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Abstract: Trastuzumab, a humanized monoclonal antibody against human epidermal growth
factor receptor 2 (HER2), offers a promising strategy of anticancer drug targeting to HER2-
expressing cancer cells. Conjugation of trastuzumab to dendrimers, repeatedly branched
polymers with a highly functionalized surface, can enhance the drug loading capacity. However,
typical dendrimers such as cationic polyamidoamine dendrimers have exhibited a nonspecific
cytotoxicity. In the present study, we developed a novel biocompatible amino acid dendrimer
with potentially less toxicity by surface modification of the sixth generation lysine dendrimer
with glutamate (KG6E). The synthesized KG6E showed a well-controlled particle size around
5-6 nm with low polydispersibility and negative surface potentials for negligible cytotoxicity.
Next, the targeting efficiency of the fluorescent-labeled KG6E-trastuzumab conjugate was
evaluated in HER2-positive (SKBR3) and -negative (MCF7) human breast cancer cell lines
compared to free trastuzumab and KG6E dendrimers. The KG6E-trastuzumab conjugate was
specifically bound to SKBR3 cells in a dose-dependent manner with low binding affinity to MCF7
cells. Furthermore, the conjugate was significantly internalized in SKBR3 cells and then trafficked
to lysosomes. These results indicate the potential of KG6E-trastuzumab conjugates as HER2-
targeting carriers for therapeutic and diagnostic approaches to cancer therapy.
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Introduction
The lack of tumor specificity is one of the most important

factors for the failure of cancer chemotherapy and diagnosis.
Tumor-targeted delivery of chemotherapeutic drugs and
imaging probes is believed to enhance therapeutic efficacy

in tumors with low systemic side effects in noncancerous
tissues and tumor diagnosis, respectively. Monoclonal an-
tibodies (mAbs) against tumor antigens show a high specific-
ity and affinity for tumor cells, which has led to the
development of antibody-based cancer therapy.1-3 Human
epidermal growth factor receptor-2 (HER2/ErbB-2/neu), a
tyrosine kinase transmembrane receptor which is overex-* Corresponding authors. Mailing address: Department of Drug
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pressed in various cancers including breast, ovarian and lung
cancer, is associated with a poor prognosis and invasive
carcinomas;4,5 therefore, it is a potential candidate for
targeted antibody therapy.6,7 Humanized anti-HER2 mAb
trastuzumab (Herceptin), which has been approved by the
U.S. Food and Drug Administration for clinical use, is
specifically bound to HER2 receptors and mediates antipro-
liferation of breast cancer cells;8-10 however, the therapeutic
effects of mAb monotherapy tend to be limited.10 Antibody-
chemotherapeutic drug conjugates are reported as an alterna-
tive approach to synergize antibody-mediated cellular toxicity
and chemotherapy for effective clinical translation.11-13 For
example, direct conjugation of chemotherapeutic drugs, such
as geldanamycin14,15 and maytansinoids,16 to trastuzumab
showed improved pharmacokinetics for effective antitumor

activity compared with trastuzumab monotherapy. The drug
payload using this conjugation method, however, is restricted
due to a significant decrease in the receptor recognition,12

immunoreactivity,17 and water solubility of the conjugates.18

Nanoparticles, including liposomes, micelles, polymers and
dendrimers, have been reported as effective drug carriers
offering a high drug payload by physical incorporation or
chemical conjugation.19-21 Among them, dendrimers possess
attractive features including (i) their nanosize range, (ii)
monodispersity, (iii) rigid globular structure with high
physical stability and (iv) a large number of functional groups
for versatile chemical modification.22-24 Nevertheless, con-
ventional dendrimers, such as cationic polyamidoamine
(PAMAM) and poly-L-lysine dendrimers, tend to exhibit
nonspecific dose-dependent interactions and cytotoxicity due
to the positive charge of the peripheral amino groups.25-27

In this regard, Baker and colleagues have reported partially
acetylated PAMAM-trastuzumab conjugates for reduced

(4) Hynes, N. E.; Stern, D. F. The Biology of ErbB-2/neu/HER-2
and its Role in Cancer. Biochim. Biophys. Acta 1994, 1198, 165–
184.

(5) Holbro, T.; Hynes, N. E. ErbB Receptors: Directing Key Signaling
Networks Throughout Life. Annu. ReV. Pharmacol. Toxicol. 2004,
44, 195–217.

(6) Slamon, D. J.; Clark, G. M.; Wong, S. G.; Levin, W. J.; Ullrich,
A.; McGuire, W. L. Human Breast Cancer: Correlation of Relapse
and Survival with Amplification of the HER-2/neu Oncogene.
Science 1987, 235, 177–182.

(7) Slamon, D. J.; Godolphin, W.; Jones, L. A.; Holt, J. A.; Wong,
S. G.; Keith, D. E.; Levin, W. J.; Stuart, S. G.; Udove, J.; Ullrich,
A.; Press, M. F. Studies of the HER-2/neu Proto-oncogene in
Human Breast and Ovarian Cancer. Science 1989, 244, 707–712.

(8) Cobleigh, M. A.; Vogel, C. L.; Tripathy, D.; Robert, N. J.; Scholl,
S.; Fehrenbacher, L.; Wolter, J. M.; Paton, V.; Shak, S.;
Lieberman, G.; Slamon, D. J. Multinational Study of the Efficacy
and Safety of Humanized Anti-HER2Monoclonal Antibody in
Women who have HER2-overexpressing Metastatic Breast Cancer
that has Progressed after Chemotherapy for Metastatic Disease.
J. Clin. Oncol. 1999, 17, 2639–2648.

(9) Slamon, D. J.; Leyland-Jones, B.; Shak, S.; Fuchs, H.; Paton, V.;
Bajamonde, A.; Fleming, T.; Eiermann, W.; Wolter, J.; Pegram,
M.; Baselga, J.; Norton, L. Use of Chemotherapy Plus a
Monoclonal Antibody Against HER2 for Metastatic Breast Cancer
that Overexpresses HER2. N. Engl. J. Med. 2001, 344, 783–792.

(10) Hudis, C. A. Trastuzumab-Mechanism of Action and Use in
Clinical Practice. N. Engl. J. Med. 2007, 357, 39–51.

(11) Trail, P. A.; King, D. H.; Dubowchik, G. M. Monoclonal Antibody
Drug Immunoconjugates for Targeted Treatment of Cancer.
Cancer Immunol. Immunother. 2003, 52, 328–337.

(12) Wu, A. M.; Senter, P. D. Arming Antibodies: Prospects and
Challenges for Immunoconjugates. Nat. Biotechnol. 2005, 23,
1137–1146.

(13) Ricart, A. D.; Tolcher, A. W. Technology Insight: Cytotoxic Drug
Immunoconjugates for Cancer Therapy. Nat. Clin. Pract. Oncol.
2007, 4, 245–255.

(14) Mandler, R.; Wu, C.; Sausville, E. A.; Roettinger, A. J.; Newman,
D. J.; Ho, D. K.; King, C. R.; Yang, D.; Lippman, M. E.; Landolfi,
N. F.; Dadachova, E.; Brechbiel, M. W.; Waldmann, T. A.
Immunoconjugates of Geldanamycin and Anti-HER2Monoclonal
Antibodies: Antiproliferative Activity on Human Breast Carci-
noma Cell Lines. J. Natl. Cancer Inst. 2000, 92, 1573–1581.

(15) Mandler, R.; Kobayashi, H.; Hinson, E. R.; Brechbiel, M. W.;
Waldmann, T. A. Herceptin-Geldanamycin Immunoconjugates:
Pharmacokinetics, Biodistribution, and Enhanced Antitumor Ac-
tivity. Cancer Res. 2004, 64, 1460–1467.

(16) Lewis Phillips, G. D.; Li, G.; Dugger, D. L.; Crocker, L. M.;
Parsons, K. L.; Mai, E.; Blättler, W. A.; Lambert, J. M.; Chari,
R. V.; Lutz, R. J.; Wong, W. L.; Jacobson, F. S.; Koeppen, H.;
Schwall, R. H.; Kenkare-Mitra, S. R.; Spencer, S. D.; Sliwkowski,
M. X. Targeting HER2-Positive Breast Cancer with Trastuzumab-
DM1, an Antibody-Cytotoxic Drug Conjugate. Cancer Res. 2008,
68, 9280–9290.

(17) Wängler, C.; Moldenhauer, G.; Eisenhut, M.; Haberkorn, U.; Mier,
W. Antibody-Dendrimer Conjugates: The Number, Not the Size
of the Dendrimers, Determines the Immunoreactivity. Bioconju-
gate Chem. 2008, 19, 813–820.

(18) Hollander, I.; Kunz, A.; Hamann, P. R. Selection of Reaction
Additives Used in the Preparation of Monomeric Antibody-
calicheamicin Conjugates. Bioconjugate Chem. 2008, 19, 358–
361.

(19) Park, J. W.; Kirpotin, D. B.; Hong, K.; Shalaby, R.; Shao, Y.;
Nielsen, U. B.; Marks, J. D.; Papahadjopoulos, D.; Benz, C. C.
Tumor Targeting Using Anti-her2 Immunoliposomes. J. Con-
trolled Release 2001, 74, 95–113.

(20) Yokoyama, M. Drug Targeting with Nano-sized Carrier Systems.
J. Artif. Organs 2005, 8, 77–84.

(21) Peer, D.; Karp, J. M.; Hong, S.; Farokhzad, O. C.; Margalit, R.;
Langer, R. Nanocarriers as an Emerging Platform for Cancer
Therapy. Nat. Nanotechnol. 2007, 2, 751–760.
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nonspecific interactions28 in HER2-expresssing tumor
targeting.29,30 Indeed, acetylated modification possibly alters
(i) the physicochemical properties of the dendrimers includ-
ing their water solubility, (ii) structural homogeneity and (iii)
the number of peripheral amino groups available for
antibody-drug conjugation;31 therefore, precise control of
the degree of acetylation is necessary.

Amino acid dendrimers are stepwise synthetic macromol-
ecules of amino acid branch units which typically are lysine,
obtained by peptide or amide bond formation.32-34 The
designed structure of the amino acid dendrimers can be
controlled by organization of the repeated amino acid
branches at the internal or peripheral layers called “genera-
tions”.32 We and other groups have reported the influence
of surface modification on the in ViVo distribution behaviors
of amino acid dendrimers in that neutral and anionic
dendrimers were less recognized by the reticuloendothelial
system.33-35 The potentially anionic amino acid dendrimers
are of interest because they offer an expected improvement
in nonspecific interactions with retention of the monodis-
persity, water solubility, platform for drug conjugation and
biodegradability.36 Therefore, anti-HER2 mAb conjugated

anionic amino acid dendrimers could be potential candidates
for HER2-expressing tumor targeting.

As far as intracellular delivery of anticancer drugs in tumor
cells is concerned, dendrimer-drug conjugates should be
ideally cleaved only upon internalization in the lysosomal
compartment to release free anticancer drugs from dendritic
scaffolds for anticancer activity in the tumor cells.37 Ac-
cordingly, the in Vitro evaluation of HER2-specific inter-
nalization as well as the intracellular distribution of anionic
amino acid dendrimer-trastuzumab conjugates is a prereq-
uisite for their therapeutic application.

In this study, we synthesized anti-HER2 trastuzumab
conjugated to a glutamate-modified sixth generation of lysine
dendrimer (KG6E) for targeting to HER2-positive cancer
cells. The surface-modified glutamate provided an equal
number of carboxylic acid and amine groups on the periphery
of the KG6E dendrimer. Then, we examined the relationship
between the zeta-potentials and the cytotoxicity of KG6E
dendrimer-trastuzumab conjugates in HER2-positive (SK-
BR3) and -negative (MCF7) human breast cancer cells. The
binding affinity, internalization efficiency and lysosomal traf-
ficking were determined to evaluate the feasibility of potentially
anionic KG6E dendrimers as targeted drug carriers using
fluorescently labeled KG6E-trastuzumab conjugates.

Materials and Methods
Materials. 1-[Bis(dimethylamino)methylene]-1H-benzo-

triazolium 3-oxide hexafluorophosphate (HBTU) was obtained
from Peptide Institute (Osaka, Japan). 1-Hydroxybenzotriazole
hydrate (HOBt), Boc-Lys(Boc)-OH dicyclohexylamine and
Boc-Glu(OtBu)-OH were purchased from Watanabe Chemi-
cal Industries (Hiroshima, Japan). Trifluoroacetic acid (TFA)
and N-ethylmaleimide were provided by Nacalai Tesque
(Kyoto, Japan). PAMAM dendrimer generation five (PAM-
AM G5) was purchased from Sigma-Aldrich (St. Louis,
MO). Trastuzumab was obtained from Chugai Pharmaceuti-
cal (Tokyo, Japan). Sulfosuccinimidyl 6-(3′-[2-pyridyldithio-
]propionamido)hexanoate (sulfo-LC-SPDP) and sulfosuc-
cinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(sulfo-SMCC) were from Molecular Biosciences (Boulder,
CO). AlexaFluor 488 succinimidyl ester and anti-AlexaFluor
488 Rabbit IgG were obtained from Molecular Probes
(Eugene, OR).

Synthesis of Glutamate-Modified Sixth Generation
Lysine Dendrimers (KG6E). KG6E was synthesized ac-
cording to previous reports with a minor modification.33,34

In brief, the first generation of lysine dendrimer (KG1) was
synthesized by activation of Boc-Lys(Boc)-OH dicyclohexy-
lamine in 1.1 molar excess of HBTU and HOBt to the
number of amines in the hexamethylenediamine core mol-
ecule in DMF for 30 min. The coupling reaction was
performed in pH 9-10 adjusted with triethylamine and
stirred at room temperature (RT) for 3 h. The Boc-protected
KG1 was purified by liquid-liquid extractions with 5%
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19, art. no. 295102.

(31) Kim, Y.; Klutz, A. M.; Jacobson, K. A. Systemic Investigation
of Polyamidoamine Dendrimers Surface-modified with Poly(eth-
ylene glycol) for Drug Delivery Applications: Synthesis, Char-
acterization, and Evaluation of Cytotoxicity. Bioconjugate Chem.
2008, 19, 1660–1672.
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Administration. J. Controlled Release 2006, 114, 69–77.
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sodium bicarbonate, 10% citric acid and saturated sodium
chloride solution, respectively. The KG1 was obtained after
deprotection of Boc-protected KG1 by TFA. For the higher
generations, the coupling reactions were repeated. Finally,
KG6 was reacted with Boc-Glu(OtBu)-OH and deprotected
with TFA to produce KG6E. This was purified by ultrafil-
tration using VIVASPIN-20 (MWCO 10,000), lyophilized
and characterized by 1H NMR and matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MAL-
DI-TOF-MS).

Synthesis of Thiol-KG6E-AlexaFluor 488 Conjugates
(Thiol-KG6E-AF). For SPDP-KG6E, KG6E (40.0 mg,
1.22 µmol) was reacted with sulfo-LC-SPDP cross-linking
agent (3.22 mg, 6.10 µmol) in PBS pH 7.4 at RT for 1 h.
The reaction mixture was purified by ultrafiltration as above
and then lyophilized to obtain SPDP-KG6E. The number
of SPDP per KG6E molecule was determined by pyridine-
2-thione assay based on absorbance at 343 nm following
cleavage of the disulfide bond by dithiothreitol (DTT).38

For SPDP-KG6E-AF, SPDP-KG6E (30.0 mg, 0.90
µmol) in PBS was added to AlexaFlour 488 succinimidyl
ester (3.19 mg, 4.95 µmol) in DMSO, and then incubated at
RT for 3 h. The reaction mixture was purified by ultrafil-
tration as described previously and then lyophilized to obtain
SPDP-KG6E-AF. The purified conjugate was characterized
by UV-vis spectroscopy. The degree of AlexaFluor 488
labeling on dendrimer was calculated based on the absorption
at 494 nm and molar extinction coefficient of 71000 M-1

cm-1 as described in the manufacturer’s instruction (Invit-
rogen). Prior to further conjugation, the disulfide bond on
SPDP-KG6E-AF dendrimer (7.70 mg, 0.220 µmol) was
reduced with DTT (17.7 mg, 115 µmol) in PBS containing
5 mM EDTA (PBS-EDTA) at RT for 30 min. The reaction
mixture was purified by ultrafiltration in PBS-EDTA to
obtain a thiol-KG6E-AF. The obtained thiol-KG6E-AF
conjugate was immediately used for the next reaction.

Synthesis of Trastuzumab-KG6E-AlexaFluor 488
Conjugates (Trast-KG6E-AF). In order to synthesize
Trast-KG6E-AF, the thiol reactive maleimide group was
first introduced into anti-HER2 antibody. Trast-maleimide
was given after conjugation of trastuzumab (33.0 mg, 0.220
µmol) and sulfo-SMCC cross-linker (0.672 mg, 1.50 µmol)
in PBS-EDTA at RT for 30 min and purification by
ultrafiltration. The obtained trast-maleimide (30.0 mg, 0.200
µmol) was immediately reacted with thiol-KG6E-AF (6.88
mg, 0.200 µmol) in PBS-EDTA at RT for 1 h. The
unreacted thiols were neutralized with N-ethylmaleimide
(2.50 mg, 20.0 µmol) in PBS at RT for 1 h to minimize the
dimerization via disulfide bond formation of dendrimers and
antibodies. After removal of excess reagent by ultrafiltration,
the final reaction mixture was purified by gel filtration on a
HiPrep Sephacryl S-300 column in PBS at 0.5 mL/min. The

conjugate fractions containing trastuzumab and AlexaFluor
488 determined by absorbance at 280 and 494 nm, respec-
tively, were pooled and concentrated by ultrafiltration in PBS.
The number of trastuzumab modification on dendrimer was
indirectly determined using a mole ratio of AlexaFluor 488
modified on KG6E and trastuzumab because the absorption
peak of KG6E was overlapped with trastuzumab spectra in
the far UV region. The molar ratio of AlexaFluor 488 to
trastuzumab was calculated as described in the manufacturing
instruction (Invitrogen) where the molar extinction coefficient
of antibody and a correction factor for absorption of
AlexaFluor 488 at 280 nm were 2.03 × 105 M-1 cm-1 and
0.11, respectively.

Particle Sizes and Zeta Potentials. The particle sizes and
zeta potentials of dendrimers at a concentration of 1 mg/mL
in PBS were measured using a Zetasizer Nano ZS instrument
(Malvern Instruments, Worcestershire, U.K.).

Cell Lines and Culture Conditions. HER2-positive
(SKBR3) and -negative (MCF7) human breast cancer cells
were obtained from DS Pharma Biomedical (Osaka, Japan)
and European Collection of Animal Cell Cultures (ECACC)
(Porton Down, U.K.), respectively. SKBR3 and MCF7 cells
were maintained in RPMI1640 and 1% nonessential amino
acid-Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 2 mM L-
glutamine, 100 units/mL penicillin, and 100 µg/mL strep-
tomycin, respectively, at 37 °C in 5% CO2 atmosphere.

Cytotoxicity Assay. The cytotoxicity of dendrimers and
conjugates was evaluated based on a WST-8 assay using a
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). Cells were
seeded at 5 × 103 cells/well in 96-well plates and incubated
for 24 h before experiments. After 24 h incubation of
dendrimers at indicated concentrations, cells were treated
with 10 µL of WST-8 reagent at 37 °C for 2 h. The
absorbance at 450 nm normalized with the absorbance at
630 nm was measured. Cell viability was expressed as a
percentage relative to PBS treatment controls.

Cellular Uptake. Cells were seeded at 5 × 104 cells/well
in 12-well plates and incubated for 48 h before uptake
experiments. For binding or competitive binding studies, cells
were incubated with AF-labeled conjugates at 4 °C for 1 h.
For internalization studies, cells were incubated with AF-
labeled conjugates at 4 °C for 1 h, then washed with culture
medium and incubated at 37 °C (pulse-chase method). The
extracellular AF-labeled conjugates were quenched with anti-
AlexaFluor 488 Rabbit IgG (0.25 µg/mL) on ice for 30 min.
At indicated times, cells were washed, and collected in PBS
before flow cytometry analysis using a Becton Dickinson
FACScan analyzer (Franklin Lakes, NJ). The cellular-associated
fluorescence of 1 × 104 cells was measured, and the mean
fluorescent intensity of gated viable cells was quantified.

Intracellular Localization of Trast-KG6E-AF Con-
jugates. Cells were seeded at 1 × 104 cells/well on glass-
bottom 48-well plates. After a 24 h cultivation, cells were
incubated with 50 nM AF-labeled conjugates at 37 °C for
the indicated times. For the competitive inhibition study, cells
were pretreated with 6 µM free trastuzumab at 37 °C for 30

(38) Carlsson, J.; Drevin, H.; Axén, R. Protein Thiolation and
Reversible Protein-protein Conjugation. N-Succinimidyl 3-(2-
pyridyldithio)propionate, a New Heterobifunctional Reagent.
Biochem. J. 1978, 173, 723–737.
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min. For the intracellular localization study, lysosomes were
labeled with 50 µM LysoTracker Red DND-99 (Molecular
Probe) for 1 h following compound treatment. After fixation
with 4% paraformaldehyde-PBS for 20 min, cells were
washed and mounted using a SlowFade Gold with DAPI
nuclear staining (Molecular Probe) followed by imaging
using a Biozero BZ-8000 fluorescent microscope (Keyence,
Osaka, Japan).

Statistical Analysis. Statistical analysis was performed
using an ANOVA followed by the two-tailed unpaired
Student’s t test between groups. P < 0.05 was considered to
be indicative of statistical significance.

Results and Discussion
Synthesis and Characterization of Anionic Amino

Acid KG6E Dendrimers. In order to overcome any non-
specific cytotoxicity, an anionic amino acid dendrimer was
designed. Although PEGylation by polyethyleneglycol and
acetylation by acetic anhydride have been used to alter the
positively charged surface of macromolecules, these methods
affect the homogeneity and solubility of dendrimers,
respectively.18,31 We, therefore, developed anionic amino
acid dendrimers by glutamate-modification of the sixth
generation of lysine dendrimers (KG6E) as shown in Figure
1a. Since the glutamate residues on the peripheral structure
consist of an equal number of chemically reactive amine and
carboxylic acid groups, KG6E could uniquely offer flexibility
in chemical conjugation to drugs or ligands via a range of
chemical bonding including ester,30 pH-dependent hydrolytic
amide,39 thioether17 and hydrazone,37 and compromise
positive surface potentials, respectively. KG6E was prepared
by HBTU/HOBt synthesis (Scheme 1), and a high yield
(75%) was obtained after purification using liquid-liquid
extraction method. The purified KG6E was characterized by
1H NMR (Figure 1b) and MALDI-TOF-MS (Figure 1c). The
measured chemical shifts and integrals of KG6E from 1H
NMR analysis substantially corresponded to the predicted
chemical shifts and integrals calculated from 128 groups
(Figure 1a) of lysine and glutamate residues at δ4.53 and
δ3.56, respectively. The found average mass of KG6E ([M
+ H] ) 32751.88) by MALDI-TOF-MS analysis was in
agreement with the theoretical average mass ([M + H] )
32793.99).

Physicochemical Properties and Cytotoxicity of KG6E
Dendrimers. The physicochemical properties and cytotox-
icity of KG6E were evaluated in comparison with lysine
(KG6) and PAMAM G5 dendrimers which represent a
typical cationic dendrimer containing the same number of
amines as KG6E (Figure 1a). The mean particle sizes of these
dendrimers were around 5-6 nm with a very low polydis-
persibility index (0.176-0.184) (Figure 2a). Moreover,
KG6E was slightly larger than KG6 in accordance with an

(39) Gurdag, S.; Khandare, J.; Stapels, S.; Matherly, L. H.; Kannan,
R. M. Activity of Dendrimer-methotrexate Conjugates on Meth-
otrexate-sensitive and -resistant Cell Lines. Bioconjugate Chem.
2006, 17, 275–283.

Figure 1. (a) Chemical structure of KG6 and KG6E dendri-
mers. (b) 1H NMR analysis of KG6E. KG6E was dissolved
with D2O and measured by 1H NMR. The chemical shifts
(blue) and the integrals (red) are indicated at a corresponding
peak in the upper panel. Predicted chemical shifts (blue) and
integral ratio (red) of protons (green) are shown with the
structures in the lower panel. The other protons (black) were
not detected due to the proton exchange. (c) MALDI-TOF-
MS spectrum of KG6E. The matrix sinapinic acid and
samples were dissolved in dH2O:acetonitrile:trifluoroacetate
(50:50:0.2) solution before measurement using a Kratos PC
Axima CFR plus (Shimadzu, Kyoto Japan). Aldolase ([M +
H] ) 39212.28) and cytochrome c ([M + H] ) 12361.96)
were used as external calibration samples. The theoretical
average mass of KG6E is 32792.98 ([M + H] ) 32793.99).
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increased glutamate generation corresponding to our previous
report.33 As expected, PAMAM G5 and KG6 dendrimers
showed positive surface potentials of 20.00 and 17.67 mV,
respectively (Figure 2b). On the other hand, KG6E dendrimer
showed a negative surface charge at -22.40 mV although
there are an equal number of 128 positive amines and
negative carboxylates. This observation might be explained

by the more extended bond of the delta carboxylates on the
dendritic surface resulting in negative surface potentials.

To evaluate the biocompatibility of KG6E dendrimers,
cytotoxicity testing was performed in both breast cancer cell
lines. Figure 3 shows similar cell viability profiles of each
dendrimer in both cells. The cytotoxicity of PAMAM G5
and KG6 was dose-dependent with an IC50 around 0.93 and
1.8 µM, respectively. In contrast, KG6E itself exhibited only
a very low toxicity to these cells as shown by more than
85% of cell viability at the maximal concentration (30 µM).
This is in agreement with the low cellular membrane
interaction of the negative net charge of KG6E dendrimers
since the positive potentials induce an electrostatic attraction
to anionic cell membranes.40 These findings indicate that the
KG6E dendrimer is a well-controlled and safe carrier for
drug payload modification and therapeutic application.

Synthesis of Trast-KG6E-AF Conjugates. To design
HER2-targeting drug carriers, anti-HER2 mAb trastuzumab
was covalently conjugated to KG6E dendrimers. The chemi-
cal nature of the linkage plays a key role in the bond stability
of conjugates in a physiological environment before reaching
target cells16 and antibody-receptor recognition.17 The
nonreducible thioether-linked trastuzumab16 and anti-MUC1
mAb41-drug conjugates were well-tolerated in the blood
circulation leading to effective drug targeting in HER2-
positive breast and MUC1-positive cancer cells, respectively,
for therapeutic efficacy whereas disulfide-linked conjugates
were associated with premature reductive release of anti-
cancer drugs before reaching tumor cells resulting in poor
efficacy and unwanted toxicity.16 In this regard, trastuzumab
was stably bound to KG6E via thioether formation by the
reaction of a heterobifunctional cross-linking agent sulfo-
LC-SMCC to the thiol group (Scheme 1). The protected thiol
groups were introduced into KG6E using a sulfo-LC-SPDP

(40) Kopatz, I.; Remy, J. S.; Behr, J. P. A Model for Non-viral Gene
Delivery: Through Syndecan Adhesion Molecules and Powered
by Actin. J. Gene Med. 2004, 6, 769–776.

(41) Hamann, P. R.; Hinman, L. M.; Beyer, C. F.; Greenberger, L. M.;
Lin, C.; Lindh, D.; Menendez, A. T.; Wallace, R.; Durr, F. E.;
Uperlacis, J. An Anti-MUC1 Antibody-calicheamicin Conjugate
for Treatment of Solid Tumors. Choice of Linker and Overcoming
Drug Resistance. Bioconjugate Chem. 2005, 16, 346–353.

Scheme 1. Synthesis scheme for the Trastuzumab-
KG6E-AlexaFluor (Trast-KG6E-AF) Conjugate

Figure 2. Particle sizes (a) and zeta potentials (b) of
dendrimers in PBS, pH 7.4, were measured using a
Zetasizer Nano ZS. Each value represents the mean (
SEM of three experiments.

Figure 3. Cytotoxicity of PAMAM G5 (square), KG6
(triangle) and KG6E (circle) dendrimers in SKBR3
(filled) and MCF7 cells (open). Cells were incubated
with dendrimers for 24 h before the determination of cell
viability by WST-8 assay. Each value represents the
mean ( SEM of three separate experiments.
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cross-linker to provide SPDP-KG6E in a high yield (81.7%).
A molar ratio of 2.7 SPDP linkers per KG6E was calculated.
In this study, AlexaFluor 488 was used as a fluorescent probe
as well as model molecule for dendrimer conjugation by a
pH-dependent hydrolytic amide bonding which can be

applied for drug conjugation since amide-bonded conjugates
are stable in extracellular media with a low drug release42

but labile in lysosomes for drug liberation and antitumor
activity.37,39,42 The amine groups of SPDP-KG6E reacted
with AlexaFluor 488 succinimidyl ester to obtain SPDP-
KG6E-AF. Since KG6E showed the UV absorption peak at
a wavelength of 210 nm with negligible absorption at a
wavelength more than 250 nm, the number of AlexaFluor 488
in KG6E-AF conjugate was absolutely calculated from the
absorbance at 494 nm without interference of KG6E dendrimers
(data not shown). The number of AlexaFluor 488 molecules
was calculated to be 3.0 per KG6E dendrimer. Trastuzumab
was derivatized with a thiol reactive maleimide group using
sulfo-LC-SMCC to obtain Trast-SMCC, and the number of
maleimide molecules on trastuzumab was calculated to be 3.7.
Trast-SMCC was reacted with DTT-reduced thiol-KG6E-AF
at a 1:1 molar ratio. Trast-KG6E-AF conjugates were
obtained after purification using gel filtration with a HiPrep
Sephacryl S-300 column, and the fractions absorbing at 280
and 494 nm were collected and pooled (Figure 4). The yield of

Figure 4. Gel filtration chromatography of Trast-KG6E-
AF conjugates after purification using a HiPrep Sephacryl
S-300 column. Samples were eluted with PBS at 0.5 mL/
min and collected as 1.0 mL/fraction. Trastuzumab and
AlexaFluor 488 were detected by UV absorbance at 280
(open triangle) and 494 nm (filled circle), respectively.

Figure 5. Binding and internalization of Trast-KG6E-AF conjugates in HER2-positive breast cancer cells. (a) Binding
affinity of Trast-KG6E-AF conjugates (circle) in HER2-positive SKBR3 (filled) and -negative MCF7 cells (open) was
evaluated in the 0.1-500 nM concentration range of antibody at 4 °C for 1 h compared with Trast-AF (triangle) and
KG6E-AF (square) conjugates. (b) Competitive binding of 50 nM Trast-KG6E-AF conjugates (filled circle) by free
trastuzumab at 3-400 nM in SKBR3 cells at 4 °C for 1 h compared with 50 nM Trast-AF conjugates (opened
triangle). Mean fluorescence intensity (MFI) was measured by flow cytometry. Each value is the mean ( SEM of
three or four separate experiments. (c) Specific binding of Trast-KG6E-AF conjugates observed by fluorescence
microscopy. Cells were incubated with 50 nM conjugates at 37 °C for 1 h or preincubated with 6 µM free trastuzumab
at 37 °C for 30 min before conjugate incubation. After fixation with 4% paraformaldehyde, cells were mounted with a
SlowFade Gold and DAPI before photography. Scale bars, 20 µm.
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Trast-KG6E-AF was 66%. The 3.3 molar ratio of AlexaFluor
488 to trastuzumab was calculated based on the corresponding
absorbance. Regarding the 3.0 molecules of AlexaFluor 488 in
KG6E-AF conjugate, one molecule of trastuzumab was
estimated in Trast-KG6E-AF conjugate.

Binding Affinity of Trast-KG6E-AF Conjugates. In
order to evaluate the targeting efficiency of Trast-KG6E-AF
conjugates in HER2-positive breast cancer cells, the binding
affinity was determined in HER2-positive SKBR3 and
HER2-negative MCF7 cells by flow cytometry analysis.
After 1 h incubation at 4 °C, Trast-KG6E-AF and AF-
labeled trastuzumab (Trast-AF) conjugates were selectively
bound to SKBR3, rather than MCF7 cells, in a dose-
dependent manner (Figure 5a). As expected, AF-labeled
KG6E (KG6E-AF) was weakly bound to these breast cancer
cells. For a more clear indication of the HER2-mediated
binding specificity of Trast-KG6E-AF conjugates, SKBR3
cells were pretreated with free trastuzumab prior to
Trast-KG6E-AF conjugates in a competitive binding assay
(Figure 5b). The binding affinity of Trast-KG6E-AF and
Trast-AF conjugates were markedly inhibited by free
trastuzumab in a dose-dependent fashion with an IC50 of 19.8
nM and 36.2 nM, respectively. The quantitative specific
binding study of Trast-KG6E-AF conjugates was in
parallel with the fluorescent microscopy study (Figure 5c).
These results indicate that Trast-KG6E-AF conjugates
maintain HER2-specificity for effective targeting to HER2-
positive breast cancer cells via an HER2 receptor-mediated
binding mechanism. This finding is in agreement with a
previous report that the targeting specificity of anti-HER2
liposomes is improved by surface modification with anionic
molecules.43 Thus, it is suggested that KG6E dendrimers are
potentially conjugated to antibody for tumor targeting without
loss of antibody-antigen recognition.

Internalization and Intracellular Localization of
Trast-KG6E-AF Conjugates. To evaluate whether
Trast-KG6E-AF conjugates can be internalized into cells
after binding, the internalization efficiency was studied by
thepulse-chasemethod.CellswerepulsedwithTrast-KG6E-
AF or Trast-AF conjugates at 4 °C, chase-incubated at 37
°C, and then surface-quenched with anti-AlexaFluor 488 IgG
before flow cytometry analysis. Under these conditions, anti-
AlexaFluor 488 IgG achieved more than 80% surface-
quenching to remove surface-bound conjugates since it could
not cross the cell membrane (data not shown). Therefore,
the fluorescence intensity obtained after surface-quenching
by anti-AlexaFluor 488 IgG is indicated as the internalized

fraction of Trast-KG6E-AF conjugates. Although Trast-
KG6E-AF and Trast-AF conjugates exhibited similar
internalization profiles, Trast-KG6E-AF conjugates were
significantly taken up in SKBR3 cells with higher internal-
izing rates during the early uptake period compared with
Trast-AF conjugates (Figure 6). These results are consistent
with previous reports that trastuzumab-PAMAM29 and
-PLGA nanoparticle44 conjugates were more rapidly inter-
nalized in HER2-positive breast cancer cells in comparison
with free trastuzumab.15,45 It is known that the Fc region of
the antibody plays an important role in the inhibition of
receptor-recycling after cellular binding and trafficking.46 In
this content, conjugation of trastuzumab with KG6E may
sterically interfere with the Fc-induced inhibition of receptor-
recycling; therefore, the internalizing rate of Trast-KG6E-AF
conjugates was considered to be increased. These results
suggest that Trast-KG6E-AF conjugates are efficiently
internalized into HER2-positive breast cancer cells upon
binding.

Toconfirmtheintracellular localizationofTrast-KG6E-AF
conjugates, cells were incubated with lysosomal marker

(42) Gianasi, E.; Wasil, M.; Evagorou, E. G.; Keddle, A.; Wilson, G.;
Duncan, R. HPMA Copolymer Platinates as Novel Antitumour
Agents: In Vitro Properties, Pharmacokinetics and Antitumour
Activity In Vivo. Eur. J. Cancer 1999, 35, 994–1002.

(43) Hayes, M. E.; Drummond, D. C.; Hong, K.; Zheng, W. W.;
Khorosheva, V. A.; Cohen, J. A.; Noble, IV. C. O.; Park, J. W.;
Marks, J. D.; Benz, C. C.; Kirpotin, D. B. Increased Target
Specificity of Anti-HER2 Genospheres by Modification of Surface
Charge and Degree of PEGylation. Mol. Pharmaceutics 2006, 3,
726–736.

(44) Jiang, W.; Kim, B. Y.; Rutka, J. T.; Chan, W. C. Nanoparticle-
mediated Cellular Response is Size-dependent. Nat. Nanotechnol.
2008, 3, 145–150.

(45) Lub-de Hooge, M. N.; Kosterink, J. G.; Perik, P. J.; Nijnuis, H.;
Tran, L.; Bart, J.; Suurmeijer, A. J.; de Jong, S.; Jager, P. L.; de
Vries, E. G. Preclinical Characterisation of 111In-DTPA-trastu-
zumab. Br. J. Pharmacol. 2004, 143, 99–106.

(46) Austin, C. D.; De Mazière, A. M.; Pisacane, P. I.; van Dijk, S. M.;
Eigenbrot, C.; Sliwkowski, M. X.; Klumperman, J.; Scheller, R. H.
Endocytosis and Sorting of ErbB2 and the Site of Action of Cancer
Therapeutics Trastuzumab and Geldanamycin. Mol. Biol. Cell
2004, 15, 5268–5282.

Figure 6. Internalization of Trast-KG6E-AF conjugates
in HER2-positive breast cancer cells by the pulse-
chase method. SKBR3 cells were incubated with 50 nM
Trast-AF (open triangle) or Trast-KG6E-AF (filled
circle) conjugates at 4 °C for 1 h (pulse). After washing,
cells were incubated at 37 °C for the indicated time
(chase). The internalized fraction was evaluated by
surface quenching with 0.25 µg/mL of anti-AlexaFluor
488 IgG on ice for 30 min. The mean fluorescence
intensity (MFI) was measured by flow cytometry. Each
value shows the mean ( SEM of five to eight separate
experiments. Statistically significant differences (*P <
0.05) compared with Trast-AF conjugates at each time
point.
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(Red-LysoTracker) after treatment with Trast-KG6E-AF
conjugates. After a 3 h incubation, Trast-KG6E-AF
conjugates were internalized and partly sorted to lysos-
omes as determined by colocalization with LysoTracker
(Figure 7). This result corresponds to previous reports that
trastuzumab-PAMAM-methotrexate and trastuzumab-
acid labile fluorescent probe conjugates were localized in
lysosomal vesicles after 24-48 h treatment in HER2-
positive cells.30,47 Lysosomal trafficking is emphasized
as an essential pathway for release of not only chemo-
therapeutic drugs for antitumor activity but also imaging
probes for highly sensitive tumor imaging after linker
cleavage by lysosomal enzymes at a low pH.12,16,47-49

Upon cleavage of pH-sensitive linkers, chemotherapeutic
drugs such as doxorubicin passively cross lysosomal
membrane based on hydrophobicity and notional hydrogen
bonding capacity.50 Importantly, an insufficient cleavage
due to rapid lysosomal escape of amide-bonded methot-
rexate-cationic PAMAM dendrimer was reported for low
anticancer activity; on the other hand, conjugation to
anionic PAMAM dendrimer could prolong lysosomal
residence time which was responsible for sufficient drug
liberation from conjugates resulting in effective treatment
of methotrexate-resistant tumors.42 Recently, Kobayashi
and colleagues have reported a highly sensitive HER2-
selective tumor imaging using pH-activatable fluorescent
probe-trastuzumab conjugates which are highly fluores-
cent only after cleavage in lysosomes.47 These findings
suggest the potentially chemical conjugation with tunable
pH-sensitive linkages at least as amide bonding of
trastuzumab-anionic KG6E conjugate to chemotherapeutic
drugs such as doxorubicin or geldanamycin, and imaging
reagents including near-infrared fluorescent probes for effective
chemotherapy and diagnosis. Likewise, lysosomal sorting would
enable antibody-amino acid dendrimer-chemotherapeutic drug
or imaging probe conjugates with pH-sensitive linkers to release
drugs or imaging agents and, moreover, to decompose amino
acid dendrimers into amino acids by proteolytic enzymes in
the lysosomes.36,37,51 Regarding the in Vitro assumption of
HER2 targeting with high internalization and lysosomal traf-
ficking, trastuzumab-conjugated potentially anionic KG6E den-

drimers would be an attractive carrier for HER2-positive cancer
targeting of chemotherapeutic drugs and imaging agents.

Conclusion
In this study, we demonstrated that KG6E dendrimers

possess an anionic potential with a uniform structure and
low cytotoxicity in breast cancer cell lines. Trastuzumab-
conjugated KG6E showed HER2-specific binding, high
cellular internalization rates and trafficking to lysosomes.
These observations indicate that trastuzumab-conjugated
anionic amino acid dendrimers are promising carriers for
HER2-expressing tumor-selective delivery. These findings
provide useful information for the rational design of bio-
compatible dendrimers and development of mAb-dendrimer
conjugates for targeted chemotherapy and bioimaging.
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Figure 7. Lysosomal localization of Trast-KG6E-AF conjugates. SKBR3 cells were incubated with Trast-KG6E-AF
conjugates at 37 °C for 2 h followed by lysosome staining using 50 µM LysoTracker in red for an additional 1 h. Cells
were fixed with 4% paraformaldehyde and mounted with a SlowFade Gold before fluorescence observation. The
colocalization of Trast-KG6E-AF conjugates (green) and LysoTracker (red) is indicated in yellow (white arrow).
Scale bars, 20 µm.
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