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toxins is severely limited by nonspecific toxicity. To overcome this limitation,
PE38KDEL was used as a model protein toxin to prepare PE38KDEL-loaded poly(lactic-co-glycolic acid)
(PLGA) antibody modified nanoparticles (NPs), which were covalently conjugated with Fab' fragments of a
humanized anti-HER2 monoclonal antibody (rhuMAbHER2) by a two-step carbodiimide method. The
characterization of the PE38KDEL-loaded nanoparticles-anti-Fab' bioconjugates (PE-NPs-HER), such as
particle size, zeta potential and morphology, were evaluated by dynamic light-scattering detector and
transmission electron microscope (TEM). Micro BCA assay was used to determine the drug encapsulation
efficiency and the quantity of Fab' conjugated with NPs. The binding affinity and internalization efficiency of
PE-NPs-HER were demonstrated by flow cytometry and laser-scanning confocal microscopy. In comparison
with PE38KDEL-loaded nanoparticles (PE-NPs) that lack anti-HER2 Fab', PE-NPs-HER had superior in vitro
cytotoxicity against HER2-overexpressing breast cancer cell lines. Progressively, PE-NPs-HER has superior
protective antitumor activity in HER2-overexpressing tumor-bearing mice than the control immunotoxin PE-
HER constructed by chemically coupling PE38KDEL to rhuMAbHER2. Most strikingly, in developed HER2-
overexpressing tumor xenograft model, administration of PE-NPs-HER (0.9 mg/kg) showed a much better
therapeutic efficacy in inhibiting tumor growth compared with PE-HER and other controls: final mean tumor
load was 13±6 mm3 (mean±SD; n=8, significantly smaller than all other groups by ANOVA at 95%
confidence interval). In addition, PE-NPs-HER were well tolerated in mice with a much higher MTD
(maximally tolerated dose) than PE-HER (2.92 mg/kg vs. 0.92 mg/kg), indicating the systemic toxicity of
PE38KDEL was dramatically reduced by PLGA encapsulation. Thus, the bioconjugates PE-NPs-HER may
represent a potentially useful strategy for cancer therapy.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Immunotoxins and ligand toxins are proteins used to treat cancer
that are composed of antibody fragments or receptor ligands,
respectively, linked to protein toxins. The immunotoxins and ligand
toxins bind to a surface antigen on a cancer cell, enter the cell by
endocytosis and kill it. Recently, there are about 30 kinds of im-
munotoxins and ligand toxins which have completed or are under-
going their clinical trials [1]. Some immunotoxins exhibited exciting
therapeutic effect. For example, BL22, a stable disulfide-linked
immunotoxin in which the Fv of the RFB4 antibody is fused to Pseu-
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domonas exotoxin (PE), is the first agent that has been reported to
induce a high rate of complete responses in hairy cell leukemia (HCL)
patients that have resistance to purine analogues [2]. However, the use
of immunotoxins in clinical trials has identified various limitations to
their development [3]. One of the major limitations is nonspecific
toxicity, which significantly reduces the amounts of immunotoxins
that could be given to patients [2]. Nonspecific toxicity is usually
characterized by damage to liver cells and vascular injury, which may
be due to selective receptors for protein toxin on endothelial cells
[4,5]. If nonspecific toxicity could be overcome, it should be possible to
raise the dose of immunotoxins used to treat patients and obtain a
better clinical response.

The use of biodegradable polymeric nanoparticles (NPs) designed
to improve the pharmacological and therapeutic properties of drugs
administered parenterally, may provide a practical means of reducing
their toxic side effects [6–10]. Through polymerizer encapsulation,
protein toxin could avoid the contact with receptors specific for
protein toxins in normal tissues such as blood vessel, resulting in a
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decreased nonspecific toxicity. Furthermore, NPs can passively ac-
cumulate in tumors through a mechanism known as the enhanced
permeability and retention (EPR) effect [6], and their biodistribution is
largely determined by their physical and biochemical properties [11].
Notably, for targeted delivery, NPs could be surface functionalized
with ligands such as antibody fragments and uptaken in a cell-specific
manner [12–14]. By combining the tumor targeting properties of
antibody fragments with the NPs, antibody modified NPs offer the
promise of selective drug delivery to tumor cells, including inter-
nalization and intracellular drug release within targeted cells [15].

At present, diphtheria toxin (DT), PE and plant ribosome-
inactivating proteins (RIPs) are used most frequently for preparation
of immunotoxins [2]. PE38KDEL, a very potent toxin for preparation of
immunotoxins, which we have obtained previously [16,17], was
chosen as a model protein toxin in this study. In addition, poly(lac-
tide-co-glycolide) (PLGA) polymer widely investigated for the con-
trolled release of protein drugs, could be used to make antibody
modified NPs, with terminal carboxylic acid groups reacting with
amino group of antibody fragment to form stable amide linkage [18].
In this study, we developed PE38KDEL-loaded PLGA NPs targeting
HER2 antigen (PE-NPs-HER), an important therapeutic target in breast
cancer therapy [19]. PE-NPs-HER was constructed using Fab' frag-
ments of a humanized anti-HER2 monoclonal antibody (rhuMAb-
HER2) [19], because the use of Fab' fragment would be helpful in
providing better penetration of antibody modified NPs into solid tu-
mors [20]. Meanwhile, as a control immunotoxin, PE-HER constructed
by chemically coupling PE38KDEL to rhuMAbHER2 was also devel-
oped as described before [21]. The present data show that PE-NPs-HER
efficiently bound to and were internalized into HER2-overexpressing
tumor cells, resulting in potent cytotoxicity compared with PE38K-
DEL-loaded NPs lacking anti-HER2 Fab'. Additionally, PE-NPs-HER had
a reduced systemic toxicity and were well tolerated in mice with a
higher maximally tolerated dose (MTD). Eventually, we describe the
therapeutic potential of PE-NPs-HER in HER2-overexpressing breast
cancer model.

2. Materials and methods

2.1. Materials

Poly(lactic-co-glycolic acid) (PLGA) (50:50, Resomer® RG503H,
Mw=34,000) was obtained from Boehringer Ingelheim (Ingelheim,
Germany). PVA (polyvinyl alcohol, Mw=25,000), 88% mole hydro-
lyzed was purchased from Aldrich Chemical Inc. (Munich, Germany).
EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) and NHS (N-
hydroxysuccinimide) were obtained from Sigma Chemical Co. (MO,
USA). Micro BCA protein assay kit was obtained from Pierce Chemical
Company (USA). RhuMAbHER2 and humanized anti-CD25 mAb were
kindly provided by the Shanghai Center for Cell Engineering and
Antibody (Shanghai, China). Fab' fragments of rhuMAbHER2 and anti-
CD25 were prepared as described previously [22]. PE38KDEL was
purified and analyzed as reported before [16]. Three human breast
cancer cell lines BT-474, MDA-MB-231 and MCF-7 were maintained in
the International Joint Cancer Institute, Second Military Medical
University (Shanghai, China). All other chemicals were of analytical
grade.

2.2. Preparation of antibody modified NPs

2.2.1. Preparation of PE38KDEL-loaded PLGA NPs
The PE38KDEL-loaded PLGA NPs were prepared using a w/o/w

emulsification solvent evaporation method as described by Blanco
et al. [23]. Briefly, 150 μl of an aqueous solution of PE38KDEL con-
taining 10% (w/v) trehalose (Sigma, MO, USA) (w1) was emulsified in
1.5 ml of ethyl acetate containing 40 mg PLGA by sonication (Branson
Sonicator® 450) for 60 s (100 W) in an ice bath to form the first
emulsion (w1/o). This w1/o emulsion was thereafter poured into 5 ml
of 1% PVA solution (w2) and homogenized (POLYRON® PT-MA3100,
Kinematica, Switzerland) for 1 min at 22,000 rpm to form double
emulsion (w1/o/w2). The w1/o/w2 double emulsion was then diluted
into 30 ml 0.3% PVA solution and stirred for 8 h to evaporate the ethyl
acetate. The NPs were collected by centrifugation (L-100XP, Beckman,
USA) at 50,000 rpm and washed thrice before lyophilization (V2K,
Virtis, American). To fabricate fluorescein isothiocyanate (FITC)
labeled PLGA NPs, FITC was conjugated to the terminal group of
PLGA as reported previously [24]. Briefly, 0.7 mg 1,3-dicyclohexylcar-
bodiimide (DCC) and 0.4 mg NHS was added to 100 mg PLGA in 5 ml
anhydrous methylene chloride. The mixture was stirred for 4 h, and
the byproduct dicyclohexyliosurea was removed by filtration. The
succinimidyl ester group of PLGA was converted to a primary amine
group reacting with a 10-fold excess molar amount of 0.7 mg
ethylenediamine in 5 ml methylene chloride. The reactionwas carried
out for 4 h, and then the product was purified by precipitation in an
excess amount of cold diethyl ether and dried under vacuum
overnight. FITC conjugated PLGA was produced by reacting 1.2 mg
fluorescein isothiocyanate (dissolved in DMSO) to 50 mg primary
amine terminated PLGA in 5 ml anhydrous DMSO. The sample was
dialyzed against deionized water to remove unreacted FITC and
lyophilized. There was no detectable change in molecular weight of
PLGA after the FITC conjugation. FITC-PLGA NPs were prepared by
blending PLGA and FITC conjugated PLGA at a 90/10 weight ratio and
using a w/o/w emulsification solvent evaporation method as
described above.

2.2.2. NPs-anti-HER2 Fab' conjugation
PLGA-COOH was preactivated to its succinimide by using EDC and

NHS, and then reacted with NH2-antibody fragment. Briefly, 1 ml of
PLGA NPs suspension (~5 mg/ml in 10 mM NaH2PO4, pH 6.3) was
incubated with 10 μl of 50 mg/ml EDC and 10 μl of 50 mg/ml NHS for
20 min at room temperature with gentle stirring. The resulting NHS-
activated NPs were then covalently linked to Fab' fragments of
rhuMAbHER2 or anti-CD25 (1 μg/μl in HEPES, pH 7.4). After the
conjugation reaction, NPs were separated from free Fab' remaining by
centrifugation (L-100XP, Beckman, USA) at 50,000 rpm×5 min thrice.
Finally, the Fab' fragments-NPs bioconjugates were washed and lyo-
philized. The following designations are used: PE-NPs (PE38KDEL-
loaded PLGA nanoparticles), PE-NPs-HER (PE-NPs conjugated with
anti-HER2 Fab' fragments), FITC-PE-NPs-HER (FITC FITC-labeled PE-
NPs-HER), PE-NPs-anti-CD25 (PE-NPs conjugated with anti-CD25 Fab'
fragments), FITC-PE-NPs-anti-CD25 (FITC FITC-labeled PE-NPs-anti-
CD25). Drug-free PLGA nanoparticles conjugated with anti-HER2 Fab'
are designated as NPs-HER. Additionally, the control immunotoxin PE-
HER (PE38KDEL:rhuMAbHER2=1:1 molar ratio) was constructed
by chemically coupling PE38KDEL to rhuMAbHER2 as described be-
fore [21].

2.3. Characterization of antibody modified NPs

2.3.1. Particle size, zeta potential, morphology
Freeze-dried NPs were dispersed in deionized water (pH=7.0).

Average size and zeta potential of PE-NPs and PE-NPs-HER were a-
nalyzed using a dynamic light-scattering detector (Zeta sizer 3000HS,
Malvern, UK). At least three different batches were analyzed to give an
average value and standard deviation for the particle diameter and
zeta potential. The morphological examination of PE-NPs-HER was
performed by transmission electron microscope (TEM). Briefly, after
the PE-NPs-HER were lyophilized, the dried NPs were resuspended
with deionized water. Samples were prepared by dropping one drop
of dilute dispersion onto a copper grid coated with a carbon mem-
brane. The surface morphology of the PE-NPs-HER samples was
then visualized under the JEOL 2010 TEM (accelerating voltage of
200 kV).



Table 1
Size and zeta potentials of various NPs

Drug-free NPs PE-NPs PE-NPs-HER

Size 105.0±11.5 nma 108.3±13.9 nm 124.2±21.2 nm
Zeta potential −25.2±1.4 mV −36.2±5.3 mV 12.0±7.4 mV

a Data are expressed as the mean±SD (n=10).
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2.3.2. Evaluation of drug contents
Drug loading determinationwas carried out as following: 20 mg of

PE-NPs was dispersed in 10 ml of 0.04 M NaOH/2.5% SDS solution and
kept in an orbital shaker at constant gentle shaking of 110 rpm at 37 °C
for 24 h to hydrolyze the NPs. The weight ratios of PE38KDEL to NPs
were determined by measuring the amount of PE38KDEL using a
Micro BCA assay kit, as described before [25]. The encapsulation
efficiency of PE38KDEL was determined by ratio of the actual amount
of encapsulated protein over the total amount of protein used for the
preparation of the NPs.

2.3.3. Determination of anti-HER2 Fab' on the surface of NPs
The followingmethodswere used to confirm anti-HER2 Fab' on the

NPs surface:

2.3.3.1. Flow cytometry. A dispersion of NPs conjugated with FITC
FITC-labeled anti-HER2 Fab' was introduced directly into a flow
cytometer and analyzed using FAC Scan flow cytometer (Becton
Dickinson, San Jose, CA) as described before [26]. As a control, un-
conjugated NPs were also analyzed.

2.3.3.2. Laser-scanning confocal microscopy. FITC FITC-labeled NPs
conjugated with phycoerythrin labeled anti-HER2 Fab' were re-
dispersed in phosphate-buffered saline (PBS) at pH 7.4. The localiza-
tion of FITC and phycoerythrin was observed with Leica TCS SP2
Confocal Spectral Microscope (UV–VIS). FITC FITC-labeled NPs were
run as a control and the images were analyzed with the Leica Confocal
Software.

2.3.3.3. Protein assay. The amount of bound Fab' onto NPs surface
was quantified by the Micro BCA method as previously described
[25,26]. 500 μl of Micro BCA working solution was added to 500 μl
PBS (pH=7.0) dispersion of NPs of PE-NPs-HER (1 mg/ml) and PE-NPs
(1 mg/ml, served as blank) respectively, after 60 min of incubation,
the absorbance was measured at 562 nm using a microplate reader
(FLx800TB, BioTek, USA). The resultswere compared to a standard curve
of Fab' solution in PBS (pH=7.0) ranged from 0.5 μg/ml to 20 μg/ml.

2.4. In vitro experiments

2.4.1. Cell culture
Three humanbreast cancer cell lines BT-474,MDA-MB-231 andMCF-

7 were cultivated in monolayers to 80% confluence in RMPI 1640
medium supplemented with 10% fetal bovine serum at 37 °C in
humidified environment of 7.5% CO2. The medium was replenished
every other day and the cellswere subcultured after reached confluence.

2.4.2. Recognition properties of antibody modified NPs
To examine the binding ability of antibody modified NPs to BT-474,

MDA-MB-231 and MCF-7 cells, 1×106 cells were treated with various
concentrations (0–1000 μg/ml) of rhuMAbHER2 for 30 min at 4 °C,
before incubationwith 1mg FITC-PE-NPs-HER in 1ml culturemedium
for 60 min at 37 °C, then cells were pelleted by centrifugation.
Thereafter, the cells were then washed and analyzed by flow
cytometry analysis (FCM). FCM was performed using a FAC Scan
flow cytometer (Becton Dickinson, San Jose, CA).

2.4.3. Binding and internalization of antibody modified NPs
Binding and internalization of FITC FITC-labeled NPs in HER2-

overexpressing and negative cell lines were examined by LSCM. BT-474
and MCF-7 cells were incubated with the NPs for 5 min, 2 h at 37 °C
respectively, and thenwashed twicewith PBS followed by fixationwith
4% p-formaldehyde (PFA) for 30 min. Afterwards, DAPI (Invitrogen) was
used to counterstain the nuclei of the cells. Finally, cells were imaged by
Leica TCS SP2 Confocal Spectral Microscope (UV–VIS) and the images
were analyzed with the Leica Confocal Software.
2.4.4. In vitro cytotoxicity
Cytotoxicity was analyzed using Cell Titer 96 non-radioactive cell

proliferation assay kit according to the manufacturer's protocol
(Promega, Madison, WI) [17]. Briefly, breast cancer cells (1×104)
were cultured in the presence or absence of PE38KDEL-loaded NPs,
PE-HER or free PE38KDEL for 2 days at 37 °C in a CO2 incubator. The
concentrations of PE38KDEL used in this assay were varied from 1 to
20,000 pM (equivalent to PLGA concentration of up to 0.13 mg/ml).
Cytotoxicity of NPs and NP-HER without PE38KDEL was evaluated at
2 days at the highest PLGA concentration (0.13 mg/ml) used in the
cytotoxicity assays. Then, 20 μl of MTS/PMS solutionwas added to each
well. After incubation for 2 h at 37 °C, the absorbance of each well was
measured at 490 nm using a microplate reader.

2.5. In vivo experiment

2.5.1. Nonspecific toxicity assay
BALB/c nude mice were obtained from the Planned Parenthood

Research Institute, Shanghai, People's Republic of China and main-
tained in a pathogen-free condition according to guideline of the
Committee on Animals of the SecondMilitary Medical University. For
MTD studies, BALB/c nude mice were injected s.c. with 5×106 BT-474
cells. Once tumors size reached 200 to 300 mm3, animals were
treated with various doses of PE38KDEL, PE-HER, PE-NPs, or PE-NPs-
HER (10mice/group). Treatments were administered through the tail
vein over three weekly doses. Total PE38KDEL administered ranged
from 0.45 to 4.5 mg/kg. Mice were monitored for weight and gross
toxicity as described over 2 months, the typical duration of the
therapy studies. The MTDwas defined as the highest tested dose that
gave b20% weight loss and no treatment-related deaths. Further-
more, liver damage was also assessed in the above BALB/c nude mice
bearing breast tumor by measuring plasma enzyme activity of
alanine aminotransferase (ALT) determined using an automated
procedure as described before [27]. Mice were euthanized 72 h after
injection of drugs through the tail vein. Liver were fixed by 4%
paraformaldehyde. Sections from liver were stained with hematox-
ylin and eosin (H&E) and examined histologically.

2.5.2. In vivo antitumor study
Antitumor activity of various agents was determined in BALB/c

nude mice bearing human breast cancer. For protective experiments,
groups of 8 nudemice were s.c. inoculated on the back with 5×106 BT-
474 cells on day 0. Starting on day 1, mice were injected with various
agents through the tail vein twice daily for three consecutive days.
Tumors were measured with a caliper every 5 days for an additional
60 days and tumor volume was calculated using the following
formula: tumor volume (mm3)=[length×(width)2]/2. On day 60, the
tumor development was evaluated by palpation, autopsy, and tissue
staining (Supplementary Fig. 4), and the number of tumor-bearing
mice of each group was calculated.

For therapeutic experiments, tumor growth was induced by s.c.
injection of 5×106 BT-474 cells on the back. After 20 days when the
tumor growth was visible (about ~50 mm3), mice were injected with
various agents through the tail vein twice daily for three consecu-
tive days. Tumors were measured with a caliper every 5 days for an
additional 60days and tumor volumewas calculated asdescribed above.
In addition, one-way ANOVA with Dunnett's post-test for multiple



Fig. 1. Representative transmission electron microscope (TEM) image of resulting PE-
NPs-HER is shown. Size bar indicates 0.2 μm.
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comparisons was used to compare treatment effects of each group for
tumor size at the end end-point (day 80).

3. Results and discussion

3.1. Characterization of NPs

3.1.1. Particle size, zeta potential, morphology
NPs were prepared from a PLGA polymer containing free carboxylic

end groups, using a modified double emulsion solvent evaporation
Fig. 2. Determination of anti-HER2 Fab' on the surface of nanoparticles by flow cytometric an
antibody modified nanoparticles (B) showed that antibody modified NPs were conjugated
their fluorescence. A shift of FITC fluorescence intensity (C) could be seen for antibody m
histograms), indicating the presence of Fab' on the surface of NPs. Furthermore, confo
phycoerythrin labeled anti-HER2 Fab' (red) showed merged red/green fluorescence (D). The
of the references to colour in this figure legend, the reader is referred to the web version o
method.As the size of theNPs is important for establishingdrugdelivery
strategies to specific sites of the body, the smallerNPs (~100 nm)may be
prone to minimize the particle uptake by nontargeted cells, including
their premature clearanceby theMPS (mononuclear phagocytic system)
[28]. The resulting PE-NPs were sized at 108.3±13.9 nm (mean±SD;
n=10) (Table 1 and Supplementary Fig. 1), which was not much larger
than drug-free NPs (PN0.05). However, there was about 16 nm increase
in the particle size of PE-NPs-HER, presumably owing to the presence of
anti-HER2 Fab' fragments on the NPs surface. Themean zeta potential of
NPs was −25.2±1.4 mV (mean±SD; n=10), indicating that some free
carboxylic endgroups of thepolymerwere located on the surfaceofNPs.
The encapsulation of negatively charged PE38KDEL into NPs resulted in
a more negative surface charge, which may increase nonspecific
interaction of the positively charged anti-HER2 Fab' with the PE-NPs.
As the mean zeta potential of PE-NPs-HER exhibited a positive value of
12.0±7.4 mV (mean±SD; n=10), we further concluded that the increase
in zeta potential may be attributed to the presence of Fab' on the NPs
surface. As shown in Fig. 1, PE-NPs-HER appeared spherical in shape,
with a relatively monodispersed size.

3.1.2. Evaluation of drug contents
We had optimized formulations to control the size of NPs as de-

scribed above. Furthermore, drug contents also play a critical role in
targeted drug delivery. To obtain large drug loading to meet
therapeutic needs, high concentration of PE38KDEL (≈4 mg/ml, the
solubility of PE38KDEL was about 10 mg/ml) was chosen as the
concentration of inner water phase. The prepared PE-NPs with a drug
loading of 8.5±0.2 μg/mg (mean±SD; n=4) and an encapsulation
efficiency of 41.8±2.3% (mean±SD; n=4) was used in subsequent
experiments except otherwise stated.

Additionally, the use of organic solvents and sonication during the
PLGA NPs preparation procedure may affect the biological activity of
the loaded protein [29]. To protect activity of PE38KDEL, 10% (w/v)
trehalose was put into inner water phase as reported before [30]. In
our study, the cytotoxic activity of PE38KDEL extracted from PE-NPs
alysis and confocal microscopy. Density plots of antibody modified nanoparticles (A) and
with FITC-labeled Fab' and could be distinguished from non-antibody modified NPs by
odified NPs (grey histograms) in comparison to non-antibody modified NPs (white

cal microscopic images of FITC FITC-labeled nanoparticles (green) with conjugated
control sample of nanoparticles showed only green fluorescence (E). (For interpretation
f this article.)
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with or without trehalose as the inner water phase was tested in
cytotoxicity assay towards BT-474 cells. The results showed that
extracted PE38KDEL from PE-NPs with trehalose as the inner water
phase retained the similar activity as unencapsulated PE38KDEL [IC50

of 5.2±2.2 μg/ml vs. 4.3±1.6 μg/ml for extracted PE38KDEL vs.
unencapsulated PE38KDEL, respectively (mean±SD; n=3)]. However,
the activity of extracted PE38KDEL from PE-NPs without trehalose as
the inner water phase was greatly reduced [IC50=36.6±6.9 μg/ml,
(mean±SD; n=3)], indicating the activity of PE38KDEL was well-
protected by trehalose.

3.1.3. Determination of Fab' on the surface of NPs
Binding of anti-HER2 Fab' to the nanoparticle surfacewas evaluated

by flow cytometry (Fig. 2). Unlike the non-antibody modified NPs, the
Fig. 3. Binding and internalization of antibody modified nanoparticles. (A) Blocking of PE-N
incubated with 10, 100, or 1000 μg/ml rhuMAbHER2 at 4 °C for 30 min before incubation of t
cells (dashed line) and cells not treated with rhuMAbHER2 (bold line) were used as negative
NPs-HER by confocal laser-scanning microscopy. BT-474 cells: Incubation time 5min (I) and 2
Spectral Microscope (UV–VIS) and the images were analyzed with the Leica Confocal Softw
antibody modified NPs showed green fluorescence, indicating that
nearly all NPs are Fab' coated and the population of antibody modified
NPs is rather homogeneous.

At the same time, the binding of mAb fragments to the NPs surface
was also confirmed by LSCM. As shown in Fig. 2D and E, the antibody
modified NPs showed red fluorescence, suggesting NPs were con-
jugated with Fab'. In contrast, non-antibody modified NPs only
showed green fluorescence.

The protein assay was used to quantify the amount of bound Fab' on
NPs surface. Since this assay cannot distinguish bound Fab' from
PE38KDEL inNPs, PE-NPswere run as a control. According to the protein
assay, the amount of conjugated Fab' of antibody modified NPs was
shown to be approximately 19.4±2.4 μg anti-HER2 Fab'/mg NPs (mean±
SD; n=4).
Ps-HER binding to BT-474, MDA-MB-231 and MCF-7 cells by rhuMAbHER2. Cells were
he FITC-PE-NPs-HER. Thereafter, cells were assessed by FCM (thin solid line). Untreated
and positive controls, respectively. (B) Binding and internalization analysis of FITC-PE-
h (II). MCF-7 cells: Incubation time 2 h (III). Cells were imaged by Leica TCS SP2 Confocal
are. Bar represents 10 μm.
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3.2. In vitro experiments

3.2.1. Recognition properties of antibody modified NPs
In order to obtain the antibody modified NPs able to target desired

cells, the conjugation procedure must preserve the biological activity
of targeting ligand. We performed flow cytometry to evaluate the
recognition properties of FITC-PE-NPs-HER to HER2 antigen. As shown
in Fig. 3, PE-NPs-HER was shown to possess potent binding affinity to
HER2-overexpressing BT-474 cells. To confirm the specificity of the
interaction of FITC-PE-NPs-HER with the target cells, a competition
assay was performed by using free rhuMAbHER2. The binding of PE-
NPs-HER to BT-474 cells was inhibited by rhuMAbHER2 in a dose-
dependent manner. Similar results were obtained in other MDA-MB-
231 cells. In contrast, the slight binding of PE-NPs-HER observed in
MCF-7 cells was not inhibited by rhuMAbHER2 and was considered as
nearly background. The present data confirmed anti-HER Fab' was
effectively conjugated to NPs surface and still preserved its biological
activity during the covalent conjugation procedure.

3.2.2. Binding and internalization of antibody modified NPs
To confirm the internalization efficiencies of antibody modified

NPs, BT-474 and MCF-7 cells incubated with FITC-PE-NPs-HER were
analyzed by laser-scanning confocal microscopy. Internalization of
FITC-PE-NPs-HER would lead to cytoplasmically localized green FITC
staining. FITC fluorescence was detected only on the BT-474 cell
surface after a 5-minute incubation. After a 2 h incubation, FITC fluo-
rescence was detected in the cytoplasm of all cells (Fig. 3). In contrast,
when incubated with HER2 negative MCF-7 cells for 2 h, no sig-
nificantly FITC fluorescence was detected.

3.2.3. In vitro cytotoxicity assays
PE-NPs-HER was tested for cytotoxic activity against BT-474, MDA-

MB-231 and MCF-7 cell lines. As shown in Table 2 and Supplementary
Fig. 2, BT-474 cells, which expressed high level of HER2 antigens, were
most sensitive to PE-NPs-HER (IC50=45.86 pM). MDA-MB-231 cells
expressing lower level of HER2 antigens than BT-474 were also
sensitive to PE-NPs-HER (IC50=265.31 pM). But the HER2-negative
MCF-7 cells were much less sensitive to PE-NPs-HER, with a very high
IC50 value (IC50N1000 pM). Similar results were obtained when the
three cell lines were incubated with PE-HER, suggesting that the
binding ability and specificity of PE-NPs-HER and PE-HER to HER2
antigenwere critical for induction of cytotoxicity. It was clearly shown
that PE-NPs-HER was more cytotoxic against BT-474 cells when
compared with PE-HER (IC50 of PE-NPs-HER being 45.86±8.69 pM vs.
that of PE-HER being 98.67±9.59 pM respectively (mean±SD, n=3);
Pb0.05) (Table 2). The similar results were obtained when MDA-MB-
231 cells were used. However, mixture of PE-NPs with free anti-HER2
Fab' as the same amount as it conjugated to PE-NPs-HER showed very
high IC50 values for the three cell lines, indicating that the cytotoxicity
of PE-NPs-HER was dependent on the conjugated anti-HER2 Fab' but
not free anti-HER2 Fab'. Compared with other control groups, PE-NPs-
HER showed notably enhanced cytotoxicity against HER2-overexpres-
sing breast cancer cells. We speculated that the antitumor mechanism
of PE-NPs-HER is their binding and getting internalized into tumor
Table 2
IC50 (pM) of various drugs in breast cancer cell lines

PE-NPs-
HER

PE-HER PE-NPs+anti-
HER2 Fab'

PE-NPs-
anti-CD25

PE38KDEL

BT-474 46±9a 99±10⁎ N1000 N1000 N1000
MDA-MB-231 265±50 327±26⁎ N1000 N1000 N1000
MCF-7 N1000 N1000 N1000 N1000 N1000

a Data are expressed as the mean±SD (n=3).
⁎ Pb0.05; comparison of IC50 of PE-NPs-HER and PE-HER in BT-474 or MDA-MB-231

cells showed significant differences using Student's t test (two-sample individual t test).
cells with subsequent intracellular release of PE38KDEL after PLGA
degradation [31].

To eliminate the possibility that anti-HER2 Fab' or NPs formulated
with PLGA copolymer system was responsible for the cytotoxicity, we
performed similar cytotoxicity assays with NPs and NPs-HER, which
did not encapsulate PE38KDEL. Cytotoxicity of NPs and NP-HER
without PE38KDEL was evaluated at 2 days at the highest PLGA
concentration used in the cytotoxicity assays. Cell viability of NPs and
NP-HER was 97±3% and 96±2% respectively (mean±SD, n=3). The
results clearly demonstrated the lack of cellular cytotoxicity of these
materials due to the absence of PE38KDEL.

3.3. In vivo experiments

3.3.1. Nonspecific toxicity assays
In addition to enhanced efficacy, encapsulation of PE38KDEL in

either PLGA NPs or anti-HER2 PLGA NPs was associated withmarkedly
reduced host toxicity compared with free PE38KDEL. In studies to
determine the MTD in nude mice with tumor xenografts, various
doses of PE38KDEL, PE-HER, PE-NPs, or PE-NPs-HER were adminis-
tered i.v. once a week for three doses. The MTDs of PE-NPs-HER
(2.92 mg/kg) and PE-NPs (2.14 mg/kg) were about 2.5-fold greater
than those of PE-HER (0.92 mg/kg) and PE38KDEL (0.85 mg/kg).

To evaluate hepatotoxicity of PLGA encapsulated PE38KDEL, we
collected blood samples 2 h and 48 h after the administration of drugs
at an equivalent dose of 0.5 mg/kg PE38KDEL. The results suggested
that therewas a significant increase in the level of plasma ALTafter the
administration of PE38KDEL and PE-HER, whereas no obvious change
in the plasma level of ALT was observed after the injection of PLGA
encapsulated PE38KDEL (including PE-NPs-HER, PE-NPs combined
with anti-HER2 Fab', PE-NPs-anti-CD25) (data not shown). To observe
the pathological change of liver, mice were sacrificed 72 h after
administration of drugs at an equivalent dose of 0.5 mg/kg PE38KDEL
and sections of the livers were prepared and stained with H&E. In the
mice treated with PE38KDEL and PE-HER, there were evidences of
vasodilatation, hyperemia, and fatty degeneration, whereas the livers
from the mice treated with PLGA encapsulated PE38KDEL appeared
normal (Supplementary Fig. 3).

One possible explanation for the reduction of nonspecific toxicity
of PE38KDEL in both NPs treated groups as compared with the
PE38KDEL and PE-HER treated groups may be that encapsulation of
PE38KDEL into NPs could avoid the contact of PE38KDEL with
receptors specific for protein toxins in normal tissues. Furthermore,
compared PE-NPs-HER treated group with PE-NPs treated group, the
former is expected to get internalized into tumor cells with
subsequent intracellular release. However, the non-antibodymodified
NPs may release the drug in the extracellular space or other organs,
cause systemic distribution, resulting in little more increased
nonspecific toxicity than antibody modified NPs.

In this study, PE-NPs-HER had shown to be well tolerated in mice
compared with conventional immunotoxin PE-HER, suggesting it may
be a novel PE-based antibodymodified NPs withmuch less toxicity for
clinical use.

3.3.2. In vivo antitumor study
The antitumor efficacy of the bioconjugates was evaluated using

xenograft models of breast cancer developed by s.c. injections of BT-
474 cells in the back of BALB/c nude mice. As shown in Fig. 4A, in the
control groups, treated with PBS, PE38KDEL, PE-NPs combined with
anti-HER2 Fab', PE-NPs-anti-CD25, given at doses of 0.9 mg/kg, the
tumors grew rapidly, indicating PE38KDEL and non-antibody mod-
ified PE38KDEL PE38KDEL-loaded NPs were not effective in suppres-
sing the tumor growth. In contrast, both PE-HER and PE-NPs-HER
could significantly inhibit the tumor growth in tumor-bearing mice in
a dose-dependent manner. Compared with PE-HER, the antitumor
activity of PE-NPs-HER was markedly improved: the final mean tumor
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loadwas 36±8mm3 (0.3mg/kg) and 6±2mm3 (0.9mg/kg), respectively
(mean±SD; n=8, significantly smaller thanproportional PE-HER treated
group by ANOVA at 99% confidence interval). In PE-NPs-HER treated
group, we observed that only 1 and 2 of 8 mice had developed tumors
within 60 days, at 0.9 and 0.3mg/kg respectively. However, therewere 2
and 4 mice which developed tumors in proportional PE-HER treated
group, indicating that PE-NPs-HER exhibited more potent antitumor
activity than immunotoxin PE-HER (Fig. 4B).

In clinical settings, a therapeutic approach on developed tumors is
desirable. Therefore, we investigated the effect of PE-NPs-HER on
already existing breast cancer. Here (Fig. 4), we could show that, for
each control groups of PBS, PE38KDEL, PE-NPs combined with anti-
HER2 Fab', PE-NPs-anti-CD25, given at doses of 0.9 mg/kg, the
treatment did not show any long-term efficacy, and the mean tumor
sizes at the end of the study for the groups were 598±98 mm3, 579±
89 mm3, 536±79 mm3, and 529±99 mm3, respectively (mean±SD;
n=8). In contrast, injection of PE-HER and PE-NPs-HER could
substantially slow breast cancer growth in a dose-dependent manner.
The 0.3, 0.9 mg/kg PE-HER and 0.3 mg/kg PE-NPs-HER treated groups
were also more efficacious than the control groups (the final mean
tumor loads of these three groups were all significantly smaller than
the control groups by ANOVA at 99% confidence interval), but
significantly less efficacious when compared with the 0.9 mg/kg PE-
NPs-HER treated group. The 0.9 mg/kg PE-NPs-HER treated group
demonstrated the most dramatic efficacy: the final mean tumor load
was 13±6 mm3 (mean±SD; n=8, significantly smaller than all other
groups by ANOVA at 95% confidence interval). The study clearly
demonstrated the potent antitumor activity of PE-NPs-HER.

We speculated that the high antitumor activity of PE-NPs-HER was
achieved by the following mechanisms. Antibody modified NPs
delivery involves two phases [32]. In the first phase, NPs slowly
accumulate in tumor tissue, ultimately reaching high tumor levels due
to the enhanced permeability and retention effect [6]. In the second
phase, non-antibody modified NPs remain in the interstitial space and
are subject to decomposition, degradation, or phagocytosis, with
resulting release of drug. In contrast, antibody modified NPs bind to
and internalize in tumor cells via ligand–receptor interactions,
resulting a potent antitumor activity to cancer cells. Detailed studies
on tissue distribution and cell-binding are under our further study.
Taken together, PE-NPs-HER was shown to retain potent antitumor
activity but with a remarkable attenuation in nonspecific toxicity,
indicating that it might become an effective antitumor agent with
much less toxicity for clinical application.

4. Conclusions

PE-based immunotoxins represent a promising therapeutic ap-
proach in cancer therapy. Currently, more than 10 PE-based
immunotoxins have been in clinical trials [1]. However, the clinical
use of PE-based immunotoxins is severely hampered by the
Fig. 4. Antitumor study in mice bearing BT-474 breast cancer xenografts. (A) Antitumor
effect of various agents in nude mice. Groups of 8 nude mice were s.c. inoculated with
5×106 BT-474 cells on day 0. Starting on day 1, the mice were treated with PBS,
PE38KDEL (0.9mg/kg), PE-NPs combined with anti-HER2 Fab' (0.9mg/kg), PE-NPs-anti-
CD25 (0.9 mg/kg), PE-HER (0.3 mg/kg), PE-HER (0.9 mg/kg), PE-NPs-HER (0.3 mg/kg) or
PE-NPs-HER (0.9 mg/kg) twice daily for three consecutive days. Data are expressed as
mean tumor volume±SD (n=8). (B) Plot of outcomes for each of the treatment groups.
On day 60, the number of tumor-bearing mice of each group was calculated. The bar
indicates the number of tumor-bearing mice of each group. Each group consists of 8
nudemice. (C) For therapeutic experiments, tumor growth was induced by s.c. injection
of 5×106 BT-474 cells on the back. After 20 days when the tumor growth was visible
(about ~50 mm3), mice were injected with various agents through the tail vein twice
daily for three consecutive days. Tumors were measured with a caliper every 5 days for
an additional 60 days and tumor volume was calculated as described above. Data are
expressed as mean tumor volume±SD (n=8). (D) Plot of outcomes for each of the
treatment groups. The bar indicates the tumor volume at the end-point (80 day) of each
group. Each group consists of 8 nude mice.
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nonspecific toxicity of PE, which is usually characterized by hepatoxi-
city. In this study, for the first time, we used biodegradable PLGA
polymers, which are commonly applied in encapsulating peptide and
protein, to develop small sized PE38KDEL-loaded PLGA NPs. And we
also conjugated targeted ligand anti-HER2 Fab' onto the surface of NPs
via conjugation to form antibody modified NPs. Although there are
many chemotherapeutics-loaded NPs targeting HER2 antigen [33–35],
the protein toxin PE loaded NPs modified with anti-HER2 Fab' have
not been investigated. Remarkably, the biological activities of
PE38KDEL and anti-HER2 Fab' were well well-protected during
preparation procedure. In vitro experiments demonstrated their
potent binding affinity and cytotoxicity to HER2-overexpressing
breast cancer cells. Most strikingly, compared with conventional
immunotoxin PE-HER, PE-NPs-HER showed increased antitumor
activity and decreased nonspecific toxicity. It is conceivable that this
novel nanotechnology would be applied in other immunotoxins. This
new therapeutic approach might be a useful treatment for HER2-
overexpressing breast cancer with fewer side effects than conven-
tional PE-based immunotoxins.
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