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Abstract

Targeting drugs to their sites of action is still a major challenge in pharmaceutical research. In this study, polylactic-co-glycolic acid (PLGA)
immuno-nanoparticles were prepared for targeting invasive epithelial breast tumour cells. Monoclonal antibody (mAb) was used as a homing
ligand and was attached to the nanoparticle surface either covalently or non-covalently. The presence of mAb on the nanoparticle surface, its
stability and recognition properties were tested. Protein assay, surface plasmon resonance, flow cytometry and fluorescence-immunostaining
confirmed the presence of mAb on nanoparticles in both cases. However, a binding assay using cell lysate revealed that the recognition properties
were preserved only for nanoparticles with adsorbed mAb. These nanoparticles were more likely to be bound to the targeted cells than non-coated
nanoparticles. Both types of nanoparticles entered the target MCF-10A neoT cells in mono-culture. In co-culture of MCF-10A neoT and Caco-2
cells immuno-nanoparticles were localized solely to MCF-10A neoT cells, whereas non-coated nanoparticles were distributed randomly. Immuno-
nanoparticles entered only MCF-10A neoT cells, while non-coated nanoparticles were taken up by both cell types, indicating specific targeting of
the immuno-nanoparticles. In conclusion, we demonstrate a method by which mAbs can be bound to nanoparticles without detriment to their
targeting ability. Furthermore, the results show the effectiveness of the new carrier system for targeted delivery of small or large active substances

into cells or tissues of interest.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The field of therapeutics has seen an exponential growth in
new molecular entities, ranging from low molecular weight
drugs to macromolecules like proteins and genes. However, the
ideal drug substance which interacts site-selectively with its
molecular target at a therapeutically-relevant level has not yet
been established, at least not in clinical practice. Some degree of
site-selective delivery has been achieved only with “targeting
homing drugs” that specifically recognize their pharmacological
target [1]. An important impetus since 1975 has come from the
development of monoclonal antibodies (mAb) and the exploi-
tation of their targeting properties and hence therapeutic
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potential [2]. The specificity of delivery using nanoparticles
was initially a coincidental property, active targeting has now
become a central concept in therapeutic research. This concept
has been developed into practical application with the
construction of a variety of immuno-conjugates, also known
as drug-attached antibodies (Abs) [3—7]. Certain mAbs have
been shown to initiate specific signalling cascades, which can
potentiate the therapeutic effect of the attached drug [8,9]. The
latter has been confirmed for chemotherapeutic drugs and
tumour-targeting antibodies [8]. However, the number of drug
molecules that can be attached to an antibody molecule is
usually the limiting factor for such a strategy, especially for low
potency drug molecules [9,10]. For high potency drug
molecules such as proteins, the coupling reaction could affect
the pharmacological and immunological activities of the drug
molecule, as well as the in vivo fate [11].

Nanoparticles with specific recognition ligands bound to the
surface have a good potential for site-selective delivery, and
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offer higher drug carrier capacity than bioconjugates, as well as
improved specificity for drug targeting [12]. The carrier
material used can additionally protect the drug from premature
release and degradation [13,14]. Ligands attached to the surface
can include any molecule that selectively recognizes and binds
molecules on target cells [9,15]. Of the different targeting
ligands, such as peptides, glycoproteins, carbohydrates and
polymers, mAbs have been the most widely studied [8].

In our previous study we developed poly(lactic-co-glycolic
acid) (PLGA) nanoparticles as a delivery system, and showed
that they could be used to deliver a protein drug intracellularly
more efficiently and faster than could be achieved with the free
protein [16]. However, the formulated delivery system was not
able to distinguish between different cells. We report here the
preparation of PLGA nanoparticles designed specifically to
target breast tumour cells. For this purpose we used a mAb
recognizing the specific profile of the cytokeratins expressed by
these cells. Covalent and non-covalent binding were both
employed to attach mAb to the surface of pre-formed PLGA
nanoparticles. The amount of mAb attached to the nanoparticle
surface, the stability and recognition properties of the
formulated systems were all characterized, as well as their
ability to target and enter antigen-rich MCF-7 and MCF-10A
neoT cells in mono-culture and, specifically, in co-culture with
Caco-2 cells.

2. Materials and methods
2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA), 50:50, Resomer RG™
503H) was obtained from Boehringer (Ingelheim, Germany),
polyvinyl alcohol (PVA, Mowiol™ 4-98) from Hoechst
(Frankfurt, Germany), ethyl acetate from Merck (Darmstadt,
Germany), EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodii-
mide) from Fluka Chemie AG (Switzerland), Alexa Fluor®
546-labelled goat anti-mouse immunoglobulin and Blue Cell
Tracker from Molecular Probes (Carlsbad, CA, USA), bovine
serum albumin (BSA) and fluorescein from Sigma (St. Louis,
MO, USA) and Coomassie Plus reagent from Pierce (Rockford,
IL, USA). All reagents were of analytical grade.

2.2. Monoclonal antibody preparation

The mADb was prepared against soluble membrane proteins
of MCF-7 human invasive ductal breast carcinoma [17]. We
isolated the mAb from mouse hybridoma cell lines using the
standard method of Koehler and Milstein [2]. It was purified
from hybridoma culture medium by affinity chromatography on
protein G-Sepharose (Pharmacia, Uppsala, Sweden). The mAb
recognizes cytokeratins expressed in breast epithelial cell lines
and breast tumour cells (manuscript in preparation).

The mAb was labelled with Alexa Fluor® 546 dye following
the procedure of the manufacturer (Molecular Probes, USA).
Sodium bicarbonate was added to mAb solution and transferred
to Alexa Fluor® 546 reactive dye for one hour. The labelled
mADb was purified on the resin and stored at —20 °C.

2.3. Preparation of PLGA nanoparticles

The procedure used to prepare nanoparticles was similar to
that reported previously [18]. BSA was incorporated in
nanoparticles as a model protein. 400 pl of aqueous solution
of BSA (10 mg/ml) was added to 2 ml of ethyl acetate
containing 0.45 mg fluorescein and 100 mg PLGA and the
mixture stirred at 7000 rpm (Homogeniser, Omni Labteh, Omni
International Inc. Warrington, VA, USA) with simultaneous
sonication (Ultrasonic bath: 500 W, 30 kHz, UZ 4P, Iskra,
Sentjernej, Slovenia). After 2 min of emulsification, 8§ ml of
aqueous solution of PVA (5%, w/w) was added to the w/o
emulsion to form a w/o/w double emulsion and stirred further
for 5 min. To solidify the nanoparticles, the organic solvent was
extracted by stirring the double emulsion with 200 ml of
aqueous solution of 0.1% (w/w) PVA at 5000 rpm for 5 min.
The resulting dispersion of nanoparticles was centrifuged at
15,000 rpm for 15 min (Ultracentrifuge Sorvall RC 5C plus,
Maryland, USA), washed three times with purified water and
freeze-dried (—57 °C, 0.090 mbar, 24 h) (Christ Beta 1-8 K,
Germany).

2.4. Characterization of nanoparticles

2.4.1. Particle size and zeta potential analysis

Freeze-dried nanoparticles were dispersed in deionized
water. Their mean particle diameter and the width of the
particle distribution (polydispersity index) were determined by
photon correlation spectroscopy using a Zetasizer 3000
(Malvern Instruments, Worcestershire, UK). The particle charge
was quantified as zeta potential by laser Doppler anemometry
using the Zetasizer 3000. All measurements were made in
triplicate.

2.4.2. Surface morphology

The surface morphology of the formulated nanoparticles was
visualized by scanning electron microscopy (SEM). Before
observation, powdered samples of freeze-dried nanoparticles
were fixed onto metallic studs with double-sided conductive
tape (diameter 12 mm, Oxon, Oxford instruments, UK). A
Supra 35 VP (Oberkochen, Zeiss, Germany) scanning electron
microscope was used with an acceleration voltage of 1.00 kV
and a secondary detector.

2.5. Formulation of immuno-nanoparticles

2.5.1. Adsorption

Nanoparticles were dispersed in PBS, pH 5.0, (0.6 mg/ml)
and a 600 pl aliquot was mixed with 200 pl of a solution of
mAb (2 mg/ml) and adjusted to the volume of 500 ul with
phosphate buffer. mAb was adsorbed onto the nanoparticles at
4 °C for 24 h, then centrifuged at 10,000 rpm for 15 min
(Eppendorf Centrifuge 5415) to separate immuno-nanoparticles
from free mAb. The sediment was washed with PBS, pH 7.4,
and re-dispersed in 500 pl of PBS, pH 7.4. The control was run
the same way as the sample but PBS was used instead of mAb
solution.
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2.5.2. Covalent binding

For the covalent attachment of mAb onto the nanoparticle
surface, EDC reagent was employed in this study. 4.5 pg of
EDC was added to 360 pl of a mixture of 400 pg nanoparticles
and 400 pg mAb. The molar ratio of EDC to mAb was
approximately 8.8. The reaction mixture was stirred gently for
2 h at room temperature. Excess linking reagent and soluble by-
products were separated by centrifugation at 13,200 rpm for
10 min, and the sediment was washed three times with 1 ml
PBS, pH 7.4. Finally, immuno-nanoparticles were re-dispersed
in 100 pl of PBS and protein content determined by Bradford
assay. Two controls were run in the same way as the reaction
mixture, one lacking EDC, the other EDC and mAb.

EDC is a convenient carbodiimide used to form a variety of
chemical conjugates, provided one of the molecules contains
a primary amine and the other a carboxylic group. EDC
can react with a carboxylic acid group to form a highly reactive
O-acylisourea intermediate. This active species can then react
with a nucleophile such as a primary amine to form an amide
bond. The advantage of EDC is its water solubility, allowing
direct addition of the reagent to the reaction mixture without
prior organic solvent dissolution and is therefore suitable for
conjugating bioactive molecules. In our case EDC was used to
conjugate the primary amine group of mAb with the free car-
boxylic end group of PLGA nanoparticles, forming a connect-
ing amide bond. Excess reagent and the isourea formed as the
by-product of the cross-linking reaction are both water-soluble
and can easily be removed [19].

2.6. Determination of mAb on the surface of nanoparticles

The following methods were used to confirm the mAb on the
nanoparticle surface:

2.6.1. Flow cytometry

A dispersion of nanoparticles with Alexa Fluor® 546
labelled mAb was introduced directly into a flow cytometer
and analyzed using FACSCalibur (Becton Dickinson, Inc.,
USA). As a control, non-coated nanoparticles were analyzed.

2.6.2. Surface plasmon resonance

Interaction of mAb-modified nanoparticles with protein A was
monitored using Biacore X system (BIAcore, Uppsala, Sweden).
An SA sensor chip with pre-immobilized streptavidin (BR-1003-
98 BIAcore) was used to immobilize biotinylated protein A at a
flow rate of 1 ul/min for 10 min. The reference cell was blocked
with biotin (10 pM, 10 min). The chip was then washed with 5 pl
of 10 mM glycine buffer (pH 2.2) at a flow rate of 30 ul/min.
Identical wash cycles were used to regenerate the chip between
assays. mAb-modified or non-coated nanoparticles were dispersed
in PBST buffer (PBS with 0.05% Tween 20; 0.475 mg/ml) and 5 pl
was injected for each assay. All the steps were performed at 25 °C
with a flow rate of 1 pl/min in 0.05% PBST running buffer.

2.6.3. Protein assay
The Bradford method with Coomassie dye was used. 300 ul
of Coomassie Plus reagent was added to 10 pl of dispersion of

nanoparticles, either mAb-coated or non-coated, and after
10 min of incubation, the absorbance was measured at 595 nm
using a microplate reader (Tecan GENios, Switzerland). The
results were compared to a standard curve of BSA solution in
the concentration range from 10 pg/ml to 750 pg/ml.

2.6.4. Fluorescence microscopy

A secondary Ab, Alexa Fluor® 546-labelled goat anti-mouse
immunoglobulin, was used to identify the presence of mAb on
the surface of nanoparticles. mAb-modified nanoparticles were
treated with 0.5 pl of secondary Ab at room temperature for 2 h.
The volume ratio between solution of secondary Ab and
dispersion of immuno-nanoparticles was 1:1000. Samples were
centrifuged at 13,200 rpm for 15 min and washed twice with
1 ml PBS to climinate the excess secondary Ab. After final
washing, the sediment was re-dispersed in PBS at pH 7.4, and
the fluorescence intensity of both fluorescent dyes (fluorescein:
Aex 494 nm and L., 525 nm, and Alexa Fluor® 546: 1., 556 nm
and A., 573 nm) was measured using a microplate reader
(Safire> ™ Tecan, Switzerland). Furthermore, localization of
both fluorescent dyes was observed with fluorescence micros-
copy using a Carl Zeiss LSM 510 confocal microscope. Alexa
Fluor® 546 and fluorescein were excited with an argon
(488 nm) or He/Ne (543 nm) laser and the emission was
filtered using a narrow band LP 505-530 nm (green
fluorescence) and 560 nm (red fluorescence) filter. Images
were analyzed using Carl Zeiss LSM image software 3.0.

The stability of the complex of mAb adsorbed on
nanoparticles labelled with secondary Ab was followed for
24 h in complete growth medium containing serum proteins and
observed under the fluorescence microscope.

2.7. Cell cultures

MCF-7 and MCF-10A neoT cell lines originate from human
breast epithelial cells. MCF-7 cells were obtained from American
type culture collection (ATCC) (Rockville, Maryland, USA);
MCF-10A neoT cells were provided by Prof. Bonnie F. Sloane
(Wayne State University, Detroit, M1, USA). Cells were cultured in
monolayers to 80% confluence in DMEM/F12 medium (1:1, v/v)
supplemented with 2 mM glutamine, 10 pg/ml insulin, 0.5 pg/ml
hydrocortisone, 20 ng/ml epidermal growth factor, HEPES,
antibiotics and 5% fetal bovine serum at 37 °C in a humidified
atmosphere containing 5% CO,. For use in experiments 2.5x 10*
cells per well were seeded in a LabTek chambered coverglass
system (Nalge Nunc International, Denmark) and allowed to attach
for 24 h prior to the assay.

Caco-2 cells, originating from human colon adenocarcinoma
cells, were obtained from ATCC. They were cultured to 80%
confluence in MEM medium supplemented with 2 mM
glutamine, 0.1 mM non-essential amino acids and 10% fetal
bovine serum at 37 °C in a humidified atmosphere containing
5% COs,.

To visualize the cells and distinguish between MCF-10A
neoT cells and Caco-2 cells in co-culture, Caco-2 cells were
stained using the fluorescent dye Blue Cell Tracker (10 uM)
according to the manufacturer’s protocol.
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A co-culture of MCF-10A neoT cells and Caco-2 cells was
prepared by seeding 2 x 10* Blue Cell Tracker labelled Caco-2
cells in a LabTek chambered coverglass system with 1x10*
MCF-10A neoT cells and allowing to attach for 24 h prior to the
targeting assay. The seeding ratio between MCF-10A neoT and
Caco-2 cells was 2:1 due to the slower doubling time of the
latter.

2.8. Recognition properties of immuno-nanoparticles

A preliminary test for binding ability of formulated immuno-
nanoparticles was performed using MCF-7 or MCF-10A neoT
cell lysates. Cells were trypsinized with 0.05% trypsin and
0.02% EDTA in PBS, pH 7.4, centrifuged and washed with
PBS. 500 pl of lysis buffer (400 mM phosphate buffer, pH 6.0,
75 mM sodium chloride, 4 mM EDTA, 0.25% mM Triton X-
100) was added. The lysate was frozen at —70 °C, melted,
sonicated, and centrifuged for 15 min at 3300 rpm and 4 °C. The
supernatant was diluted with carbonate buffer, pH 9.6, at a ratio
of 1:5 and microtiter plates (Nunc-Immuno™ Break Apart™
Modules, Denmark) were coated by adding a 100 pl aliquot to
each well and incubating at 4 °C for 24 h. Unoccupied sites
were blocked using blocking buffer (3% BSA in PBS, pH 7.2),
incubated at room temperature for half an hour and washed
three times with washing buffer (PBS with 0.05% Tween 20, pH
7.2) (Washer, Dispenser Columbus, Tecan, Austria).

150 pl of immuno- or non-coated nanoparticles (0.375 mg/
ml) was added to each pre-coated well, incubated 2 h at 37 °C
and washed three times with PBS, pH 7.4 to remove unbound
nanoparticles. Bound nanoparticles were hydrolysed with
150 pl of 1 M sodium hydroxide added to each well and the
fluorescence of samples was measured using a microplate
reader (Safire’> ™ Tecan, Switzerland).

2.9. Cell targeting and internalization of immuno-
nanoparticles

Cellular targeting and uptake of non-coated and immuno-
nanoparticles were investigated with a mono-culture of MCF-
10A neoT cells or a co-culture of MCF-10A neoT and Caco-2
cells. 100 pul of samples containing 0.5 mg nanoparticles/ml of
growth medium were added to the cells and incubated at 37 °C
for different time periods up to 24 h. The cells were then washed
three times with growth medium to remove nanoparticles not
internalized by the cells. Fluorescence microscopy was then
performed using an Olympus IX/81 inverted fluorescence
microscope equipped with a Dapi/FITC/TxRed filter set
(E0435016) capable of distinguishing between the green
(fluorescein in nanoparticles) and blue (Blue Cell Tracker
staining of Caco-2 cells) fluorescence. Images were analyzed
using Cell® Imaging software.

Additionally, internalization of non-coated and immuno-
nanoparticles into MCF-10A neoT cells was evaluated using
flow cytometry. Cells were placed into twelve well plates
(3x10°/well) and left to attach. 200 pl of fluorescein-loaded
immuno- or non-coated nanoparticles (0.3 mg/ml) were added
to each well and incubated for 1, 4 or 24 h. As a control, cells

Fig. 1. SEM image of the PLGA nanoparticles.

were grown separately in the absence of nanoparticles. Flow
cytometry was performed on a FACSCalibur (Becton Dick-
inson, Inc., USA).

3. Results

In order to achieve an immuno-nanoparticle system able to
target desired cells, the binding procedure must preserve the
biological activity of targeting ligand. In the present study a
special focus was oriented to the selection of a suitable method
for modification of the nanoparticle surface with mAb under
aspect of an effective binding to particle surface and still
preserving its biological activity. For this purpose mAb was
bound to the surface of PLGA nanoparticles either by
adsorption or covalent binding.

3.1. Nanoparticle preparation and characterization

Nanoparticles were prepared from a PLGA polymer contain-
ing free carboxylic end groups, using a modified double
emulsion solvent diffusion method [18]. The resulting nano-
particles had a mean diameter of 320-360 nm, with a
polydispersity index of 0.34. The mean zeta potential of
nanoparticles was —25 mV, indicating that some free carboxylic
end groups of the polymer were located on the surface of
nanoparticles. The scanning electron micrograph images of the
nanoparticles revealed their regular spherical shape, as well as a
range of diameters (Fig. 1).

3.2. Determination of mAb on the surface of nanoparticles

The protein assay was used to quantify the amount of
covalently bound mAb on nanoparticle surface. Since this assay
cannot distinguish covalently bound mAb from adsorbed mAb
or BSA in nanoparticles, two controls were run. The first one,
evaluating the influence of adsorbed mAb, was run in the
absence of EDC and the second, evaluating the contribution of
non-coated nanoparticles, was run without EDC and mAb. The
amount of mAb covalently bound to the nanoparticle surface
was shown to be approximately 20 pg mAb per 1 mg of
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Fig. 2. Confocal microscopic images of fluorescein-loaded nanoparticles (green)
with adsorbed mAb and Alexa Fluor® 546-labelled secondary antibody (red).
White arrows indicate some of the nanoparticles coated with mAb (A). The
control sample of nanoparticles (B) was incubated in the absence of mAb.

nanoparticles. The protein content in covalently reacted sample
was higher for 9% (w/w) regarding the first control and for 15%
(w/w) regarding the second control. This demonstrated that
mADb was covalently bound to the nanoparticle surface in the
presence of EDC.

Non-covalent binding of mAb to the nanoparticle surface
was evaluated first by fluorescence microscopy, using Alexa
Fluor® 546 labelled secondary Ab recognizing mAb to
visualize the adsorption of mAb on the surface of the
fluorescein-loaded PLGA nanoparticles. Unlike the non-coated
nanoparticles (Fig. 2B) the immuno-nanoparticles (Fig. 2A)
show red fluorescence, indicating a certain proportion of
nanoparticles with adsorbed mAb. The control (Fig. 2B)
shows that the secondary Ab does not adsorb directly to the
nanoparticle surface under the incubation conditions used (2 h).
Additionally, results from flow cytometry showed that practi-
cally all nanoparticles are mAb coated and that the population of
immuno-nanoparticles is rather homogenous (Fig. 3).

The extent of adsorption of mAb on the surface of
nanoparticles was evaluated by measuring the fluorescence of
the fluorescein in the nanoparticles and of Alexa Fluor® 546-
labelled secondary Ab using a microtiter plate reader. The ratio
of fluorescence intensities (Alexa Fluor® 546/fluorescein) was
0.565+0.008 for immuno-nanoparticles and 0.259+0.111 for
non-coated nanoparticles. This indicated that a larger amount of
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Fig. 3. Flow cytometry analysis of non-coated nanoparticles and fluorescein-
loaded nanoparticles pre-incubated with mAb labelled with Alexa Fluor® 546.
Density plots of non-coated nanoparticles (A) and mAb-coated nanoparticles
(B) show that mAb-coated nanoparticles are homogenously coated with Alexa
Fluor® 546-labeled mAb and can be distinguished from non-coated nanopar-
ticles by their fluorescence. A shift of fluorescein (C) and Alexa Fluor® 546 (D)
fluorescence intensity can be seen for immuno-nanoparticles (grey histograms)
in comparison to non-coated nanoparticles (white histograms) indicating the
presence of mAb on the surface of fluorescein-loaded nanoparticles.

secondary Ab was present on immuno-nanoparticles than on
non-coated nanoparticles, confirming the presence of mAb on
the immuno-nanoparticle surface. Surface plasmon resonance,
with protein A (that binds specifically to the Fc region of
immunoglobulin molecules [20]) immobilized on the sensor
chip, showed a specific interaction of immuno-nanoparticles
with protein A than non-coated nanoparticles, as is evident from
the binding curves (Fig. 4).

The mAb-nanoparticle complex was shown, using fluores-
cence microscopy, to be stable in the presence of serum proteins
(data not shown). Immunofluorescence images of double-
labelled nanoparticles having adsorbed primary and secondary
Ab showed discrete green and red coloured particles that
persisted over a time period of 24 h.
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Fig. 4. Surface plasmon resonance analysis of immuno-nanoparticles (A) and
non-coated nanoparticles (B) interaction with protein A immobilized on a sensor
chip using BIAcore X system. The samples were injected over the protein A
surface at a flow rate of 1 ul/min in 1% PBST running buffer at 25 °C.
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Fig. 5. Fluorescence intensity representing binding of nanoparticles, having
either adsorbed or covalently bound mAb, to the antigen in MCF-7 and MCF-
10A neoT cell lysates. The concentration of nanoparticles in each sample was
kept constant (500 pg/ml). The controls represent non-coated nanoparticles in
both cases.

3.3. Recognition properties of immuno-nanoparticles

Cell lysates were used to test the ability of mAb to bind to
cell-type-specific antigens. Lysates were prepared from two
invasive breast epithelial cell lines, MCF-7 and MCF-10A
neoT. Nanoparticles with adsorbed mAb bind to the cell lysates
and the extent of binding is approximately one third higher than
that of the control, non-coated nanoparticles (Fig. 5). This
indicates that the recognition properties of mAb did not change

25 um

25 um

Fig. 6. Internalization of fluorescein-loaded PLGA nanoparticles coated with
mAD (A) and non-coated nanoparticles (B) into MCF-10A neoT cells after 12 h
of incubation. A perinuclear localization of internalized nanoparticles (green)
was observed in both cases.

during the adsorption process. Although non-specific binding
did take place, as is evident from the histogram for non-coated
nanoparticles, mAb increased the level of binding, indicating
the influence of the adsorbed mAb. On the other hand, covalent
coupling of mAb on nanoparticles resulted in a significant loss
of binding affinity to cytokeratins in cell lysates. Moreover, the
binding of covalently-modified nanoparticles was even smaller
than that of unmodified nanoparticles (Fig. 5). Greater
association of immuno-nanoparticles was observed for MCF-7
cell lysate than for MCF-10A neoT lysate.

3.4. Cellular uptake of immuno-nanoparticles by MCF-104
neoT cells

The uptake of nanoparticles was evaluated by fluorescence
microscopy and flow cytometry. Both methods confirmed
internalization of non-coated and immuno-nanoparticles, al-
though microscopy showed some delay for immuno-nanopar-
ticles. On the micrograph images, internalized non-coated and

Fig. 7. Fluorescence microscope image of a co-culture of MCF-10A neoT and
Caco-2 cells incubated with fluorescein-loaded PLGA nanoparticles coated with
mAb (A) and uncoated nanoparticles (B) after 24 h of incubation. Immuno-
nanoparticles (green) entered solely MCF-10A neoT cells, while non-coated
nanoparticles entered both type of cells. The cells stained blue are Caco-2 cells.
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immuno-nanoparticles were observed as green fluorescence
spots, localized in the perinuclear region (Fig. 6). Flow
cytometry analysis for both types of nanoparticles showed a
shift in green fluorescence intensity due to internalization of
fluorescein-loaded nanoparticles into MCF-10A neoT cells
(data not shown). The uptake was detected after 1 h of
incubation and increased progressively over the next 24 h. After
I h 65% and 59% of cells had internalized immuno-
nanoparticles and non-coated nanoparticles, respectively.
After 4 h the fractions increased to 81% and 77%. Finally,
after 24 h, 94% of cells internalized immuno-nanoparticles and
94% non-coated nanoparticles.

3.5. Cell targeting and internalization of immuno-nanoparti-
cles in co-culture

The ability of immuno-nanoparticles in targeting MCF-10A
neoT cells was evaluated in a co-culture with Caco-2 cells
which lack the antigen for the mAb. Prior to internalization,
immuno-nanoparticles localized in the vicinity of the MCF-10A
neoT cells and not the Caco-2 cells, indicating their ability to
target antigen-specific cells. By contrast, non-coated nanopar-
ticles did not show such a specific localization towards MCF-
10A neoT cells, as they were randomly distributed in the co-
culture. Internalization of nanoparticles was checked after 24 h
of incubation, and the uptake in MCF-10A neoT cell was
observed only for nanoparticles having adsorbed mAb (Fig. 7).

4. Discussion

Drug targeting can improve the efficacy of therapy and
reduce side effects associated with drugs [8,14]. Various carriers
can be used to deliver a drug in a stable and protective form,
however, it is nanotechnology which offers the most unique and
intriguing approach in the area of nanomedicine [21,22].

In an attempt to formulate a carrier system for site-selective
delivery, fluorescein-loaded PLGA nanoparticles capable of
targeting invasive breast epithelial cell lines, such as MCF-7 and
MCF-10A neoT, were developed. For this purpose we applied a
mADb which recognizes the specific cytokeratin profile expressed
by these cells. Two strategies for attaching mAb to nanoparticles
were applied; covalent and non-covalent attachment. Nanoparti-
cles with covalently bound mAb were prepared using EDC
reagent. This reagent is frequently used for coupling reactions with
bioactive molecules [19]. A linking spacer is usually used to bind
mADb to nanoparticle surface, and only a few reports provide some
data about direct coupling [12,23,24]. To investigate the possibility
of direct coupling, no other reagent or linker was used in our study.
By that strategy we achieved binding of mAb on nanoparticle
surface, however, this attachment adversely affected the recogni-
tion properties of mAb for the target antigen. This could be due to
the fact that proteins have numerous functional groups, therefore
several side reactions can take place in the presence of EDC [19].
Carboxylic and amino groups are involved in covalent reaction
with EDC reagent and both are present in mAb molecule, which
may result in self-polymerization of mAb instead of coupling to
nanoparticles. Such polymerized antibodies lose their specific

recognition properties, making them inappropriate for drug
targeting [19]. Moreover, amino groups within mAb antigen
binding domains could be affected by covalent coupling, impairing
its biological activity [11]. Direct covalent attachment of mAb on
the nanoparticle surface could hinder the accessibility of the ligand
as well. Furthermore, attached mAb, changed the surface
properties of nanoparticles. Having the protein coating but lacking
targetability, these nanoparticles exhibit more hydrophilic charac-
ter and therefore interact more weakly with components of cell
lysates as compared to non-coated hydrophobic PLGA nanopar-
ticles, as observed in our study (Fig. 5). Direct covalent coupling
was thus inappropriate to obtain effective immuno-nanoparticles in
this study.

In the second method, nanoparticles were incubated with
mADb to allow non-specific adsorption onto their surface, as
reported by Illum et al. [25]. It has been suggested that hydro-
phobic interactions take part in this process, resulting from the
attraction between the hydrophobic PLGA polymer and the non-
polar (hydrophobic) part of the Ab molecule. Fluorescence
microscopy, surface plasmon resonance, and flow cytometry
confirmed the adsorption of mAb on the surface of nanoparticles.
Flow cytometry showed that all nanoparticles were successfully
coated with mAb, resulting in a homogenous population of
immuno-nanoparticles. The adsorption is reversible and several
authors emphasized the importance of competitive displace-
ment of mAb that can take place in the presence of serum
components [25-27]. However, our formulation, followed for
24 h in complete growth medium, was not influenced by the
presence of serum proteins. Moreover, the pH of the incubation
medium (pH 7.4), was close to the isoelectric point of the mAb
used (p/ 6.55—7.35) which favours the adsorption of protein on
nanoparticle surface as suggested by Tsai et al. [28]. They
investigated the adsorption of peptides to PLGA surface and
asserted that this process is most favourable when the peptide is
uncharged, thus less soluble, and exerts more hydrophobic
character that interacts with the hydrophobic surface. Thus, the
formulated nanoparticles with adsorbed mAb show promise as a
suitable targeted delivery system.

The adsorbed mAb remained capable of targeting MCF-7 and
MCF-10A neoT cells, recognizing the antigen expressed by these
cells as observed by the cell lysate assay. Thus, the formulation
procedure did not impair the native conformation of these
biomolecules, as also documented by others [25]. Illum and
coworkers reported that the orientation of Ab adsorbed on the
surface of nanoparticles depends on the surface properties of the
nanoparticles [25]. Antibody tends to bind to the hydrophobic
surface through a constant region (Fc) of the molecule, leaving the
antigen-binding sites free to interact with the antigen. PLGA is a
hydrophobic polymer [29], thus it is most likely that mAb is
adsorbed onto the nanoparticle surface via its Fc region, keeping
antigen binding sites free to bind to the target antigen in the cell
lysates. This binding was more specific for immuno-nanoparticles
than for non-coated nanoparticles. On the other hand, surface
plasmon resonance analysis showed that some mAb were
adsorbed on the nanoparticle surface through antigen-binding
domains, since Fc regions were free to interact with protein A
immobilized on the sensor chip. The results thus suggest that the
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orientation of adsorbed mAb on the nanoparticle surface is
random.

The uptake of nanoparticles is influenced by nanoparticle
shape, size, surface properties and concentration in the medium,
incubation time and temperature, etc. [30—35]. The internalization
studies using fluorescence microscopy showed that uptake of
immuno-nanoparticles was slower than that of non-coated
nanoparticles. This could be due to the hydrophilic surface
resulting from the presence of mAb on nanoparticles as also
suggested by other authors who observed decrease in the uptake
by increasing hydrophilicity of nanoparticles [32]. However, flow
cytometry did not show significant difference in the uptake of
non-coated and immuno-nanoparticles.

Immuno-nanoparticles were observed to associate much more
readily with the MCF-7 than with the MCF-10A neoT cell lysates.
This is expected, since the anti-cytokeratin mAb used was
prepared against MCF-7 cells. The binding was more specific for
immuno-nanoparticles than for non-coated nanoparticles and
dependent on the level of expression of the antigen.

In order to illustrate the cell specificity of the targeting of
immuno-nanoparticles and non-coated nanoparticles, MCF-10A
neoT and Caco-2 cells were grown in co-culture. This co-culture
was set up specifically for such evaluation. The literature,
however, usually deals only with experiments using one cell type
when evaluating the uptake of targeted delivery system
[12,23,24,25]. Using this experimental set up we were able to
discriminate random and targeted nanoparticle internalization.
Non-coated nanoparticles entered both cell types, while immuno-
nanoparticles internalized only to the target MCF-10A neoT cells.

These experiments clearly indicate that antibodies, when
attached to the nanoparticle surface in an active form, show the
ability to target specific cells. Finally, nanoparticles localized to
target cells can be employed to internalize and thus deliver
cargo to intracellular recipients. However, it should be kept in
mind that nanoparticles following the endocytotic pathway
enter the lysosomal compartment, which can affect the
formulation and/or the drug delivered by enzymic and chemical
degradation. This particular method is thus suitable for
lysosomal delivery, although certain polymeric carriers have
the capability to escape the lysosomal compartment [36],
allowing wider application of the strategy described here.

5. Conclusion

New PLGA nanoparticles, having the ability to recognize
and target specific antigens on breast epithelial cancer cell lines,
were prepared by attaching mAb on the nanoparticle surface via
the adsorption process. Attempts to attach mAb to nanoparticles
by covalent bonding were less successful, since the biological
activity of the bound mAb was inactivated. The specificity of
the immuno-nanoparticles was seen from their selective
distribution in a co-culture of MCF-10A neoT and Caco-2
cells, resulting in their final internalization by the former cells.

Such modified nanoparticle delivery systems can provide
suitable tools for effective targeted delivery of drugs into specific
cells, especially in cases where the targets are localized
intracellularly. A particularly valuable application would be in

cancer therapy, since targeted delivery reduces side effects caused
by unspecific drug uptake into healthy tissues. This approach
would be appropriate for the delivery of various antitumour drugs
ranging from small molecular weight drugs to large biomolecules,
and offers the potential for much more effective antitumour
therapy.
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