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One of the major problems in cancer chemotherapy are the severe side effects that limit the
dose of the anticancer drugs because of their unselectivity for tumor versus normal cells. In
the present work, we show that coupling of anthracyclines to peptides is a promising approach
to obtain selectivity. The peptide-drug conjugate was designed to bind to specific receptors
expressed on the tumor cells with subsequent internalization of the ligand-receptor complex.
Neuropeptide Y (NPY), a 36-amino acid peptide of the pancreatic polypeptide family, was chosen
as model peptide because NPY receptors are overexpressed in a number of neuroblastoma
tumors and the thereof derived cell lines. Daunorubicin and doxorubicin, two widely used
antineoplastic agents in tumor therapy, were covalently linked to NPY via two spacers that
differ in stability: an acid-sensitive hydrazone bond at the 13-keto position of daunorubicin
and a stable amide bond at the 3′-amino position of daunorubicin and doxorubicin. Receptor
binding of these three conjugates ([C15]-NPY-Dauno-HYD, [C15]-NPY-Dauno-MBS, and [C15]-
NPY-Doxo-MBS) was determined at the human neuroblastoma cell line SK-N-MC, which
selectively expresses the NPY Y1 receptor subtype, and cytotoxic activity was evaluated using
a XTT-based colorimetric cellular cytotoxicity assay. The different conjugates were able to bind
to the receptor with affinities ranging from 25 to 51 nM, but only the compound containing
the acid-sensitive bond ([C15]-NPY-Dauno-HYD) showed cytotoxic activity comparable to the
free daunorubicin. This cytotoxicity is Y1 receptor-mediated as shown in blocking studies with
BIBP 3226, because tumor cells that do not express NPY receptors were sensitive to free
daunorubicin, but not to the peptide-drug conjugate. The intracellular distribution was
investigated by confocal laser scanning microscopy. We found evidence that the active conjugate
[C15]-NPY-Dauno-HYD releases daunorubicin, which is localized close to the nucleus, whereas
the inactive conjugate [C15]-NPY-Dauno-MBS is distributed distantly from the nucleus and
does not seem to release the drug within the cell.

Introduction

The anthracyclines daunorubicin (Dauno) and doxo-
rubicin (Doxo) are widely used antineoplastic agents in
the treatment of various types of cancer.1,2 However, the
clinical application of these drugs is limited by their
toxic dose-related side effects: e.g. myelosuppression,
nephrotoxicity, cardiotoxicity, and extravasation derived
from the cytotoxicity toward all dividing cells.3,4 To
increase their therapeutic index, drug delivery systems
are needed which transport the antineoplastic agents
to the tumor (drug targeting). Various carriers have
been investigated so far with research focusing mainly
on macromolecular carriers such as monoclonal anti-
bodies, liposomes, serum proteins, polyethylene glycol,
and hydroxypropylmethacrylamide polymers.5-12 Only

recently, some promising approaches using peptides as
vectors were investigated: e.g. pegelin and penetratin
were used for transporting doxorubicin through the
blood-brain barrier, and peptides that specifically
target tumor blood vessels were identified by phage
display and coupled to anticancer drugs.13-15

In this study, we investigate the usefulness of pep-
tides as carriers for which the receptors are overex-
pressed on tumor cells. Covalent linking of the drug to
the peptide could be used for chemotherapy and would
lead to selective addressing of the tumor cells. As a
model peptide, we used neuropeptide Y (NPY) because
its receptors are produced in a number of neuroblastoma
and the thereof derived cell lines. NPY is a 36-amino
acid peptide of the pancreatic polypeptide family. It is
expressed in the peripheral and central nervous systems
and is one of the most abundant neuropeptides in the
brain.16 Five distinct NPY receptors have been cloned,
which have been named Y1, Y2, Y4, Y5, and y6 receptor
subtypes.17 Upon binding to the G-protein coupled
receptors, the ligand-receptor complex is internalized,
which provides a convenient way to enter the cell by
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receptor-mediated endocytosis.18,19 Because structure-
activity relationships (SARs) of NPY are well-known,20,21

position 15 of NPY was used for attaching maleimide
anthracycline derivatives which would presumably not
lead to a significant loss of binding activity for the Y1
receptor. Because the NPY-receptor complex is inter-
nalized and undergoes a pH shift from 7.4 to ap-
proximately 5.0 during endosomal trafficking, two dif-
ferent anthracycline derivatives that differ in the acid
sensitivity of the bond between the drug and the spacer
were selected (see Figure 1). Doxo-MBS and Dauno-
MBS are characterized by a stable amide bond at the
3′-amino position of the anthracycline; Dauno-HYD is
a daunorubicin derivative incorporating an acid-sensi-
tive hydrazone linker at the 13-keto position. The
maleimide moiety was introduced into daunorubicin and
doxorubicin in order to selectively label the sulfhydryl
group of [C15]-NPY.

The conjugates [C15]-NPY-Dauno-HYD, [C15]-NPY-
Dauno-MBS, and [C15]-NPY-Doxo-MBS were synthe-
sized, and binding assays were performed in the NPY
Y1 receptor expressing tumor cell line SK-N-MC. Fur-
thermore, the in vitro cytotoxic effects of the compounds
were tested by a colorimetric cellular cytotoxicity assay.
As a control, receptor blocking experiments were per-
formed, and cytotoxicity was investigated against glio-
blastoma XF-498L cells, which do not express NPY
receptors. To gain insights into the localization and
distribution of NPY, daunorubicin, and the prepared
conjugates within the cell, confocal laser scanning
microscopy studies were performed.

Experimental Section
Abbreviations: CF-NPY, carboxyfluorescein-neuropeptide

Y; CLSM, confocal laser scanning microscopy; PBS, phosphate-

buffered saline; XTT, 2,3-bis(2-methoxy-4-nitro-5-sulfonyl)-
5[(phenylamino)carbonyl]-2H-tetrazolium hydroxide.

Materials. Fmoc-protected amino acids and 4-(2′,4′-dimeth-
oxyphenyl-Fmoc-aminomethyl)phenoxy resin were obtained
from NovaBiochem (Läufelfingen, Switzerland), diisopropyl-
carbodiimide and thiocresol from Aldrich, 1-hydroxybenzo-
triazole (HOBt), N-ethyldiisopropylamine (DIPEA), trifluoro-
acetic acid, thioanisole, 1,2-ethanedithiole and piperidine from
Fluka, and tert-butyl alcohol from Merck. Acetone, dimethyl-
formamide, diethyl ether and tetrahydrofuran were purchased
from Scharlau (La Jota, Barcelona, Spain). Acetonitrile was
obtained from Romil (Cambridge, England). Daunorubicin HCl
was a gift from Rhône Poulenc Rorer. Bovine serum albumin,
XTT and bacitracin were purchased from Sigma, minimum
essential medium with Earle’s salts (MEM), RPMI 1640
medium, fetal calf serum, trypsine-EDTA, Dulbecco’s phosphate-
buffered saline (PBS) without calcium and magnesium,
glutamine, sodium pyruvate, and nonessential amino acids
were from Gibco. Hoechst 33342 was obtained from Molecular
Probes. EDTA, menadione and Pefabloc SC were from Fluka.
[3H]Propionyl-NPY (specific activity of 2.66 TBq/mmol) was
purchased from Amersham.

Synthesis. The peptide [C15]-pNPY was synthesized by
automated multiple solid-phase peptide synthesis using a robot
system (Syro, MultiSynTech, Bochum, Germany). To obtain
the peptide amide, 4-(2′,4′-dimethoxyphenyl-Fmoc-amino-
methyl)phenoxy resin was used. The polymer matrix was
polystyrene-1%-divinylbenzene (30 mg, 15 µmol). The side
chain protection was chosen as follows: Tyr(tert-butyl), Glu-
(tert-butyl), Arg(2,2,3,5,5-pentamethylchromansulfonyl), His-
(trityl), Gln(trityl), Asn(trityl), Thr(tert-butyl), and Lys(tert-
butyloxycarbonyl). Double coupling procedures were performed
with diisopropylcarbodiimide/1-hydroxybenzotriazole activa-
tion, 10-fold excess and a coupling time of 40 min. The peptide
amide was cleaved with 1 mL of trifluoroacetic acid/thioanisole/
ethanedithiole (90:7:3) within 3 h. The peptide was precipi-
tated from cold diethyl ether, collected by centrifugation and
lyophilized from water/tert-butyl alcohol (1:1). Analysis of the
product was performed by analytical reversed-phase HPLC at
220 nm on nucleosil C-18 columns from Merck-Hitachi (5 µm,

Figure 1. Synthesis of daunorubicin and doxorubicin maleimide derivatives.
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3 × 125 mm). Acetonitrile/water mixed with 0.1% trifluoro-
acetic acid was used as eluent. A flow rate of 0.6 mL/min and
a gradient of 25-75% acetonitrile over 30 min was applied.
Correct mass was identified by ion-spray mass spectrometry
(SSQ 710, Finnigan MAT, Bremen, Germany).

Maleimide derivatives of daunorubicin and doxorubicin
(Dauno-MBS, Doxo-MBS, and Dauno-HYD) were prepared as
described previously.22,23 For the conjugation of [C15]-NPY and
the maleimide derivatives, the peptide was dissolved in water
(1.19 mM concentration), Dauno-HYD in water/tert-butyl
alcohol (1:1) (2.38 mM), Dauno-MBS in tetrahydrofuran (2.38
mM) and Doxo-MBS in dimethylformamide (2.38 mM). The
coupling of the Dauno-MBS and Doxo-MBS moiety was
performed with a 2-fold molar excess and a 4-fold for Dauno-
HYD. PBS was added to maintain a pH value of 7.2. A typical
reaction mixture contained 400 µL aqueous solution of [C15]-
NPY, 400 µL organic MBS compound (800 µL HYD, respec-
tively), and 530 µL PBS. The reaction solutions were mixed,
homogenized and stirred for 1 h at room temperature. The
samples were centrifuged for 5 min (8000g, room temperature),
the supernatants were evaporated in a speedvac (Variant
S100) and dissolved in water/acetonitrile (1:1). The crude
reaction mixtures were purified by preparative HPLC.

A RP C-18 column from Waters (6 µm, 25 × 300 mm) was
used and acetonitrile with 0.08% trifluoroacetic acid and water
as eluent. The products were separated with a flow rate of 2.5
mL/min and a gradient of 30-65% acetonitrile in 30 min.
Fractions were collected and the solvent removed by the
speedvac. After resuspension in water/tert-butyl alcohol (1:1),
the samples were lyophilized. Identification was performed by
ion-spray mass spectrometry, and purity was confirmed by
analytical HPLC (λ ) 220 nm).

Cell Culture. SK-N-MC cells were grown in MEM with
Earl’s salts containing 10% fetal calf serum, 4 mM glutamine,
1 mM sodium pyruvate and 1% nonessential amino acids. Cells
were grown to confluency at 37 °C and 5% CO2. The growth
medium was removed and the cells were washed with Dul-
becco’s PBS. After incubation at room temperature for 3 min
with PBS containing 0.02% EDTA, the cells were detached by
mechanical agitation and suspended in new medium or
incubation buffer. Glioblastoma cells XF-498L (kindly provided
by H. H. Fiebig, Tumor Biology Center Freiburg) were grown
in RPMI 1640 medium containing 10% fetal calf serum at 37
°C and 5% CO2. At confluency, the cells were washed with
Dulbecco’s PBS and incubated at 37 °C for 5 min with trypsine-
EDTA. Subsequently, the cells were detached and resuspended
in new medium.

Receptor Binding Studies. Binding assays on SK-N-MC
cells were performed (n ) 3) using the following incubation
buffer: MEM with Earl’s salts containing 0.1% bacitracin, 50
µM Pefabloc SC and 1% bovine serum albumin.24 Cells were
washed with PBS and resuspended in incubation buffer. 200
µL of the suspension containing 400 000 cells were incubated
with 25 µL 10 nM [3H]propionyl-NPY and 25 µL 10 pM-10
µM [C15]-NPY or conjugates. Nonspecific binding was defined
in the presence of 1 µM unlabeled NPY. After 1.5 h at room
temperature, the incubation was terminated by centrifugation
at 2000g and 4 °C for 5 min. The pellets were then washed
once with PBS by centrifugation, resuspended in PBS, trans-
ferred to scintillation vials and mixed with scintillation
cocktail. Radioactivity was determined using a â-counter
(Beckman LS6500).

Colorimetric Cellular Cytotoxicity Studies. Cytotoxic
activities of the conjugates were tested by a XTT-based
colorimetric cellular cytotoxicity assay 25 (n ) 3). SK-N-MC
and glioblastoma XF-498L cells were grown to subconfluency
in 96-wells. Growth medium was removed, and the cells were
incubated with the peptide conjugates. The compounds had
been dissolved in growth medium, concentrations ranged from
10-6 to 10-9 M. In addition to the cytotoxic conjugates, [15C]-
NPY and free daunorubicin were tested. Preincubation with
BIBP 3226 (10-4 M) was performed for 3 h prior to the addition

of daunorubicin or [C15]-NPY-Dauno-HYD. Background was
defined by the medium, and untreated cells were used for
reference.

Cells were incubated for 2 days under normal growth
conditions and cytotoxicity subsequently measured with the
XTT assay. Additionally, cell viability was confirmed by trypan
blue exclusion. The XTT solution was prepared as follows: 5
mg XTT was dissolved in 5 mL MEM with Earl’s salts at 37
°C, and 1.8 mg menadione was dissolved in 1 mL acetone. Prior
to use, 50 µL of the menadione solution were added to the
preheated MEM solution. From this final XTT solution, 50 µL
was distributed in each well. After incubation at 37 °C and
5% CO2 for 2 h, absorption was measured at 450 nm (Spec-
trafluor plus, Tecan).

CLSM Microscopy Studies. SK-N-MC cells were grown
on a Chamber slide (Nunc Lab-Tek) for 5 days. Growth
medium was removed, and the cells were incubated with
carboxyfluorescein-neuropeptide Y (CF-NPY), [C15]-NPY-
Dauno-HYD, [C15]-NPY-Dauno-MBS and daunorubicin, re-
spectively. CF-NPY was prepared as described previously.26

The compounds were dissolved in growth medium at concen-
trations of 1 µM, and untreated cells were used as reference.
The nuclei of the cells were stained with Hoechst 33342 (final
concentration: 1.76 µM). After incubation for 8 h at 37 °C,
the cells were washed twice with prewarmed PBS, covered
with fresh PBS and investigated unfixed under the microscope.
A Zeiss LSM 410 inverted microscope was used (lasers: HeNe
543 nm, Ar 488/514 nm, and Ar UV 364 nm). Optical sections
at intervals of 0.3 µm were taken with a 63 ×/1.3 Plan-
Apochromat objective. Image processing was performed on a
Silicon Graphics workstation using IMARIS, a 3D multichan-
nel image processing software for confocal microscopic images
(Bitplane AG, Zurich, Switzerland).

Results
Synthesis and Characterization. To attach pNPY

to the anthracyclines, we modified the peptide and
introduced a Cys in position 15, replacing the native
Glu. [C15]-NPY was synthesized by solid-phase peptide
synthesis using Fmoc strategy, yielding the peptide with
96% purity. The sulfhydryl group was used to bind
selectively to the carbon double bond of the maleimide
moiety attached to daunorubicin and doxorubicin. The
coupling step performed in solution turned out to be pH-
sensitive with the fastest reaction and the highest yields
being achieved at pH 7.2 in the presence of 20-30%
organic solvent. 2-4-Fold excess of maleimide deriva-
tives compared to the peptide was used. Coupling of the
MBS moiety usually took place with better yields (30-
38% according to HPLC) than coupling of the HYD
moiety (19%). Analytical data of [C15]-NPY and the
prepared conjugates are shown in Table 1.

Receptor Binding Studies. Neuroblastoma cells
SK-N-MC have been shown to express NPY Y1 recep-
tors.27 Affinities of the new compounds were determined
by displacement of [3H]propionyl-NPY. The NPY ana-

Table 1. Analytical Data of Peptides and Conjugates

mass
peptide calcd exptl

HPLC
(min)

purityc

(%)
yield
(mg)

[C15]-NPY 4226.8 4226.0 13.96a 96 64
[C15]-NPY-Dauno-MBS 4953.0 4953.8 13.00b 94 1.8
[C15]-NPY-Dauno-HYD 4981.0 4981.8 15.37b 89 1.1
[C15]-NPY-Doxo-MBS 4968.7 4968.6 12.65b 95 2.1

Gradient systems: a25-75% acetonitrile with 0.1% trifluoro-
acetic acid within 30 min; b 30-65% acetonitrile with 0.1%
trifluoroacetic acid within 30 min. cAccording to HPLC. The
detectable contaminants were mainly unconjugated [C15]-NPY and,
to a much smaller amount, incomplete adducts of Dauno-MBS,
Doxo-MBS or Dauno-HYD and [C15]-NPY (<2%).
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logue [C15]-NPY shows high affinity (IC50 value 1.4 (
0.2 nM) for this receptor. After conjugation of the
anthracycline maleimide derivatives with the peptide,
binding is reduced: The conjugates are still able to bind
to the receptor; however, IC50 values are [C15]-NPY-
Dauno-HYD ) 24.9 ( 3.4 nM, [C15]-NPY-Dauno-MBS
) 43.1 ( 11.2 nM, and [C15]-NPY-Doxo-MBS ) 50.8 (
9.8 nM. Displacement curves are shown in Figure 2.

Colorimetric Cellular Cytotoxicity Studies. The
effect of the compounds on the target cells was inves-
tigated by a colorimetric cellular cytotoxicity, in which
the tetrazolium salt XTT is bioreduced to a colored
formazan.28 Metabolism of the tetrazolium compound
is therefore directly related to the cell number and
indicates cell viability.

SK-N-MC cells expressing the Y1 receptor were incu-
bated with a 1 µM solution of the three conjugates, [C15]-
NPY, and daunorubicin. Viability was determined after
48 h (Figure 3A). [C15]-NPY, [C15]-NPY-Dauno-MBS,
and [C15]-NPY-Doxo-MBS showed no or only marginal
effects. In contrast, [C15]-NPY-Dauno-HYD was as ef-
fective as free daunorubicin with respect to cytotoxicity,
and the compounds were able to reduce cell growth by
66.9 ( 2.5% and 68.6 ( 0.4%, respectively. Pretreatment
with 100 µM of the Y1 receptor antagonist BIBP
322629,30 antagonized the cytotoxicity of [C15]-NPY-
Dauno-HYD (cell viability remained at 89.1 ( 4.6%), but
not that of daunorubicin. To investigate the minimal
required concentration of the administered conjugates,
dilutions were made and tested on SK-N-MC cells; the
cytotoxic effects of [C15]-NPY-Dauno-HYD and dauno-
rubicin were visible starting at 1 µM concentrations
(Figure 3B). The same compounds were tested on
glioblastoma XF-498L cells that do not express NPY
receptors.31 Daunorubicin was able to reduce cell growth
by 47.3 ( 5%, whereas [C15]-NPY-Dauno-HYD showed
no cytotoxicity (Figure 3C). This result indicates that
selective tumor targeting is possible with [C15]-NPY-
Dauno-HYD, because growing cells that do not express
NPY receptors are not affected by the peptide conjugate
in contrast to the nonconjugated chemotherapeutic drug.

Confocal Laser Scanning Microscopy. Confocal
laser scanning microscopy (CLSM) was used to study
the intracellular distribution of NPY, daunorubicin, and
the prepared conjugates. CLSM is a suitable technique
to study the intracellular fate of the autofluorescent
drug daunorubicin.10 SK-N-MC cells were incubated
with the compounds for 8 h and investigated under the

microscope. To avoid nonspecific uptake into the nucleus,
cells were investigated without fixation and permeabi-
lization. Cell nuclei were stained with Hoechst 33342.
Results are shown in Figure 4 (left-hand side: 3D-
reconstructions; right-hand side: z-projections of the
same pictures). Cell nuclei are shown in cyan, and the
different compounds are depicted in red. The unconju-
gated peptide, CF-NPY, remained localized at a certain
distance from the nuclei (Figure 4A) and is not distrib-
uted throughout the cells. The same pattern was also
found with [C15]-NPY-Dauno-MBS (Figure 4B), indicat-
ing that the detectable Dauno-MBS is still coupled to
the [C15]-NPY. In contrast, [C15]-NPY-Dauno-HYD (Fig-
ure 4C) as well as free daunorubicin (Figure 4D) were
found in the perinuclear area (arrow). This might
indicate that the cytotoxic active part Dauno-HYD is
cleaved from the mother compound [C15]-NPY-Dauno-
HYD by hydrolysis. As a consequence a similar distri-
bution pattern is found as for free daunorubicin.

These results are in good agreement with the cyto-
toxic effects. Only the compound with the acid labile
spacer HYD is active, whereas conjugates with an MBS
spacer show no cytotoxicity.

Discussion

Coupling of anticancer drugs to macromolecular car-
riers has been shown to be a suitable approach to
circumvent toxic side effects of these drugs to normal
cells and to improve their efficacy toward malignant
cells.32,33 Polymers such as antibodies, serum proteins,
polysaccharides, or synthetic copolymers accumulate in
tumor tissue because of enhanced vascular permeability
of tumor blood vessels and are retained there because
of poor lymphatic drainage systems.34,35 Compared to
this passive tumor targeting, a more active one would
be desirable by using selective receptors on the tumor
cells or on tumor blood vessels.36,37 The receptor target-
ing approach has become very important in nuclear
oncology, and radiolabeled peptides are widely used for
scintigraphy or radiotherapy.38-43 Nevertheless, radio-
peptides are able to perform their functions without
necessarily entering the cells, whereas chemotherapeu-
tic drugs have to be guided into the cell and subse-
quently released from the peptide carrier. Different
peptides have been shown to be able to transport drugs
through cell membranes, but this cellular uptake is
usually receptor-independent, hence not specific.14,44,45

By developing peptide-anthracycline conjugates that
target receptors that are overexpressed on the distinct
tumor cells, we made a first step toward receptor-
mediated selective chemotherapy, where we could im-
prove selectivity and reduce side effects. In principle,
any peptide with specific receptors on the target can be
used as a vector, as long as the peptidic conjugate
retains high affinity for its receptor. Phage display
strategy could be used to identify peptides capable of
binding known target molecules or tissues.15,46 An early
attempt for peptide-guided chemotherapeutic tumor
targeting has been done by Rigaudy,47 whereas Schally
and co-workers48 and recently Huang49 underlined this
suitable approach. In our case, we chose NPY as a model
peptide, as its receptors are overexpressed in a number
of neuroblastoma. Although NPY receptors are natu-
rally produced in the nervous system and the brain as

Figure 2. Binding of conjugates on SK-N-MC cells. Binding
curves of [C15]-NPY (9; ) - -), [C15]-NPY-Dauno-HYD
(2; s), [C15]-NPY-Dauno-MBS (1; - - -), and [C15]-NPY-Doxo-
MBS (]; - - -).
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well, the quantitative difference in receptors between
normal and malignant cells can be exploited for selective
chemotherapy. Since we knew from previous studies
which amino acids of NPY are essential for retaining
binding affinity to the Y1 receptor,50 we replaced Glu-
15 by a Cys, which is then able to bind selectively to
the carbon double bond of the maleimide moiety at-
tached to daunorubicin and doxorubicin.51 As expected,
we lost only little binding activity for the Y1 receptor
by this strategy as shown in the receptor binding
studies.

The efficacy of the prepared conjugates of NPY and
daunoubicin or doxorubicin was tested in vitro by a
colorimetric cytotoxicity assay using SK-N-MC cells
expressing the Y1 receptor. Of our three conjugates
([C15]-NPY-Dauno-MBS, [C15]-NPY-Doxo-MBS, and [C15]-
NPY-Dauno-HYD) only the latter showed cytotoxicity

in this cell line and was as potent as free daunorubicin.
As a negative control, blocking experiments with a 100-
fold excess of the Y1 receptor antagonist BIBP 322629,30

were performed, which antagonized the cytotoxicity of
[C15]-NPY-Dauno-HYD but not that of daunorubicin.
Moreover, we evaluated the cytotoxicity of the potent
compounds in glioblastoma XF-498L cells that do not
express NPY receptors. Since only free daunorubicin
was able to kill these cells, we were able to induce
selectivity by our peptide carrier approach.

Our results show that the cytotoxic activity of the
conjugates is correlated with the chemical link between
the peptide and the drug because using the HYD spacer
led to cell death, whereas the use of the MBS spacer
showed no effect. The main difference between these two
spacers lies in their acid stability. The pH sensitivity
of the hydrazone bond in HYD and the amide bond in

Figure 3. Cytotoxicity of conjugates on SK-N-MC cells (A, B) and glioblastoma cells (C). Viability of cells after incubation with
compounds measured by a colorimetric cytotoxicity assay. In A and C, 1 µM concentration was administered for 48 h; in B,
concentrations from 0.1 to 1 µM were administered for 36 h. 100 µM BIBP 3226 was added 3 h prior to treatment with daunorubicin
or [C15]-NPY-Dauno-HYD.
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MBS has been investigated previously demonstrating
that the amide bond is stable at pH 7.4 and 5.0, whereas
the hydrazone bond is stable at pH 7.4 but not at
5.0.8,10,23 The hydrazone showed less than 10% degrada-
tion at pH 7.4 after 24 h, whereas at pH 5.0, a half-
time of approximately 30 h was determined. Further-
more, ca. 90% stability in cell-conditioned medium or
10% FCS after 48 h has been found. This different
behavior provides a tool for releasing the drug from its
carrier in an acidic environment. During endocytosis, a
significant drop of pH is observed: The extracellular
space shows a physiological pH of 7.2-7.4, but in the
endosomes the pH gradually drops from physiological
to pH 5 in prelysosomes and subsequently to pH 4 in
lysosomes.18,52 Presumably, [C15]-NPY-Dauno-HYD binds
to the Y1 receptor on the tumor surface and is internal-
ized by receptor-mediated endocytosis,19 and daunoru-
bicin is released in the prelysosomes or lysosomes, from

where it can diffuse into the cytoplasm and reach the
target organelles. In contrast, the MBS conjugates will
not release daunorubicin, and therefore no cytotoxic
effects are observed. The importance of the acid sensi-
tivity of the linker between the anticancer drug and the
carrier for anticancer activity, which had been shown
before,5,22,52-55 could be confirmed.

The transport of doxorubicin into the cell by receptor-
mediated endocytosis was shown to be a suitable ap-
proach for specific cytotoxicity by a research group at
Bristol-Myers Squibb. Using acid-sensitive doxorubicin
immunoconjugates with monoclonal antibodies, they
could show antigen-specific antitumor activity in vitro
and in vivo.56 Furthermore, they realized that binding,
internalization, and acid hydrolysis of the conjugate are
required for specific cytotoxicity,57 and with an opti-
mized linker, complete cures of xenografted human
carcinomas could be achieved.58,59

To further investigate the cellular uptake and distri-
bution of our conjugates, CLSM was performed. The
autofluorescent daunorubicin can be excited at 480 nm
and shows a broad emission spectrum ranging from 500
to 680 nm.11 Free NPY, applied as CF-NPY, and the
MBS conjugate [C15]-NPY-Dauno-MBS exhibited a simi-
lar distribution pattern. Both remain at a certain
distance from the nucleus. In contrast, [C15]-NPY-
Dauno-HYD was enriched in the perinuclerar space and
exhibited a similar distribution as free daunorubicin.
This could be an indication that daunorubicin is released
from the HYD conjugate within the cell and is subse-
quently able to perform its cytotoxic activity as free
daunorubicin. In contrast, the MBS conjugate does not
seem to be hydrolyzed, since it still shows the same
localization as the carrier peptide NPY.

In conclusion, our studies demonstrate the potential
application of suitable peptides for tumor targeting
approaches and underline the importance of the nature
of the chemical link between the drug and the carrier
for cytotoxic activity.
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support of H. Späte is also kindly acknowledged. BIBP
3226 was kindly provided by Prof. A. Buschauer,
University Regensburg, Germany.

References
(1) Priebe, W. Anthracycline antibiotics-new analogues, methods of

delivery and mechanism of action; ACS Symposium Series;
ACS: Washington, DC, 1995.

(2) Dorr, R. T.; von Hoff, D. D. Cancer chemotherapy handbook, 2nd
ed.; Appleton and Lange: Norwalk, 1994.

(3) Myers, C. E.; Chabner, B. A. Cancer chemotherapy-principles
and practice. In Anthracyclins; Chabner, B. A., Collins, J. M.,
Eds.; Lippincott: Philadelphia, 1990; pp 256-381.

(4) Carter, S. K. Adriamycin - a review. J. Natl. Cancer Inst. 1975,
55, 1265-1275.

(5) Mueller, B. M.; Wrasidlo, W. A.; Reisfeld, R. A. Antibody
conjugates with morpholinodoxorubicin and acid-cleavable link-
ers. Bioconjugate Chem. 1990, 1, 325-330.

(6) Greenfield, R. S.; Kaneko, T.; Daues, A.; Edson, M. A.; Fitzgerald,
K. A.; Olech, L. J.; Grattan, J. A.; Spitalny, G. L.; Braslawsky,
G. R. Evaluation in vitro of adriamycin immunoconjugates
synthesized using an acid-sensitive hydrazone linker. Cancer
Res. 1990, 50, 6600-6607.

(7) Oudard, S.; Thierry, A.; Jorgensen, T. J.; Rahman, A. Sensitiza-
tion of multidrug-resistant colon cancer cells to doxorubicin
encapsulated in liposomes. Cancer Chemother. Pharmacol. 1991,
28, 259-265.

Figure 4. Visualization of conjugates on SK-N-MC cells by
CLSM: 3D-reconstruction (left) and z-projection (right). Cell
nuclei (cyan) are stained with Hoechst 33342, and compounds
are shown in red: CF-NPY (A), [C15]-NPY-Dauno-MBS (B),
[C15]-NPY-Dauno-HYD (C), and free daunorubicin (D).

1346 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 9 Langer et al.



(8) Kratz, F.; Beyer, U.; Collery, P.; Lechenault, F.; Cazabat, A.;
Schumacher, P.; Falken, U.; Unger, C. Preparation, character-
ization and in vitro efficacy of albumin conjugates of doxorubicin.
Biol. Pharm. Bull. 1998, 21, 56-61.

(9) Kratz, F.; Muller-Driver, R.; Hofmann, I.; Drevs, J.; Unger, C.
A novel macromolecular prodrug concept exploiting endogenous
serum albumin as a drug carrier for cancer chemotherapy. J.
Med. Chem. 2000, 43, 1253-1256.

(10) Kratz, F.; Beyer, U.; Roth, T.; Tarasova, N.; Collery, P.; Lech-
enault, F.; Cazabat, A.; Schumacher, P.; Unger, C.; Falken, U.
Transferrin conjugates of doxorubicin: synthesis, characteriza-
tion, cellular uptake, and in vitro efficacy. J. Pharm. Sci. 1998,
87, 338-346.

(11) Rodrigues, P. C.; Beyer, U.; Schumacher, P.; Roth, T.; Fiebig,
H. H.; Unger, C.; Messori, L.; Orioli, P.; Paper, D. H.; Mulhaupt,
R.; Kratz, F. Acid-sensitive poly(ethylene glycol) conjugates of
doxorubicin: preparation, in vitro efficacy and intracellular
distribution. Bioorg. Med. Chem. 1999, 7, 2517-2524.

(12) O’Hare, K. B.; Duncan, R.; Strohalm, J.; Ulbrich, K.; Kopeckova,
P. Polymeric drug-carriers containing doxorubicin and melano-
cyte-stimulating hormone: in vitro and in vivo evaluation
against murine melanoma. J. Drug Target. 1993, 1, 217-229.

(13) Rousselle, C.; Clair, P.; Lefauconnier, J. M.; Kaczorek, M.;
Scherrmann, J. M.; Temsamani, J. New advances in the
transport of doxorubicin through the blood-brain barrier by a
peptide vector-mediated strategy. Mol. Pharmacol. 2000, 57,
679-686.

(14) Derossi, D.; Chassaing, G.; Prochiantz, A. Trojan peptides: the
penetratin system for intracellular delivery. Trends Cell. Biol.
1998, 8, 84-87.

(15) Arap, W.; Pasqualini, R.; Ruoslahti, E. Cancer treatment by
targeted drug delivery to tumor vasculature in a mouse model.
Science 1998, 279, 377-380.

(16) Tatemoto, K. Neuropeptide Y: complete amino acid sequence
of the brain peptide. Proc. Natl. Acad. Sci. U.S.A. 1982, 79,
5485-5489.

(17) Michel, M. C.; Beck-Sickinger, A.; Cox, H.; Doods, H. N.; Herzog,
H.; Larhammar, D.; Quirion, R.; Schwartz, T.; Westfall, T. XVI.
International Union of Pharmacology recommendations for the
nomenclature of neuropeptide Y, peptide YY, and pancreatic
polypeptide receptors. Pharmacol. Rev. 1998, 50, 143-150.

(18) Mukherjee, S.; Ghosh, R. N.; Maxfield, F. R. Endocytosis. Physiol.
Rev. 1997, 77, 759-803.

(19) Fabry, M.; Langer, M.; Rothen-Rutishauser, B.; Wunderli-
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(23) Krüger, M.; Beyer, U.; Schumacher, P.; Unger, C.; Zahn, H.;
Kratz, F. Synthesis and stability of four derivatives of the
anticancer drug doxorubicin for the preparation of chemoimmu-
noconjugates. Chem. Pharm. Bull. 1997, 45, 399-401.

(24) Ingenhoven, N.; Beck-Sickinger, A. G. Fluorescent labeled
analogues of neuropeptide Y for the characterization of cells
expressing NPY receptor subtypes. J. Recept. Signal Transduct.
Res. 1997, 17, 407-418.

(25) Jost, L. M.; Kirkwood, J. M.; Whiteside, T. L. Improved short-
and long-term XTT-based colorimetric cellular cytotoxicity assay
for melanoma and other tumor cells. J. Immunol. Methods 1992,
147, 153-165.

(26) Weber, P. J.; Bader, J. E.; Folkers, G.; Beck-Sickinger, A. G. A
fast and inexpensive method for N-terminal fluorescein-labeling
of peptides. Bioorg. Med. Chem. Lett. 1998, 8, 597-600.

(27) Gordon, E. A.; Kohout, T. A.; Fishman, P. H. Characterization
of functional neuropeptide Y receptors in a human neuroblas-
toma cell line. J. Neurochem. 1990, 55, 506-513.

(28) Scudiero, D. A.; Shoemaker, R. H.; Paull, K. D.; Monks, A.;
Tierney, S.; Nofziger, T. H.; Currens, M. J.; Seniff, D.; Boyd, M.
R. Evaluation of a soluble tetrazolium/formazan assay for cell
growth and drug sensitivity in culture using human and other
tumor cell lines. Cancer Res. 1988, 48, 4827-4833.

(29) Rudolf, K.; Eberlein, W.; Engel, W.; Wieland, H. A.; Willim, K.
D.; Entzeroth, M.; Wienen, W.; Beck-Sickinger, A. G.; Doods, H.
N. The first highly potent and selective non-peptide neuropeptide
Y Y1 receptor antagonist: BIBP 3226. Eur. J. Pharmacol. 1994,
271, R11-13.

(30) Doods, H. N.; Wienen, W.; Entzeroth, M.; Rudolf, K.; Eberlein,
W.; Engel, W.; Wieland, H. A. Pharmacological characterization
of the selective nonpeptide neuropeptide Y Y1 receptor antago-
nist BIBP 3226. J. Pharmacol. Exp. Ther. 1995, 275, 136-142.

(31) Fabry, M.; Cabrele, C.; Höcker, H.; Beck-Sickinger, A. G.
Differently labeled peptide ligands for rapid investigation of
receptor expression on a new human glioblastoma cell line.
Peptides 2000, 21, 1885-1893.

(32) Takakura, Y.; Hashida, M. Macromolecular drug carrier systems
in cancer chemotherapy: macromolecular prodrugs. Crit. Rev.
Oncol. Hematol. 1995, 18, 207-231.

(33) Sezaki, H.; Hashida, M. Macromolecule-drug conjugates in
targeted cancer chemotherapy. Crit. Rev. Ther. Drug Carrier
Syst. 1984, 1, 1-38.

(34) Seymour, L. W. Passive tumor targeting of soluble macromol-
ecules and drug conjugates. Crit. Rev. Ther. Drug Carrier Syst.
1992, 9, 135-187.

(35) Maeda, H.; Matsumura, Y. Tumoritropic and lymphotropic
principles of macromolecular drugs. Crit. Rev. Ther. Drug
Carrier Syst. 1989, 6, 193-210.

(36) Kratz, F. Drug targeting in antineoplastic chemotherapy: an-
tigens and receptors in the tumor cell surface as an attack point
for selective chemotherapy. Pharm. Unserer Zeit 1995, 24, 14-
26.

(37) Barinaga, M. Peptide-guided cancer drugs show promise in mice.
Science 1998, 279, 323-324.

(38) Fischman, A. J.; Babich, J. W.; Strauss, H. W. A ticket to ride:
peptide radiopharmaceuticals. J. Nucl. Med. 1993, 34, 2253-
2263.

(39) McAfee, J. G.; Neumann, R. D. Radiolabeled peptides and other
ligands for receptors overexpressed in tumor cells for imaging
neoplasms. Nucl. Med. Biol. 1996, 23, 673-676.

(40) Reubi, J. C. Neuropeptide receptors in health and disease: the
molecular basis for in vivo imaging. J. Nucl. Med. 1995, 36,
1825-1835.

(41) Froidevaux, S.; Eberle, A. N.; Heppeler, A.; Maecke, H. R.
Receptor Targeting for Tumor Localisation and Therapy with
Radiopeptides. Curr. Med. Chem. 2000, 7, 971-994.

(42) De Jong, M.; Bakker, W. H.; Breeman, W. A.; Bernard, B. F.;
Hofland, L. J.; Visser, T. J.; Srinivasan, A.; Schmidt, M.; Behe,
M.; Macke, H. R.; Krenning, E. P. Pre-clinical comparison of
[DTPA0] octreotide, [DTPA0,Tyr3] octreotide and [DOTA0,Tyr3]
octreotide as carriers for somatostatin receptor-targeted scin-
tigraphy and radionuclide therapy. Int. J. Cancer 1998, 75, 406-
411.

(43) Zamora, P. O.; Bender, H.; Gulhke, S.; Marek, M. J.; Knapp, F.
F. Jr.; Rhodes, B. A.; Biersack, H. J. Pre-clinical experience with
Re-188-RC-160, a radiolabeled somatostatin analogue for use in
peptide-targeted radiotherapy. Anticancer Res. 1997, 17, 1803-
1808.

(44) Derossi, D.; Calvet, S.; Trembleau, A.; Brunissen, A.; Chassaing,
G.; Prochiantz, A. Cell internalization of the third helix of the
Antennapedia homeodomain is receptor-independent. J. Biol.
Chem. 1996, 271, 18188-18193.

(45) Schmidt, M. C.; Rothen-Rutishauser, B.; Rist, B.; Beck-Sickinger,
A.; Wunderli-Allenspach, H.; Rubas, W.; Sadee, W.; Merkle, H.
P. Translocation of human calcitonin in respiratory nasal
epithelium is associated with self-assembly in lipid membrane.
Biochemistry 1998, 37, 16582-16590.

(46) Koivunen, E.; Arap, W.; Rajotte, D.; Lahdenranta, J.; Pasqualini,
R. Identification of receptor ligands with phage display peptide
libraries. J. Nucl. Med. 1999, 40, 883-888.

(47) Rigaudy, P.; Charcosset, J. Y.; Garbay-Jaureguiberry, C.; Jac-
quemin-Sablon, A.; Roques, B. P. Attempts to target antitumor
drugs toward opioid receptor-rich mouse tumor cells with
enkephalin-ellipticinium conjugates. Cancer Res. 1989, 49,
1836-1842.

(48) Schally, A. V.; Nagy, A. Cancer chemotherapy based on targeting
of cytotoxic peptide conjugates to their receptors on tumors. Eur.
J. Endocrinol. 1999, 141, 1-14.

(49) Huang, C. M.; Wu, Y. T.; Chen, S. T. Targeting delivery of
paclitaxel into tumor cells via somatostatin receptor endocytosis.
Chem. Biol. 2000, 7, 453-461.

(50) Beck-Sickinger, A. G.; Wieland, H. A.; Wittneben, H.; Willim,
K. D.; Rudolf, K.; Jung, G. Complete L-alanine scan of neuropep-
tide Y reveals ligands binding to Y1 and Y2 receptors with
distinguished conformations. Eur. J. Biochem. 1994, 225, 947-
958.

(51) Means, G. E.; Feeney, R. E. Chemical modifications of proteins:
history and applications. Bioconjugate Chem. 1990, 1, 2-12.

(52) Kratz, F.; Beyer, U.; Schutte, M. T. Drug-polymer conjugates
containing acid-cleavable bonds. Crit. Rev. Ther. Drug Carrier
Syst. 1999, 16, 245-288.

(53) Kaneko, T.; Willner, D.; Monkovic, I.; Knipe, J. O.; Braslawsky,
G. R.; Greenfield, R. S.; Vyas, D. M. New hydrazone derivatives
of adriamycin and their immunoconjugatessa correlation be-
tween acid stability and cytotoxicity. Bioconjugate Chem. 1991,
2, 133-141.

Peptide Conjugates for Tumor-Specific Chemotherapy Journal of Medicinal Chemistry, 2001, Vol. 44, No. 9 1347



(54) Kratz, F.; Beyer, U.; Roth, T.; Schutte, M. T.; Unold, A.; Fiebig,
H. H.; Unger, C. Albumin conjugates of the anticancer drug
chlorambucil: synthesis, characterization, and in vitro efficacy.
Arch. Pharm. 1998, 331, 47-53.

(55) Beyer, U.; Roth, T.; Schumacher, P.; Maier, G.; Unold, A.; Frahm,
A. W.; Fiebig, H. H.; Unger, C.; Kratz, F. Synthesis and in vitro
efficacy of transferrin conjugates of the anticancer drug chloram-
bucil. J. Med. Chem. 1998, 41, 2701-2708.

(56) Braslawsky, G. R.; Edson, M. A.; Pearce, W.; Kaneko, T.;
Greenfield, R. S. Antitumor activity of adriamycin (hydrazone-
linked) immunoconjugates compared with free adriamycin and
specificity of tumor cell killing. Cancer Res. 1990, 50, 6608-
6614.

(57) Braslawsky, G. R.; Kadow, K.; Knipe, J.; McGoff, K.; Edson, M.;
Kaneko, T.; Greenfield, R. S. Adriamycin(hydrazone)-antibody
conjugates require internalization and intracellular acid hy-
drolysis for antitumor activity. Cancer Immunol. Immunother.
1991, 33, 367-374.

(58) Trail, P. A.; Willner, D.; Knipe, J.; Henderson, A. J.; Lasch, S.
J.; Zoeckler, M. E.; TrailSmith, M. D.; Doyle, T. W.; King, H. D.;
Casazza, A. M.; Braslawsky, G. R.; Brown, J.; Hofstead, S. J.;
Greenfield, R. S.; Firestone, R. A.; Mosure, K.; Kadow, K. F.;
Yang, M. B.; Hellstrom, K. E.; Hellstrom, I. Effect of linker
variation on the stability, potency, and efficacy of carcinoma-
reactive BR64-doxorubicin immunoconjugates. Cancer Res. 1997,
57, 100-105.

(59) Trail, P. A.; Willner, D.; Lasch, S. J.; Henderson, A. J.; Hofstead,
S.; Casazza, A. M.; Firestone, R. A.; Hellstrom, I.; Hellstrom, K.
E. Cure of xenografted human carcinomas by BR96-doxorubicin
immunoconjugates. Science 1993, 261, 212-215.

JM001065F

1348 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 9 Langer et al.


