y multiple clinical studies. For rituximab, the CD20 antigen
xpression is restricted to normal B-cells and B-cell lymphoma
hile absent of T lymphocytes and bone marrow stem cells. Dur-

ng rituximab treatment, T cell immunity is therefore not affected
nd repopulation of the normal B-cell repertoire after treatment
ermination remains guaranteed by the preserved stem cells.

ith respect to trastuzumab, normal cells can express moderate
mounts of HER2 target antigen while tumors of certain patients
verexpress this antigen. It appears that this difference between
ealthy tissues and tumors allows the efficient application of this
ntibody in patients.

The concept of active targeting may be achieved by cova-
ent or non-covalent binding of nanocarrier systems to a tumor
ecognition moiety, which ensures the specific distribution of
rug into targeted tissue (Nobs et al., 2004a). Direct conjuga-
ion of a drug molecule with a homing moiety is also possible
Jaracz et al., 2005) but drug carrier systems have clear advan-
ages, such as high drug loading capacity, possibility to control
heir size and drug activity is not affected by coupling reactions.

Two types of antibody modified nanoparticles, anti-HER2

Ps and anti-CD20 NPs, were prepared in the present work by

ovalent attachment of the mAb via a thioester linkage with NPs.
One of the aims of this study was to develop small NPs.

ecreasing the size of NPs might improve their ability to

a
1
H
x

f (B) anti-CD20 NPs incubated with Daudi cells. In center: xy section, on the

xtravasate into target tissues and to avoid phagocytic uptake
Brigger et al., 2002). Indeed, we managed to obtain antibody
oupled nanoparticles of about 250 nm while in previous stud-
es the size of mAb modified nanoparticles were in the range of
40–410 nm (Nobs et al., 2006).

Also, we showed that the number of –SH groups on the NPs
urface can be modulated using different concentrations of cys-
amine. However, the –SH concentration at the NPs surface
ad no influence on the amount of mAb bound. It is possible
hat steric hindrance of antibodies might limit the number of

olecules coupled to the surface of each nanoparticle.
The coupling efficiency of antibody could influence cellu-

ar interaction of nanocarrier systems. In a previous work, the
ighest amount of antibody on the NP surface (approximately
500 mAbs molecules per NPs) showed the lowest cellular bind-
ng probably due to an inactivation of antibody (Nobs et al.,
006). Kirpotin et al. reported that internalization efficacy of
nti-HER2 immunoliposomes increased with the increase in
urface density of conjugated Fab fragments before reaching a
lateau at 15 Fab/liposome (Kirpotin et al., 1997). These results
uggest that an optimal number of ligands would be necessary
o achieve efficient cellular targeting of anti-HER2 nanocarriers.
n our study, approximately 295 and 557 molecules of anti-
ER2 and anti-CD20 antibodies, respectively, were bound to
Ps-SH. Similar results were obtained in other studies using
uman serum albumin modified NPs, when 429 molecules of
rastuzumab were bound per NP (Steinhauser et al., 2006).

The two mAbs used in this study present different mecha-
isms of interaction with tumor cells: the CD20 antigen is known
ot to become internalized upon antibody binding whereas the
ER2 antigen is internalized. An efficient internalization of

nti-HER2 NPs could indeed be observed in SKOV-3 cells
verexpressing HER2 (Fig. 4). These results are in line with
ther studies demonstrating specific binding and internaliza-
ion of anti-HER2 nanoparticulate drug delivery systems, such

s immunoliposomes or immunonanoparticles (Kirpotin et al.,
997; Wartlick et al., 2004). Also, therapeutic efficiency of anti-
ER2 immunoliposomes-doxorubicine was shown in a tumor
enograft model (Park et al., 2002).
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In contrast to anti-HER2 NPs, the anti-CD20 NPs were not
nternalized. Despite the fact that multiple antibodies per NP can
eact with cells, internalization could not be observed with the
nti-CD20 NPs even after prolonged incubation. The proposed
echanism of interaction between Daudi and anti-CD20 NPs is
cell surface clustering (Shan et al., 1998).

Non-internalizing NPs remain of interest as anti-tumor drug
arriers for at least two reasons: first, the drug released on the cell
urface can be taken up by passive diffusion or another mech-
nism via endocytic pathways including clathrin-coated pits,
aveole membrane invaginations, phagocytosis and pinocytosis
henomenons (Rejman et al., 2004; Koo et al., 2005). Secondly,
he observation of direct induction of apoptosis by cross-linked
nti-CD20 antibodies (Shan et al., 1998) might provide addi-
ional efficacy to anti-CD20 NPs by the fact that the multiple
ntibodies per NP might represent a new efficient method of
ross-linking.

. Conclusion

The efficiency of mAb modified NPs in specific tumor
ell targeting was demonstrated in vitro. Furthermore, confo-
al microscopy showed a different cellular localization of NPs
epending on the type of antibody–antigen interaction involved.
hese two model situations will allow evaluating in a next step

he efficiency of the mAb-NPs as carrier of cytostatic drugs.
inally, different in vivo tumor models are available for these two
Ab-NPs conjugates that will allow testing of their efficiency

n specific tumor targeting.
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