
European Journal of Pharmaceutics and Biopharmaceutics 74 (2010) 148–156
Contents lists available at ScienceDirect

European Journal of Pharmaceutics and Biopharmaceutics

journal homepage: www.elsevier .com/locate /e jpb
Research paper

A quantitative evaluation of the molecular binding affinity between
a monoclonal antibody conjugated to a nanoparticle and an antigen
by surface plasmon resonance

Nir Debotton a, Hagit Zer b, Marcela Parnes a, Oshrat Harush-Frenkel a, Jean Kadouche c, Simon Benita a,*,1

a Department of Pharmaceutics, The Hebrew University of Jerusalem, Jerusalem, Israel
b Biacore Laboratory, The Hebrew University of Jerusalem, Jerusalem, Israel
c MAT Ltd., MAT Biopharma, Evry, France

a r t i c l e i n f o
Article history:
Received 15 June 2009
Accepted in revised form 30 September 2009
Available online 14 October 2009

Keywords:
Affinity constant
Cancer
Ferritin
Immunonanoparticles
Monoclonal antibody
Paclitaxel palmitate
Surface plasmon resonance
0939-6411/$ - see front matter � 2009 Elsevier B.V. A
doi:10.1016/j.ejpb.2009.09.014

* Corresponding author. Tel.: +972 2 6758668; fax:
E-mail address: benita@cc.huji.ac.il (S. Benita).

1 Affiliated with the David R. Bloom Center for Pharm
of Jerusalem, Israel.
a b s t r a c t

We have designed a site-specific drug colloidal carrier ultimately for improving pancreatic and lung can-
cer treatment. It is based on a nanoparticulate drug delivery system that targets tumors overexpressing
H-ferritin. A monoclonal antibody, AMB8LK, specifically recognizing H-ferritin was thiolated and conju-
gated to maleimide-activated polylactide nanoparticles (NPs) resulting in the formation of immunonano-
particles (immunoNPs). The AMB8LK immunoNPs exhibited a mean diameter size of 112 ± 20 nm and a
density of 76 antibody molecules per NP. AMB8LK immunoNPs were evaluated for uptake and binding
properties on CAPAN-1 and A-549 cell lines, using confocal microscopy. ImmunoNPs demonstrated spe-
cific binding and increased uptake of the desired cells by means of monoclonal antibodies (MAbs), com-
pared to nonconjugated NPs. A lipophilic paclitaxel derivative, paclitaxel palmitate (pcpl), was
encapsulated within the various NP formulations, and their cytotoxic effect was evaluated on A-549 cells
using MTT assay. Pcpl-loaded AMB8LK immunoNPs showed a significantly increased cytotoxic effect
when compared to pcpl solution and pcpl NPs. Surface plasmon resonance (SPR) was used to determine
quantitatively the affinity constants of native AMB8LK and AMB8LK immunoNPs to gain insight on the
affinity of the MAbs following the conjugation process onto NPs. The results of the association/dissocia-
tion and affinity kinetics of the interaction between H-ferritin and native AMB8LK or AMB8LK immuno-
NPs revealed similar constant values, showing that the conjugation process of the MAb to the NPs did not
alter the intrinsic specificity and affinity of the MAb to the antigen. In conclusion, at the cellular level,
AMB8LK immunoNPs may carry drugs to desired overexpressing antigen cells with adequate affinity
properties, potentially leading to improved drug therapy and reduced systemic adverse effects.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Active targeting of nanoparticulate drug delivery systems has
raised interest for improved cancer therapy. Monoclonal antibod-
ies (MAbs) have been the most widely investigated targeting moi-
eties following their conjugation to nanoparticles (NPs), which
results in the formation of immunonanoparticles (immunoNPs)
[1,2]. ImmunoNPs comprised of pegylated polyesters are consid-
ered to be the most suitable nanocarriers of chemotherapeutic
agents to the tissue of interest, primarily due to their long circulat-
ing time [3,4], biodegradability, biocompatibility [5,6] and high
drug payloads [7,8]. In addition to all these significant features,
ll rights reserved.
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immunoNPs possess adequate physicochemical shelf life over
long-term storage as freeze-dried powders, which can maintain
their initial properties upon reconstitution with the addition of
sterile water prior to use [9,10]. In previous reports, the physico-
chemical properties of drug-loaded immunoNPs have been evalu-
ated in terms of type of covalent binding between the MAb to
the NP, amount of MAbs attached to the NPs, recognition proper-
ties of immunoNPs on cultured cell lines and their ability to
enhance cell internalization [11,12]. Recently, we designed poly-
lactide (PLA) NPs loaded with the anti-cancer agent paclitaxel pal-
mitate that were conjugated to an anti-HER-2 receptor MAb,
trastuzumab [13]. These immunoNPs exhibited relatively high
payloads of drug, excellent binding properties and significant cell
uptake to HER-2 overexpressing cells. It was further observed in
healthy mice that the pharmacokinetic behavior of the immuno-
NPs was markedly different from the pharmacokinetic profile of
the naked MAb, demonstrating that the MAb lost its intrinsic
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molecular pharmacokinetic properties following conjugation to the
NPs. The immunoNPs elicited a significant anti-tumor activity in an
orthotopic human prostate tumor induced in mice, when com-
pared to the pcpl solution and NPs, although the tumor growth
was not fully inhibited [13]. Despite these encouraging results,
there was no accurate information on the damage elicited to the
MAb following its conjugation to the NPs. It was then decided to
carry out a quantitative investigation of the association and disso-
ciation kinetics of immunoNPs to their antigen, when compared to
the native MAb. For such a purpose, we applied the surface plas-
mon resonance (SPR) technique that has been used mainly in pro-
tein–ligand and antibody–antigen interaction studies. Although
molecular interactions of antibody–antigen per se are well-estab-
lished following numerous comprehensive affinities and kinetic
analyses using SPR technique [14–16], they are not in the scope
of the present manuscript. SPR allows real time analysis of molec-
ular association between a MAb and an antigen and subsequent ki-
netic characteristics derived from the changes in refractive index
close to a metal surface on which the antigen or the MAb is at-
tached. When a molecule from the solution binds to the immobi-
lized molecule on the metal surface, the resonance angle
changes, and the response is recorded in a resonance unit (RU)
[17,18]. Moreover, SPR has been used to investigate metal NPs
for chemical sensing, imaging and targeting [19–21]. As an exam-
ple, folic acid as a targeting moiety was conjugated to metal NPs
and, its specific recognition by folic acid binding protein was dem-
onstrated using SPR [22]. However, metal NPs cannot easily be
used as drug delivery systems. It should be emphasized that SPR
has been used to evaluate both qualitatively and quantitatively
the affinity of antibodies attached to liposomes towards various
antigens or receptors overexpressed in pathological tissues
[23,24]. Furthermore, Kocbek and Coll. carried out a SPR study with
anti-cytokeratin MAb attached covalently to NPs and evaluated the
interaction of the immunoNPs with protein A [25]. The selected
MAb in the present investigation is AMB8LK, which exhibits
marked affinity for specific tumor organs overexpressing H-Ferritin
[26]. It was previously demonstrated that total ferritin increased
and shifted toward acidic (H-rich) ferritin [27] in the serum of pa-
tients with various malignancies such as colon cancer [28], testic-
ular seminoma [29], breast cancer [30] and pancreatic cancer [31].
AMB8LK has been shown to exhibit marked affinity for specific tu-
mor organs such as pancreatic and lung (NSCLC) cancers [32].
Moreover, a polyclonal antibody recognizing H-ferritin following
coupling with yttrium 90 (Ferritarg P�) is currently under clinical
evaluation in patients suffering relapsed or refractory Hodgkin’s
disease [33]. In this study, we have prepared and characterized
immunoNPs conjugated to the anti-human H-ferritin AMB8LK
MAb with or without the anti-cancer agent, paclitaxel palmitate.
These immunoNPs were then evaluated on H-ferritin overexpress-
ing cells for uptake, binding properties and cytotoxic effects. In the
second part of this study, we have used SPR detection to monitor
the reaction between these immunoNPs and their antigen, human
H-ferritin. Here, we present a quantitative determination of immu-
noNPs’ association and dissociation kinetics to their antigen when
compared to the naked MAb.
2. Experimental

2.1. Materials

The polymer poly(ethylene glycol-co-lactide) MW 100,000
(PEG–PLA) was synthesized using the ring-opening polymerization
method in the presence of stannous 2-ethylhexanoate as catalyst
[34] and was described earlier [13].
Paclitaxel was purchased from Asia Talent Chemical, Shenzhen,
China. Coumarin-6, Dimethyl sulfoxide (DMSO), 1-(4,5-Dimethyl-
thiazol-2-yl)-3,5-diphenylformazan (MTT), 9-diethylamino-5H-
benzo[a]phenoxazine-5-one (Nile Red) and polysorbate 80
(Tween� 80) were acquired from Sigma (St. Louis, MO, USA). Mac-
rogol 15 hydroxystearate (Solutol� HS 15) was purchased from
BASF (Ludwigshafen, Germany). FITC-labeled goat anti-mouse IgG
and goat anti-mouse PE-labeled secondary antibodies were ob-
tained from Jackson ImmunoResearch Laboratories (West Grove,
PA, USA). Human Transferrin, Texas Red conjugated/tagged was
obtained from Molecular Probes (Eugene, OR, USA). All organic sol-
vents were HPLC grade and purchased from J.T. Baker (Deventer,
Holland).

A research-grade CM5 (carboxymethyl dextran) sensor chip,
NHS (N-hydroxysuccinimide), EDC [N-ethyl-N_-(3-dimethylamino-
propyl)-carbodi-imide hydrochloride], ethanolamine/HCl and HBS-
EP running buffer (10 mM Hepes, 150 mM NaCl, 3.4 mM EDTA and
0.005%, v/v, surfactant P20 at pH 7.4) were purchased from Biacore
AB (Uppsala, Sweden). Human H-ferritin was obtained from Scripts
(San Diego, CA, USA), while its MAb AMB8LK was a kind gift from
MAT Biopharma (Evry, France). Human transferrin was purchased
from Gibco (Invitrogen, Rockville, MD, USA).
2.2. Cell cultures

CAPAN-1 cell line (American Type Culture Collection, Rockville,
MD, USA) was cultured in DMEM plus 20% fetal calf serum, 1% non-
essential amino acids, 1% L-glutamine, 100 U/ml penicillin and
100 lg/ml streptomycin. Cells were maintained at 37 �C under
5% CO2. A-549 cells (American Type Culture Collection, Rockville,
MD) were grown in F-12K medium supplemented with 10% fetal
calf serum, 1% L-glutamine, 100 U/ml penicillin and 100 lg/ml
streptomycin. Cells were maintained at 37 �C under 5% CO2. All cell
culture products were obtained from Biological Industries (Kibbutz
Beit Haemek, Israel).
2.3. Methods

2.3.1. Preparation of nonconjugated NPs or pcpl-loaded AMB8LK
immunoNPs

The synthesis of pcpl [35] and the preparation of NPs and
immunoNPs [13] were described in detail previously. In brief,
mPEG–PLA MW 100,000 at a concentration of 0.6% w/v and the lin-
ker OMCCA at a concentration of 0.04% w/v were dissolved in 50 ml
acetone containing 0.2% w/v Tween� 80. If pcpl-loaded immuno-
NPs were prepared, then 0.08% w/v of pcpl was added and dis-
solved into the organic phase. The organic phase was added to
100 ml of the aqueous phase which contained 0.1% w/v Solutol�

HS 15. The suspension was stirred at 900 rpm over 1 h and then
concentrated by evaporation to 10 ml. The formulations were ad-
justed to pH 8 and incubated overnight at 4 �C under nitrogen with
thiolated AMB8LK MAb. The formulation was diafiltrated with
100 ml solution of 0.1% Tween� 80 (Vivaspin 300,000 MWCO, Viva-
science, Stonehouse, UK) and filtered through 1.2 lm filters (FP 30/
1.2 CA, Schleicher & Schuell, Dassel, Germany). When fluorescent
NPs were needed, coumarin-6 was added to the organic phase
resulting in a final concentration of 3 lg/ml.
2.3.2. AMB8LK immunoNP characterization
2.3.2.1. Particle size analysis. Mean diameter measurements of
three batches of the same formulation was carried out utilizing
an ALV Noninvasive Back Scattering High Performance Particle Si-
zer (ALV-NIBS HPPS, Langen, Germany) at 25 �C and using water as
diluent. The sensitivity range was 0.5 nm to 5 lm.
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2.3.2.2. Zeta potential measurements. The zeta potential of three
batches of the same formulation was measured using the Malvern
zetasizer (Malvern Instruments, Malvern, UK). The zeta potential
measurement experiments were carried out in preliminary studies
under different experimental conditions including water and low
concentrations of NaCl solutions. Similar zeta potential values
were obtained irrespective of the conditions. In view of the physi-
cal sensitivity of colloidal carriers to the presence of electrolytes,
the remaining experiments were carried out using purified water
(pH = 6 ± 0.16).

2.3.2.3. Transmission Electron Microscopy (TEM). Morphological
evaluation of immunoNPs was performed by means of TEM (Phi-
lips Technai F20 100 KV). Specimens for TEM visualization were
prepared by mixing the sample with phosphotungstic acid 2%
(w/v) pH 6.4 for negative staining.

2.3.2.4. Drug incorporation. Pcpl-loaded AMB8LK immunoNPs were
dissolved in acetonitrile, and the drug concentration was deter-
mined using the HPLC technique described previously [13]. Briefly,
20 ll of the acetonitrile samples were injected into an HPLC system
(Kontron Instruments, Milan, Italy) consisting of a pump (422 Mas-
ter), autosampler (model 360) and UV detector (model 332) with
Lichrocart 100 RP-18 column (Merck, Darmstadt, Germany). Aceto-
nitrile was used as the mobile phase, the identification of pcpl was
obtained at the wavelength of 227 nm, and the retention time re-
corded was about 10 min.

2.3.3. Flow cytometry studies for H-ferritin identification on CAPAN-1
and A-549 cells

CAPAN-1 cells (human pancreatic adenocarcinoma) and A-549
cells (human lung carcinoma) were examined for human H-ferritin
presence. Cells were cultured for several days and then harvested
in 0.05% EDTA solution. Aliquots of cells (1 � 106) were fixed with
4% paraformaldehyde (PFA) solution in PBS over 30 min at 4 �C and
washed three times with FACS buffer (1% w/v BSA and 0.02% w/v
sodium azide in PBS pH 7.4) following incubation over 30 min at
room temperature with 10% human sera in PBS. Cells were exten-
sively washed with FACS buffer and incubated over 1 h at room
temperature with increasing amounts of AMB8LK MAb (0.5–
10 lg Ab per 106 cells), followed by incubation with goat anti-
mouse PE-labeled secondary antibody over 1 h at room tempera-
ture. Following three additional wash steps with FACS buffer, these
cells were resuspended into 1000 ll of FACS buffer. Cells were then
analyzed for cell-associated fluorescence by determining the med-
ian fluorescence intensity (fluorescence per cell, in arbitrary units;
MFI) of 104 cells aliquots using FACS (FACSCalibur, Becton Dickin-
son, NJ, USA).

2.3.4. In vitro binding and uptake studies to CAPAN-1 cells
Binding and uptake studies were carried out according to a con-

ventional modified procedure [36]. Binding of AMB8LK immuno-
NPs to CAPAN-1 cells was confirmed by confocal laser scanning
microscopy (CLSM). 300,000 CAPAN-1 cells were grown on cover-
slides in 12-well plates and incubated over 24 h at 37 �C and 5%
CO2 atmosphere to subconfluency. Cells were fixed with 4% PFA
solution over 30 min at 4 �C and incubated with 1% BSA solution
at ambient temperature. Following BSA solution removal, 30 lg
of fluorescent NPs and fluorescent AMB8LK immunoNPs were
incubated with cells over 1 h at 4 �C. Cells were washed three times
with cold PBS, mounted on glass slides and observed with Olympus
1 � 70 confocal laser scanning microscope (Olympus Co. Ltd.,
Tokyo, Japan). The uptake of AMB8LK immunoNPs to CAPAN-1
cells was carried out in similar conditions excluding the fixation
of cells, which was performed following the incubation of fluores-
cent formulations on live cells. Cells were mounted on glass slides
and observed using confocal laser scanning microscopy (LSM410,
Zeiss, Oberckochen, Germany). The fluorescence intensity of cou-
marin-6 incorporated in NPs was determined prior to cell incuba-
tion using Jasco-Spectrofluorometer (Model FP-770, Spectroscopic
Co., Ltd., Hachioji City, Japan) following dissolution of the fluores-
cent NPs and immunoNPs in acetonitrile and was found to be
equivalent at kexc 450 nm; kems 495 nm.

2.3.5. In vitro uptake of AMB8LK immunoNPs to A-549 cells
The uptake of AMB8LK immunoNPs to A-549 cells was confirmed

by confocal laser scanning microscopy (CLSM) according to a con-
ventional modified procedure [36]. A-549 cells of 150,000 numbers
were placed on coverslides in 12-well plates and incubated for 3
days at 37 �C and 5% CO2 atmosphere to subconfluency. Cells were
washed three times with MEM-0.6% BSA-Hepes, an acceptable cell
media in endocytosis experiments in order to remove residual mu-
cus and neutralize possible mucus effect. Coumarin-6-labeled NP
formulations (30 lg) in MEM-BSA-Hepes were applied to the cells
at 37 �C over 1 h. Cells were then washed three times using cold
PBS and fixed using 4% PFA in PBS, washed extensively, mounted
on glass slides and visualized by CLSM (Olympus Co. Ltd., Tokyo,
Japan). Quantitative measurements of NP cell uptake, ruling out
the possibility of calculating cell autofluorescence, was carried out
according to the procedure described by Harush et al. [37,38]. All
images were compiled using Adobe Photoshop, Adobe Illustrator
and/or Image J software. The images are representative of the origi-
nal data. Each experiment was performed in duplicate, and approx-
imately six pictures were taken. Prior to cell incubation, the
fluorescence intensity of coumarin-6 incorporated in NPs and
immunoNPs was determined and found to be equivalent at kexc

450 nm; kems 495 nm following their dissolution in acetonitrile
using Jasco-Spectrofluorometer (Model FP-770, Spectroscopic Co.,
Ltd., Hachioji City, Japan). In support of cytoplasm visualization, fol-
lowing cell incubation with AMB8LK immunoNPs and with goat
anti-mouse FITC-labeled secondary antibody, cells were incubated
with media and with 1 lg of Nile Red solution in DMSO or with Texas
Red conjugated to transferrin. Cells were visualized using CLSM
(LSM410 Zeiss, Oberckochen, Germany).

2.3.6. In vitro cytotoxicity evaluation of AMB8LK immunoNPs on
A-549 cells

A-549 cells of 100,000 numbers were seeded in 24-well tissue
plates. Cells were grown for a period of two nights in full cell med-
ium, including serum and antibiotics. Cells were washed with HBSS
and incubated with various formulations diluted in full cell medium,
for a period of 48 h at 37 �C. Following extensive washes with HBSS,
cells were incubated with 0.5 mg/ml solution of MTT in HBSS over
1 h at 37 �C. MTT solution was discarded, and cells were incubated
with DMSO for a period of 30 min at 37 �C. The absorbance of the
samples was measured using a spectrophotometer ELISA plate read-
er (Powerwave�340, Bio-tech Instruments Inc, VT, USA) at 570 nm.

2.3.6.1. Statistical analysis. Treatment effects were compared using
one-way ANOVA followed by Tukey-Kramer Multiple Comparisons
Test at pcpl concentrations ranging from 10 to 100 lM, using Instat
GraphPad Software. Differences were considered significant if
P < 0.05.

2.3.7. Preparation of sensor surfaces
All experiments were performed at 25 �C using SPR methodol-

ogy. The kinetics and equilibrium constants for the interactions
between human H-ferritin and AMB8LK immunoNPs were deter-
mined using the Biacore 3000 system (Biacore, Uppsala, Sweden).
AMB8LK MAb and AMB8LK immunoNPs were immobilized on a
CM5 sensor chip using amine-coupling chemistry [17]. The immo-
bilization steps were carried out in PBS buffer at a flow rate of



Fig. 1. Transmission electron microscopy microphotography of AMB8LK immuno-
NPs (at a density of 21 MAb molecules per particle). Specimen was prepared by
mixing the sample with phosphotungstic 2%w/v pH 6.4 for negative staining.
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10 ll/min. The surface was activated for 7 min with a mixture of
0.05 M NHS and 0.2 M EDC. AMB8LK and AMB8LK immunoNPs
were injected at a concentration of 10 lg/ml in 10 mM acetate
(pH 4) until the desired levels for the MAb and immunoNPs were
achieved (600 and 500 RU, respectively). Ethanolamine (1 M, pH
8.5) was injected for 7 min to block the remaining activated groups.
A control surface was prepared by activating the carboxyl groups
and then blocking the activated groups by ethanolamine [17].

2.3.8. Biacore analysis
For the binding studies of the AMB8LK immunoNPs to H-ferri-

tin, serial concentrations (0–200 nM) were injected through three
flow cells (carrying AMB8LK, immunoNPs or a control) at a flow
rate of 30 ll/min. The surface was regenerated after each interac-
tion with a 10 ll pulse of 10 mM NaOH. The experiment was car-
ried out in duplicate. The experiments were carried out using
kinetics wizard of the Biacore Control Software (VERSION 3.1),
which automatically corrects for refractive index changes and non-
specific binding by subtracting the responses obtained for the con-
trol surface from the responses obtained in the tested samples.
Kinetic and affinity analysis [39] was carried out when the resul-
tant binding curves were fitted to the association and dissociation
phases using Biacore evaluation software (version 4.1). In brief, the
association constant is obtained from the reaction rate of the MAb–
antigen complex formation, giving the number of complexes
formed per time. As soon as the MAb–antigen complex is formed,
its dissociation can commence. The dissociation rate constant ex-
presses the number of complexes dissociating per unit time. The
kinetic parameters are evaluated from association and dissociation
phases of sensorgrams. The best fit was obtained from a simple
bimolecular interaction of Langmuir 1:1 model, where the associ-
ation rate constant and the dissociation rate constant were ob-
tained from the following Eqs. (1) and (2), respectively. The
affinity constant KD is the division result of Kd with Ka [39].

In another experiment, human transferrin was used as a nega-
tive control to verify the specificity binding of AMB8LK and
AMB8LK immunoNPs to the H-ferritin.

Association rate ¼ d½AB�
dt
¼ Ka � ½A� � ½B� ð1Þ

Dissociation rate ¼ �d½AB�
dt

¼ Kd � ½AB� ð2Þ

where Ka is the association rate constant [M�1 s�1], Kd the dissocia-
tion rate constant [s�1], [A] the MAb concentration [M], [B] the anti-
gen concentration [M], and [AB] is the MAb–antigen complex
concentration [M].

3. Results

3.1. Characterization of AMB8LK immunoNPs

The well-established immunoNPs-manufacturing method
yielded nanoparticles exhibiting a mean diameter size of
112 ± 20 nm and a negative zeta potential value of �21 ± 3 mV.
The size distribution was further qualitatively confirmed by TEM
observations (Fig. 1). The micrograph indicates that the immuno-
NPs obtained were individual polymeric particles, spherically
shaped, homogeneous and nanometric. The MAb concentration
conjugated to three batches of the same immunoNPs preparation
was evaluated using the BCA protein assay kit (Pierce Chemical,
Rockford IL, USA) and was found to be 0.78 ± 0.11 mg/ml. Based
on the measured mean diameter of the immunoNPs and their con-
centration, the number of NPs was calculated. As stated earlier, the
total number of MAb molecules conjugated to the NPs was deter-
mined experimentally. Thus, it was possible to calculate the aver-
age MAb density that was estimated to be 76 AMB8LK molecules
per nanoparticle. When pcpl-loaded AMB8LK immunoNPs were
prepared, the pcpl concentration in the colloidal dispersion mea-
sured by HPLC was found to be 2.8 mg/ml with drug content in
the NPs of 9.6% w/w and a drug-loading efficiency of 70%.

3.2. Flow cytometry studies for H-ferritin identification on CAPAN-1
and A-549 cells

The results in Table 1 are presented in d values, which are the
ratio between the median fluorescence intensity of the cells incu-
bated with MAb preparations and fluorescent probe, and the med-
ian fluorescence intensity of cells incubated with the fluorescent
probe only. All the d values are significantly larger than ‘‘1” follow-
ing their incubation with increasing amounts of AMB8LK. The hu-
man H-ferritin (acidic) antigen overexpression in A-549 and
CAPAN-1 cell lines was, therefore, validated by the results depicted
in Table 1.

3.3. In vitro binding and uptake studies of AMB8LK immunoNPs to
CAPAN-1 cells

The binding properties of AMB8LK immunoNPs were evaluated
on the human H-ferritin overexpressing CAPAN-1 cell line. When
the AMB8LK fluorescent coumarin-6 NPs were incubated with CA-
PAN-1 cells, the immunoNPs showed markedly increased binding
properties (Fig. 2A) when compared to nonconjugated coumarin-
6 NPs (data not shown). It was interesting to observe that even
though the CAPAN-1 cell line overexpressed H-ferritin moderately
when compared to A-549 cells, the targeted AMB8LK immunoNPs
succeeded in binding to the cell membrane with significant affin-
ity. In the case of cell uptake, the fluorescence intensity elicited
by AMB8LK immunoNPs (Fig. 2C) within CAPAN-1 cells was much
more pronounced, when compared to nonconjugated NPs (Fig. 2B).
These findings establish the enhanced internalization of drug-
loaded colloidal carrier to desired cells by means of MAbs.

3.4. In vitro uptake of AMB8LK immunoNPs to A-549 cells

CLSM observations showed that coumarin-6 AMB8LK immuno-
NPs (Fig. 3B) accumulated in the cells much more than coumarin-



Table 1
Human H-ferritin overexpression on CAPAN-1 and A-549 cell lines, presented as d
value, following incubation with increasing doses of AMB8LK MAb per 106 cells.

Cell line d value following incubation with AMB8LK MAb per 106 cells

0.5 lg 1 lg 2 lg 10 lg

A-549 22.1 34 30 20.5
CAPAN-1 2.42 2.74 2.92 3.9
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6-labeled NPs (Fig. 3A). Internalization of AMB8LK immunoNPs
when compared to the internalization of fluorescent NPs was
approximately doubled, as noted from densitometry analyses of
the cells (Fig. 3C). Cellular localization probes were incubated with
A-549 cells following incubation with AMB8LK immunoNPs. It is
clear from Fig. 3D that AMB8LK immunoNPs stained with FITC
secondary MAb (green fluorescence) are localized in the cytosol
stained with Nile red (red fluorescence) since marked orange
staining of the cytosol is observed. The TxTr probe, which colors
the endosomes in red, accumulates in the perinuclear compart-
ment clearly differentiated from the green-labeled immunoNPs
confirming the absence of the immunoNPs in the endosomes
(Fig. 3E).
Fig. 3. Cellular uptake of coumarin-6-labeled NPs (A) and coumarin-6 AMB8LK
immunoNPs (B) to A-549 cells as determined by CLSM. Cells were incubated with
the formulation over 1 h at 37 �C. (C) Fluorescent intensities of internalized NPs and
immunoNPs as analyzed by Image J software. Localization of AMB8LK immunoNPs
in A-549 cells: following incubation with immunoNPs and anti-mouse FITC-labeled
secondary antibody, cells were incubated with Nile Red (D) and with TxTr (E) cell
3.5. In vitro cytotoxicity evaluation of AMB8LK immunoNPs on A-549
cells

The feasibility of AMB8LK immunoNPs to target and deliver the
anti-cancer agent pcpl to the human lung carcinoma cell line A-549
was evaluated in MTT studies. For this purpose, pcpl-loaded
AMB8LK immunoNPs, pcpl NPs and pcpl solution at different con-
centrations (0.1–100 lM) were incubated for a period of 48 h with
the cells. No cytotoxic effect of pcpl was detected up to 10 lM pcpl.
When cells were incubated with increasing pcpl concentrations
starting from 10 lM up to 100 lM, the immunoNPs exhibited a
more effective cytotoxic effect on A-549 cells when compared to
pcpl solution and pcpl NPs as depicted in Fig. 4 (P < 0.001 at 50,
100 lM and P < 0.01 at 10 lM). These results reveal the advantages
of targeted delivery of anti-cancer drug to antigen overexpressing
cells by means of MAbs.
fluorescent markers.
3.6. Surface plasmon resonance

SPR technology was used to evaluate the association and disso-
ciation properties of H-ferritin to AMB8LK conjugated to polymeric
NPs when compared to native AMB8LK to confirm the MAb affinity
postconjugation. The sensograms in Fig. 5 show the kinetic profiles
of the interaction between H-ferritin and the native AMB8LK
(Fig. 5A) or AMB8LK immunoNPs (Fig. 5B). Both sensograms exhi-
Fig. 2. Binding (A) and uptake (B and C) of coumarin-6-labeled immunoNPs to CAPAN-
fluorescence microscopy of AMB8LK immunoNPs; uptake following incubation at 37 �C
bit similar association and dissociation profiles. The average kinetic
parameters and the average affinity constants values are presented
in Table 2. The association constant Ka and the dissociation con-
stant Kd of AMB8LK and AMB8LK immunoNPs are close, resulting
in similar affinity KD constants (6.67 � 10�9 and 8.16 � 10�9 M
for the MAb and immunoNPs, respectively). This shows that the
1 cells, as determined by CLSM. Binding following incubation at 4 �C over 1 h: (A)
over 1 h: (B) fluorescent NPs; and (C) fluorescent AMB8LK immunoNPs.



Fig. 4. Percentage of A-549 cell survival following incubation over a period of 48 h
at 37 �C with AMB8LK immunoNPs, pcpl NPs and pcpl solution. Values are average
±SD. N = 6. �P value of Tukey-Kramer Multiple Comparisons was at least 0.001; ��P
value of Tukey-Kramer Multiple Comparisons was at least 0.01.

Fig. 5. Surface plasmon resonance sensograms showing the interaction curves of
H-ferritin at different concentrations (0–200 nM) with (A) immobilized AMB8LK
MAb and (B) immobilized AMB8LK immunoNPs.

Table 2
Average affinity constants obtained from the interaction between matrix-bound
AMB8LK MAb or AMB8LK immunoNPs and H-ferritin solution.

Immobilized MAb Ka (M�1 s�1) Kd (s�1) KD (M)

AMB8LK 3.45 � 104 1.53 � 10�4 6.67 � 10�9

AMB8LK immunoNPs 3.3 � 104 1.27 � 10�4 8.16 � 10�9

Fig. 6. Surface plasmon resonance sensograms showing the interaction curves of
H-ferritin solution at concentration of 1 lM and of transferrin solution at
concentration of 8.5 lM with (A) immobilized AMB8LK MAb and (B) immobilized
AMB8LK immunoNPs.
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conjugation process of the MAb to the NP did not alter the MAb
intrinsic binding properties, despite its covalent conjugation to
the NPs. These results were further confirmed because no different
kinetic behavior was noted when ferritin was immobilized and dif-
ferent concentrations of AMB8LK and AMB8LK immunoNPs were
injected (data not shown).

To emphasize the specific binding of AMB8LK immunoNPs to
H-ferritin and of AMB8LK to H-ferritin, we used transferrin, a dif-
ferent analyte. When AMB8LK and AMB8LK immunoNPs (Fig. 6A
and B, respectively) were immobilized on the metal surface, an
interaction with H-ferritin was detected at 1 lM while no interac-
tion was observed with transferrin as analyte even at 8.5 lM. Thus,
AMB8LK and AMB8LK immunoNPs recognize specifically ferritin
only, validating the method used.
4. Discussion

In an attempt to improve treatment in a few of the most chal-
lenging solid tumors, pancreatic and lung cancers [40,41], AMB8LK,
a monoclonal antibody recognizing specifically H-ferritin, was con-
jugated to NPs. H-ferritin is a circulating protein; however, in var-
ious cancers, the level of H-ferritin increased markedly in tumor
tissue versus comparable normal tissues [28–31]. Vriensendorp
and Quadri [42] reported that in Hodgkin’s disease, circulating fer-
ritin levels are in the range of 500 ng/ml. Stochastic considerations
indicate that iv administration of 2.5 mg rabbit anti-human ferritin
IgG forms mainly one to one immune complexes in the circulation
[43]. The antigen–antibody complex does not interfere with tumor
targeting or lead to immune complex disease. Furthermore,
Vriesendorp et al. [44] have shown in a clinical study that radiola-
beled anti-ferritin targets tumor interstitium and shrinks tumor by
radiation and not by immunologic effects in recurrent Hodgkin’s
disease patients. It should be stressed that the antibody used in
the previous clinical studies was a polyclonal rabbit anti-human
ferritin. Thus, theoretically, monoclonal anti-ferritin, as used in
the present manuscript, should provide higher tumor uptake than
polyclonal anti-ferritin. Furthermore, in a previous study where
trastuzumab was conjugated to NPs using a conjugation process
similar to the process used in the present study [13], the biofate
following iv administration in healthy mice of trastuzumab immu-
noNPs when compared to nonconjugated NPs was investigated.
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Both NP formulations were grafted with poly(ethylene glycol)
(PEG) moieties on their surfaces. The results showed that the NP
formulations were not captured by the reticuloendothelial system.
Moreover, nonconjugated NPs and immunoNPs exhibited half-life
values of 14.6 and 20 h, respectively, while the AUC values were
132.3 and 137.5 lg � h/ml, respectively. The in vivo pharmacoki-
netic profile and organ biodistribution even demonstrated that
the conjugation of the MAb to the pegylated NPs conferred addi-
tional steric hindrance and prolonged the circulation time of the
pegylated immunoNPs when compared to pegylated NPs [13]. It
was interesting to note that when the two MAbs, AMB8LK and
trastuzumab [13] were conjugated to NPs under identical experi-
mental conditions including the initial concentrations of the anti-
bodies, the characterization of the various immunoNPs revealed
that the physicochemical properties were similar, with the excep-
tion of the density. Whereas in the previous study, only 43 trast-
uzumab molecules were conjugated per NP [13]; in this study,
76 MAbs of AMB8LK were conjugated per NP. The marked increase
in AMB8LK density on the NP when compared to trastuzumab, de-
spite the identical number of thiol groups on each MAb molecule,
can be attributed to the different molecular structure of AMB8LK
that led to a more favorable conformation, resulting in a better
exposure of the sulfhydryl groups available for conjugation with
the maleimide groups on the active nanoparticles surface. It can
be deduced from the high d values depicted in Table 1 that A-
549 cells elicited a marked overexpression of H-ferritin over CA-
PAN-1 cells. When A-549 cells were incubated with 1 lg AMB8LK,
the d value showed a marked increase of 154% when compared to
incubation with 0.5 lg MAb. However, when higher amounts of 2
and 10 lg MAb were incubated with A-549 cells, the d value de-
creased, indicating a possible saturation process of MAb conju-
gated to H-ferritin. The decrease in d values can be attributed to
molecular hindrance occurring at high MAb concentrations, lead-
ing to lower binding to H-ferritin. When AMB8LK was incubated
with CAPAN-1 cells, the d values showed moderate overexpression
of H-ferritin compared to A-549, and no saturation was observed
since d values increased progressively with increasing amounts of
MAb up to 10 lg. Nevertheless, in view of the results depicted in
Table 1, the presence of the human H-ferritin antigen has been ver-
ified in the A-549 non-small cell lung cancer in vitro model [45].
Therefore, an anti-H-ferritin MAb such as AMB8LK is a suitable
means to target non-small cell lung cancer and spare normal cells.
This concept was further established in the cell uptake study
(Fig. 3), when fluorescent AMB8LK immunoNPs were found to
accumulate in the cells approximately two times more than fluo-
rescent NPs. The binding and uptake studies in CAPAN-1 cell line
revealed specific affinity of AMB8LK immunoNPs towards the hu-
man pancreatic cancerous cells (Fig. 2). To demonstrate the pres-
ence of AMB8LK immunoNPs in the cell cytoplasm, cells were
incubated with two cell markers: Nile Red which stains intracellu-
lar lipid droplets in red [46,47] and Texas Red conjugated to human
transferrin (TxTr) which is a marker of endosomes following recep-
tor-mediated endocytosis [48,49]. The green fluorescence emitted
by the AMB8LK immunoNPs overlapped with the red fluorescence
emitted by the cytosol as depicted in Fig. 3D, indicating that the
immunoNPs are localized within the cell cytoplasm, in association
with the cells’ lipid droplets. It could also be deduced that AMB8LK
immunoNPs did not enter or escape from the endosomes within
the 1-h incubation period since the green fluorescence emitted
by the immunoNPs did not co-localize with the red fluorescence
emitted by the endosome probe, TxTr (Fig. 3E). The in vitro cyto-
toxic effect of pcpl-loaded AMB8LK immunoNPs at different drug
concentrations on lung cancer cells is depicted in Fig. 4. The immu-
noNPs were more effective than pcpl NPs or pcpl solution, probably
as a result of the extensive cell uptake of the immunoNPs as shown
in Fig. 3C. It should be emphasized that the activity of paclitaxel
palmitate was found to be equivalent to the activity of paclitaxel
[35]. Normally, as also reported by other authors, the conventional
approach to verify whether the conjugation process altered the ini-
tial affinity of the native MAb is to evaluate the binding and uptake
in cell cultures [11,12]. Although cell culture findings are positive
and encouraging, these results remain qualitative and do not pro-
vide clear information, at least quantitatively, to how the native
binding affinity of the MAb has been affected by the coupling reac-
tion and formation of the immunoNPs. Thus, SPR analysis was ap-
plied in the present case to quantitatively assess the effect of the
conjugation process on the MAb activity. SPR is a well-known
and established technique to evaluate the affinity between anti-
gens and antibodies, providing mass balance accurate calculations
for the production of the FDA-approved antibodies following bio-
pharmaceutical manufacturing processes [50,51]. The SPR study
of Fab0 fragment of anti-ferritin MAb with ferritin was reported
[52]. The authors found that when ferritin was immobilized, the
Ka and Kd values were 8.3 � 104 M�1s�1 and 1.2 � 10�3 s�1, respec-
tively, resulting in a calculated KD value of 1.4 � 10�8 M. This value
is moderately higher than the KD value of 6.67 � 10�9 M of the
AMB8LK MAb presented in Table 2. The discrepancy in the values
is probably due to the difference in the nature of the two antibod-
ies that recognize different epitopes. First attempts to evaluate the
affinity kinetics of the binding of IOT4a MAb adsorbed on NPs to its
antigen, rsCD4, by SPR were reported by Velge-Roussel [53]. The
authors reported that the adsorption process did not prevent the
specific recognition of the MAb to rsCD4 with Kd value of
0.004 s�1. However, the authors did not report any comparison
with the native MAb, assuming that the rate of IOT4a–rsCD4 bind-
ing was the same for free MAb as for MAb adsorbed on NPs. Other
authors investigated using SPR, the interaction of immobilized pro-
tein A to anti-cytokeratin MAb either adsorbed or covalently linked
to PLGA NPs [54]. Comparable studies to our actual study investi-
gating the quantitative comparison of free MAb–antigen interac-
tion or MAbs covalently attached to NPs–antigen interaction
using SPR were carried out with immunoliposomes. When the
antigen Ox16BSA was immobilized, immunoliposomes conjugated
to Ox lpp-scFv-H6 displayed specific hapten-binding activity, but
the affinity constants were not measured [23]. In another study,
the KD value of F5 anti-ErbB2 immunoliposomes was found to be
111 nM, while the KD value of soluble, unconjugated F5 scFv to
ErbB2 was 160 nM, showing qualitatively that the antibody conju-
gation to the liposome does not significantly affect the monovalent
interaction with F5 scFv [24]. These findings are in agreement with
the results presented in this study. The actual results clearly indi-
cate that the thioether bond formed between the thiolated MAbs
and maleimide surface-activated NPs is efficient and does not im-
pair the affinity of the MAb towards its antigen. It can thus be de-
duced that appropriate experimental conditions have been
identified to covalently attach AMB8LK to PEG–PLA NPs compris-
ing a chemotherapeutic drug and resulting in a potential improved
antibody drug-targeted delivery system that may be used in the
treatment of pancreatic and lung cancers.
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