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Abstract
Neural cell adhesion molecule (NCAM) is found to be a stem-cell marker in several tumor types and its overexpression is known to correlate
with increased metastatic capacity. To combine extravasation- and ligand-dependent targeting to NCAM overexpressing-cells in the tumor
microenvironment, we developed a PEGylated NCAM-targeted dendritic polyglycerol (PG) conjugate. Here, we describe the synthesis,
physico-chemical characterization and biological evaluation of a PG conjugate bearing the mitotic inhibitor paclitaxel (PTX) and an NCAMtargeting peptide (NTP). PG-NTP-PTX-PEG was evaluated for its ability to inhibit neuroblastoma progression in vitro and in vivo as compared
to non-targeted derivatives and free drug. NCAM-targeted conjugate inhibited the migration of proliferating endothelial cells, suggesting it
would be able to inhibit tumor angiogenesis. The targeting conjugate provided an improved binding and uptake on IMR-32 cells compared to
non-targeted control. However, these results did not translate to our in vivo model on orthotopic neuroblastoma bearing mice.
© 2018 Elsevier Inc. All rights reserved.
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Despite great progress in many approaches to tumor
eradication, including chemotherapy, radiotherapy, immunotherapy, and surgery, the current treatments still suffer from
insufficient therapeutic efficacy and severe toxicity. Cancer is
one of the major fatal diseases, mainly due to complications
caused by acquired drug-resistance and metastases in essential
organs and not only due to the primary tumor mass. Since there is
a lack of selectivity of the drugs to cancerous cells, the main
challenge in current chemotherapy is to improve the pharmacokinetics, pharmacodynamics, and the bioavailability of the drugs,
and therefore avoid drug toxicity in healthy tissue.

One approach to improve the properties of the pharmacokinetic profile of chemotherapeutics is to convert them to a
macromolecule by conjugating them to polymers, i.e. polymer
therapeutics. Here, a low molecular weight (MW) drug is
coupled to a polymer, which can alter the biodistribution of the
drug following intravenous administration. The underlying
concept of this approach is the enhanced permeability and
retention (EPR) effect originally described by Maeda and
Matsumara. 1,2 Many of such polymer-drug systems have been
designed, with the goal of improving the drugs’ stability in the
bloodstream to prolong their circulation time and enhance their
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tumor accumulation due to leaky tumor vasculature. 3 They also
have the advantage of allowing concomitant conjugation of a
targeting moiety to the delivery system. 4 This type of targeting
of the drug to malignant tissue through ligand-directed targeting
that can improve the selectivity of the drug delivery system. 5
We selected dendritic polyglycerol (PG) as the polymeric
carrier due to its outstanding properties to be utilized as a drug
delivery system, regarding structure, biocompatibility, and water
solubility. PG consists of a biocompatible polyether scaffold and
its size and functional groups can be easily adjusted. 6 It can be
prepared on a kilogram scale in a controlled and easy manner via
anionic ring-opening multi-branching polymerization. 7 The
great potential of PG conjugates for biomedical applications
has been demonstrated in vitro and in vivo. 8–13 Recently, we
reported the therapeutic potential of a PEGylated PG conjugate
combining doxorubicin (DOX) and paclitaxel (PTX) through the
pH-cleavable 6-maleimidocaprohydrazide (EMCH) linker. 14
The hydrazone bond showed sufficient stability at physiological
pH, avoiding drug release in the circulation. Thus, in this study,
we also chose to employ the pH-cleavable hydrazone bond to
conjugate PTX to PG.
Functionalization with poly(ethylene glycol) (PEGylation) is
used to enhance size and solubility of a nanoparticle and obtain a
higher tumor accumulation after intravenous administration, but
also to reduce immune activation. 15 PEG layers (corona) lead to
a longer blood circulation time of the compound, as PEG inhibits
the attachment of opsonins and subsequent uptake by the
macrophages. 16
Neuroblastoma is a solid tumor derived from primitive cells
of the sympathetic nervous system. It usually arises in a
paraspinal location in the abdomen or chest. 17 It is the third most
common and deadliest tumor amongst childhood malignancies.
When metastatic at diagnosis, or with molecular and genetic
abnormalities, neuroblastoma represents a clinical challenge
having a 5-year event free survival of less than 50%. 18,19
An effective way of targeting this childhood cancer could be
by the neural cell adhesion molecule (NCAM/CD56). NCAM is
a cell adhesion molecule that exists in various isoforms. It is a
member of the immunoglobulin superfamily and mediates
cell-cell interactions. 20,21 It has been found to be a
cancer-associated antigen expressed on neuroblastoma, small
cell lung cancer, melanoma, glioblastoma, Wilms tumor and
others. Moreover, increased NCAM expression is associated
with increased metastatic capacity, expression of stem cell
markers and poor prognosis in several tumor types. 22 Since
neuroblastoma is characterized by high expression of NCAM
that is associated with cancer progression, we chose to exploit a
human neuroblastoma cell line, IMR-32, to evaluate the
anticancer activity of an NCAM-targeted nanomedicine. This
cell line is derived from primary stage 4 neuroblastoma with
MYCN gene amplification and is known to form highly
angiogenic tumors when injected orthotopically into the adrenal
gland. The IMR-32 cell line represents an appropriate metastatic
disease setting, as well as relevant microenvironment when
inoculated into the adrenal gland to evaluate anticancer
agents. 4,23,24
There have been several reports on NCAM-targeted therapies
for cancer, using either antibody-based immunotherapies or

NCAM-targeting peptides (NTPs). 4,25–28 The most advanced
immunoconjugate is IMGN901, which has reached phase II
clinical trials for small-cell lung cancer. However, it was
discontinued in 2013 due to insufficient improvement over
existing therapy. C3 peptide, originally developed as an NCAM
agonist, 29,30 has been successfully utilized as a targeting peptide
in liposomal 26 and polymer-based 4,31 drug delivery
formulations.
In this study, we chose to conjugate PTX, a microtubule
stabilizing agent, as a chemotherapeutic agent. This drug has
been deemed one of the most significant advances in anticancer
therapy. 32,33 It has also shown anti-angiogenic and pro-apoptotic
properties. 34 However, its poor water solubility necessitates the
use of Cremophor® EL as a solubilizing agent (CrEL, Taxol®,
CrEL-paclitaxel). The side effects of Cremophor® EL include
neurotoxicity, vasodilation lethargy, and hypersensitivity reactions mediated by histamine release. 35 Therefore, to reduce the
side effects and increase the drug’s safety and aqueous solubility,
an appropriate drug delivery system is required. Moreover, a
method for selective delivery of PTX to tumor cells, preventing
its distribution to healthy cells immediately after administration
is equally important. In addition, only a small amount of the drug
localizes in the tumor and the drug is a substrate for efflux
pumps, p-glycoprotein, resulting in multiple drug resistance. 36
A 130 nm albumin-bound (nab™) PTX (Abraxane®;
nab-paclitaxel) was approved by the FDA in 2005 and has
shown improved efficacy without increasing overall toxicity
compared to Cremophor® EL formulated PTX. 37 Abraxane® has
been marketed by Celgene and was evaluated in phase III clinical
trials for metastatic melanoma as a single agent, 38 for
non-small-cell lung cancer in combination with carboplatin 39
and as a monotherapy for metastatic breast cancer. It became a
first-line treatment for pancreatic cancer and non-small-cell lung
cancer. 40 The first PTX polymer-drug conjugate in phase III
clinical trials for ovarian cancer or non-small cell lung cancer is
PGA-paclitaxel (PGA-PTX, OPAXIO™). 41,42 However, a
survival benefit was surprisingly observed in non-small cell
lung cancer female patients but not males. This is related to the
cathepsin B-mediated activation of OPAXIO™ and the
relationship between estrogen levels and cathepsin B activity. 43
In this study, we wanted to achieve a selective delivery of
PTX to NCAM expressing tumors with an enhanced therapeutic
effect and reduced toxicity. Therefore, we propose the design of
a novel NCAM-targeted dendritic conjugate of PTX and an
NCAM targeting peptide bound to PEGylated PG. We describe
the synthesis and characterization of the conjugate and evaluate
its anticancer activity on an NCAM-expressing neuroblastoma
model in vitro and in vivo.

Methods
Ethics statement
All animals were housed in the Tel Aviv University animal
facility and the experiments were approved by our institutional
animal care and use committee (IACUC) and conducted in
accordance with NIH guidelines.
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Figure 1. Synthetic routes of prodrug PTX-EMCH, PEGylated peptides NTP-PEG-mal and cNTP-PEG-mal, and the dendritic targeted PG-NTP-PTX-PEG conjugate.
(A) EMCH linker was coupled to PTX-bz to obtain PTX-EMCH. i) 4-acetylbenzoyl chloride, DCM, Et3N, rt, 16 h. ii) MeOH, rt, 3 h, 93%. (B) NTP-PEG-mal and
cNTP-PEG-mal were synthesized by SPPS. (C) Conjugate PG-NTP-PTX-PEG and controls were synthesized in a one-pot synthesis. DCM = dichloromethane; DIPEA =
diisopropylethylamine; DMF = dimethylformamide; Et3N = triethylamine; MeOH = methanol; rt = room temperature; TFA = trifluoroacetic acid.

For materials, general methods and synthesis see the
supplementary information.
Results
Synthesis of NCAM targeted and non-targeted PG conjugates
NTP was conjugated to PG to target cancer stem cells and
tumor endothelial cells of neuroblastoma. PG with a molecular

weight of approximately 10 kDa and 30% hydroxyl groups
converted to amine groups was selected as nanocarrier for
conjugation of PTX and NTP. The prodrug PTX-EMCH was
synthesized by a three-step synthesis according to procedures
described in the literature. 44 Briefly, an ester derivative of
PTX at the C-2’-OH-position, PTX benzoic acid (PTX-bz),
was reacted with a hydrazone linker to obtain PTX-EMCH
(Figure 1). NTP and non-targeting control peptide cNTP were
synthesized using a solid phase peptide synthesis method (SPPS) on
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Figure 2. Chemical structure of (A) PG-NTP-PTX-PEG conjugate and (B) the control PG-cNTP-PTX-PEG, PG-PTX-PEG and PG-PEG.

Sieber amide resin.4 NTP was modified with N-hydroxysuccinimidePEG-maleimide (NHS-PEG-mal, 1.4 kDa) prior to the detachment
from the resin (Figure 1, B). Then, the amine groups of PG amine
were reacted with 2-iminothiolane, followed by a selective Michael
addition between the maleimide group of PTX-EMCH,
NTP-PEG-mal or cNTP-PEG-mal, and PEG-mal (2 kDa), and the
sulfhydryl groups of thiolated PG (Figure 1, C). As a proof of
coupling, an Ellman’s test was performed where the thiol
concentration was monitored via UV/Vis spectroscopy at 412
nm.45 The highest thiol concentration was found after 20 min of
2-iminothiolane activation.8 Conjugation formation was also confirmed by chromatography on reverse phase thin-layer chromatography (70% acetonitrile/ 30% phosphate buffer (PB) pH 7.4) and
appearance of a faster band on a Sephadex G-25 column. The
conjugates were characterized by dynamic light scattering (DLS), zeta
potential measurements and the shapes were analyzed with
transmission electron microscopy (TEM).
The structures of the final PG-NTP-PTX-PEG conjugate and
the control conjugates PG-cNTP-PTX-PEG, PG-PTX-PEG and
PG-PEG are depicted in Figure 2, A.
Characterization of the targeted and non-targeted conjugates
Hydrodynamic diameter, zeta potential and shape
The hydrodynamic diameter of the conjugates was measured
by DLS. The conjugates without peptide showed Z-average

values of 44 and 23 for PG-PEG and PG-PTX-PEG, respectively. The NCAM-targeted (PG-NTP-PTX-PEG) and non-targeted
control conjugate (PG-cNTP-PTX-PEG) showed Z-average
values of around 70 and 102 nm (Table 1) indicating aggregation
induced by the combination of peptide and drug conjugation.
Conjugates carrying only a peptide without PTX and labeled
with an indodicarbocyanide (IDCC) dye (PG-NTP-IDCC-PEG
and PG-cNTP-IDCC-PEG) showed smaller Z-average values
than their analogues with PTX (SI Table 2). All conjugates
showed some degree of aggregation and they have relatively
high polydispersity indices (PDIs) (Table 1). Present aggregation
is demonstrated by comparing the different types of size
distributions during a DLS measurement. Size distributions by
volume are shown in Figure S6. Here, PG-cNTP-PTX-PEG
seems to aggregate more in solution than PG-NTP-PTX-PEG.
Zeta potential at pH 7.4 was found to be close to zero for
PG-PEG and PG-PTX-PEG and conjugates with NTP and cNTP
showed, as expected, a stronger positive charge (+ 25 mV) due to
the free amines of the peptides (Table 1). The shape of the
conjugates was studied by TEM. In all cases, the conjugates’
shape is spherical.
Drug loading and drug release
Bound PTX-bz concentrations were determined by measuring
the total released amount of PTX-bz by RP-HPLC at low pH.
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Table 1
Physico-chemical characterization of PG-NTP-PTX-PEG and control conjugates.

PG-NTP-PTX-PEG
PG-cNTP-PTX-PEG
PG-PTX-PEG
PG-PEG

PTX loading (w%)

Peptide loading (w%)

Z-average [nm]

PDI

Zeta potential [mV]

Molecular weight (theoretical) [kDa]

1.8
1.9
2.2
-

2.7
2.4
-

70
102
23
44

0.38
0.43
0.35
0.34

+ 27.9
+ 25.6
+ 4.3
+ 2.7

58
58
67
70

Figure 3. A) Binding (%) of PG-NTP-PTX-PEG conjugate and controls to NCAM-expressing IMR-32 neuroblastoma cells at 37 °C. B-D) Internalization of the
conjugates (PG-NTP-IDCC-PEG or PG-cNTP-IDCC-PEG) visualized by confocal imaging together with LysoTracker® Green DND-26 at 37 °C. B) Live
suspended IMR-32 cells after 7 min, C-D) fixed IMR-32 cells after 7 min (C) or 30 min (D). Lysosomes are in green and conjugate material in red.

Therefore, the conjugates were incubated in Britton-Robinson
buffer (pH 2.0) and after 6 h, a plateau was reached and the
concentration of released PTX-bz was determined. The calculated loadings are summarized in Table 1. Additionally, in vitro
stability studies were performed at pH 4.0 and pH 7.4 by
RP-HPLC. At pH 7.4 a release of 12% of the drug after 48 h
could be observed, while at acidic pH 4.0 the release was 49%
(Figure S4). These properties should enable the drug to be
released in the slightly acidic tumor microenvironment and
intracellular environment of tumor cells (e.g. pH 5-6 in the
endosomes and down to 4-5 in the lysosomes). 46 PTX-bz release
from PG-cNTP-PTX-PEG and PG-PTX-PEG conjugates
showed similar results (Figure S4).
Binding and internalization of NTP-targeted conjugate to
NCAM-expressing cancer cells
Markovsky et al. had previously evaluated NCAM expression
in various cancer cell lines and IMR-32 neuroblastoma cell line
showed a high percentage of NCAM-expressing cells (90%) and

was thus selected for our studies. 4 PG-NTP-PTX-PEG conjugate
and control PG-cNTP-PTX-PEG conjugate were labeled with
IDCC dye and binding to IMR-32 cells was examined by
fluorescence assisted cell sorting (FACS) (Figure 3, A).
PG-NTP-PEG showed the highest binding of 83% and was
much higher than that of control PG-cNTP-PEG conjugate (15%,
Figure 3, A). Moreover, binding of PG-NTP-PTX-PEG conjugate to the cells was higher than control PG-cNTP-PTX-PEG
conjugate (56% vs. 20%). However, when comparing
PG-NTP-PEG and PG-NTP-PTX-PEG, conjugation of PTX to
the conjugate seems to interfere with the binding of the conjugate
to the NCAM peptide expressed on the cell’s surface (83% vs.
56%). The addition of PTX to the conjugate may affect its
macromolecular structure and alter its spatial orientation
potentially leading to steric hindrance. NTP competes with the
extracellular matrix for the adhesion molecules of the cells,
hence the interaction of the conjugate with the cells results in
their rapid (1-2 min) detachment. In order to further follow the
internalization of the IDCC-labeled conjugates into IMR-32
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Figure 5. HUVEC migration inhibition at 50 nM PTX-bz-equivalent
concentration following incubation of 13 hours. The ability to close the
gap was measured relative to time zero. * p b 0.05, ** p b 0.01. Results are
representative of three experiments.
Figure 4. Cell proliferation inhibition of IMR-32 neuroblastoma cells by
dendritic PG-NTP-PTX-PEG and control conjugates.

cells, they were examined by confocal microscopy together with
LysoTracker® Green DND-26 (used as intracellular marker) at
37 °C. Since the conjugates interfere with the attachment of the
cells, live images of floating cells were taken following 7 min of
treatment with the conjugates. Increased attachment of PG-NTPIDCC-PEG to the cell’s surface, compared to non-targeting
control is visualized by the red color of the labeled conjugate
material. Both PG-NTP-IDCC-PEG and PG-cNTP-IDCC-PEG are
not colocalized with the lysosome following short exposure to the
compounds (Pearson correlation of 0.067 and 0.13, respectively, n=
6). In a second experiment, IMR-32 cells were treated with the
conjugates for 7 or 30 min, and then, cells were fixed with 4%
paraformaldehyde (Figure 3, C and D). Here, a higher internalization of the targeted conjugate into the cells can be observed after 30
min (Figure 3, D).
Evaluation of the antiproliferative activity of PG-NTP-PTXPEG conjugate on cancer cells
The antiproliferative activity of the conjugates was evaluated
in vitro on NCAM expressing IMR-32 neuroblastoma cells by a
proliferation assay. The cells were incubated with the conjugates
for 72 hours and counted. PG-NTP-PTX-PEG,
PG-cNTP-PTX-PEG and PG-PTX-PEG retained their antiproliferative activity compared to PTX-bz alone (Figure 4).
Conjugates without a drug did not show antiproliferative activity
at the concentrations examined. Similar results were obtained
with NCAM expressing cell line MEL-526 (Figure S5). The IC50
values are summarized in SI Table 1.
Evaluation of the antiangiogenic activity of PG-NTP-PTX-PEG
conjugate
Markovsky et al. had previously shown that HUVEC express
high level of NCAM during angiogenesis, represented by highest
NCAM expression during capillary formation as demonstrated
by a capillary-like tube formation assay. 4 The ability of
PG-NTP-PTX-PEG conjugate to inhibit the migration of
HUVEC through a gap in the monolayer was evaluated. A
scratch was done on a 90% confluent cell monolayer. Then, cells
were incubated with the conjugates or the free drug at
PTX-bz-equivalent concentrations of 50 nM for 13 hours. Our

PG-NTP-PTX-PEG conjugate significantly inhibited the migration of HUVEC (Figure 5).
Evaluation of antitumor activity and toxicity
In vivo study at 15 mg/kg and 30 mg/kg PTX-bz-equivalent dose
mCherry-labeled IMR-32 neuroblastoma cells were inoculated orthotopically in the adrenal gland of SCID mice. The
decreased fluorescence mCherry signal correlates with tumor
growth inhibition. Treatments were initiated 2 weeks after tumor
cell inoculation and administered intravenously (i.v.) every
other day at PTX-bz-equivalent concentrations of 15 mg/kg or 30
mg/kg per treatment, for a total of five treatments. Eighteen days
after treatments initiation, 3 out of 8 mice in each group were
euthanized and tumors were weighed. Treatment with
NCAM-targeted PG-NTP-PTX-PEG conjugate successfully
inhibited the growth of neuroblastoma tumors. Control
PG-cNTP-PTX-PEG conjugate and non-targeted PG-PTX-PEG
conjugate inhibited tumor growth to a similar extent at a
concentration of 15 mg/kg PTX-bz-equivalent per treatment.
When the dose was increased to 30 mg/kg PTX-bz-equivalent, a
better growth inhibition for both the NTP and cNTP-targeted
conjugates could be observed (Figure 6). At this dose,
PG-NTP-PTX-PEG was better tolerated than control
PG-cNTP-PTX-PEG conjugate as monitored by significant
weight loss of the mice (Figure 7). Free PTX-bz, at 15 mg/kg
dose, efficiently inhibited tumor growth and unexpectedly, mice
did not suffer from significant weight loss following treatments
(Figure 7). However, increasing the dose of free PTX-bz beyond
its maximum tolerated dose (MTD) is unbearable following i.v.
injection.
Treatment efficacy, defined as tumor growth inhibition ratio
between treated versus control (T/C) groups was determined at
the end of the study (Table 2). Mice treated with the targeted and
non-targeted conjugates had similar survival after 30 days at a
PTX-bz-equivalent dose of 15 and 30 mg/kg (Figure 7, B).

Discussion
Throughout the last decades, polymeric nanocarriers have
been exploited as a strategy to overcome several problems
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Figure 6. (A) Antitumor activity of PG-NTP-PTX-PEG conjugate and controls on orthotopic neuroblastoma mouse model (n = 6). Conjugates were administered
at a PTX-bz-concentration of 15 mg/kg. PG-NTP-PTX-PEG and PG-cNTP-PTX-PEG were also administered at a PTX-bz-concentration of 30 mg/kg. (B)
Tumor weight following treatment withdrawal measured at n = 3 mice/group. Data represents mean ± SEM.

Figure 7. (A) Body weight change of mice treated with PG-NTP-PTX-PEG conjugate at a concentration of 15 mg/kg PTX-bz-equivalent treatment and 30 mg/kg
PTX-bz equivalent treatment. (B) Survival of mice treated with PG-NTP-PTX-PEG and control conjugates.

related to conventional chemotherapy. Extravasation-dependent
targeting through the leaky tumor vessels through the EPR effect
has been the focal point in several studies. However, the
leakiness of the vasculature in malignant tissues can vary
significantly between tumors and even in different parts of the
same tumors. 5 Therefore, ligand-dependent targeting of a drug
would be necessary. 5,47 Neuroblastoma is a childhood cancer
with metastatic behavior and has poor long-term prognosis once
the tumor becomes metastatic and drug-resistant despite
aggressive and multimodal therapies. Advances in understanding
the biochemical and genetic mechanisms of neuroblastoma’s
clinical behavior, have allowed the identification of proteins,
genes and pathways as effective targets for biologically-based

therapy. 48 Hence, scientific research has not only focused on
developing nanosystems that are solely based on passively
targeting neuroblastoma but also on potential targets for its
therapy that increase the affinity of nanocarriers to the tumor
tissue. 5,47 There are several molecules overexpressed on tumor
cells which can act as receptors for targeting moieties. 49 Each
expression is tumor-type related and a model must be chosen
carefully. An approach for actively targeting neuroblastoma, is
through an NCAM targeting peptide (NTP, C3), since NCAM is
highly expressed on neuroblastoma. Recently, Markovsky et al.
showed great in vivo efficacy of the first NCAM-targeted
polymer-drug conjugate 4 using NTP and paclitaxel as therapeutic drug. We chose to employ the same targeting peptide in our

1176

L.I. Vossen et al / Nanomedicine: Nanotechnology, Biology, and Medicine 14 (2018) 1169–1179

Table 2
Ratio of tumor volume in treated vs control mice at study endpoint
Saline

PG-PEG

PTX-bz
15 mg/kg

PG-PTX-PEG
15 mg/kg

PG-NTP-PTX-PEG
15 mg/kg

PG-cNTP-PTX-PEG
15 mg/kg

PG-NTP-PTX-PEG
30 mg/kg

PG-cNTP-PTX-PEG
30 mg/kg

1.00

0.99

0.01

0.44

0.39

0.38

0.03

0.06

system to obtain selective targeted nanomedicine for neuroblastoma therapy.
Our conjugate consists of NTP, PTX covalently bound to
dendritic PG through a cleavable hydrazone bond, and PEG to
enhance solubility and increase the size of the conjugate. The
peptide is modified with a PEG-spacer and bound to PG via a
stable thiol-ene bond. In a previous study, with the aim of
targeting cancer cells expressing the epidermal growth factor,
we showed that a PEG spacer between PG and the targeting
moiety is crucial to obtain active targeting to the cells. 10
Therefore, we used the same PEG spacer for conjugation of
NTP to PG. PTX is cleaved under acidic conditions and
proved sufficient stability under physiological conditions in
previous studies. 14,50 This conjugation should enable a
triggered release of PTX in the endolysosomal compartments
of tumor cells and enhance the half-life of the drug. Our
in vitro drug release experiments were designed to mimic this
scenario (Figure S4).
PG-NTP-PTX-PEG and its non-targeting controls
PG-cNTP-PTX-PEG, PG-PTX-PEG and PG-PEG were successfully synthesized and characterized. The determined peptide
loadings of NCAM-targeted (NTP) and non-targeted (cNTP)
conjugates were 2.7 w% and 2.4 w%. The measured drug
loadings were similar for all conjugates (1.8 w%
PG-NTP-PTX-PEG, 1.9 w% PG-cNTP-PTX-PEG, and 2.2 w%
PG-PTX-PEG). The hydrodynamic diameter of the conjugates
with NTP or cNTP was much larger (70 and 102 nm) compared
to conjugates without a peptide (44 nm for PG-PEG and 23 nm
for PG-PTX-PEG). These results suggest that the combination of
peptide and PTX conjugation induces aggregation. This
aggregation behavior is, however, only observed when PTX
and a peptide are conjugated to the same nanocarrier. In the case,
that PG is only carrying a peptide without the drug, less
aggregation occurs (SI Table 2). This could possibly explain why
we barely see a therapeutic improvement in vivo when
comparing targeted vs. non-targeted conjugates. We speculate
that due to aggregate formation, the peptides could be hidden and
therefore hindered from binding to NCAM tumor surface
receptors. On the other side, in vitro binding studies to
IMR-32 neuroblastoma cell line at short incubation times (10
min) evidenced a three times higher binding (56%) of the
NCAM-targeted conjugate (PG-NTP-PTX-PEG) compared to
the non-targeted conjugate (PG-cNTP-PTX-PEG, 20%) to the
cells (Figure 3, A). However, these binding studies already
revealed, that PTX conjugation reduces the binding ability when
comparing PG-NTP-PEG (83%) and PG-NTP-PTX-PEG (56%).
We assume, that this effect could be attributed to steric
hinderance induced by PTX. Since we designed our conjugate
with a pH-cleavable hydrazone linker, we evaluated its
internalization into IMR-32 cells. Confocal microscopy showed

an enhanced attachment of the targeting conjugate
(PG-NTP-IDCC-PEG) on the cell surface after 7 min incubation
time and an enhanced internalization into the cells after 30 min
(Figure 3, B-D). Moreover, PG-NTP-PTX-PEG significantly
inhibited the migration of HUVEC compared to control
conjugates and free PTX-bz. HUVEC express high level of
NCAM during the angiogenic process, which was previously
shown by Markovsky et al. 4 and the results are also in line with
the work of Bussolati et al.. 21 These results suggest that
PG-NTP-PTX-PEG conjugate can inhibit proliferation of tumor
vasculature as well. In summary, all in vitro results indicated that
PG-NTP-PTX-PEG would have adequate properties in order to
work in vivo.
Surprisingly, in vivo, all conjugates bearing PTX had a similar
growth inhibition activity at a PTX-bz-equivalent dose of 15 mg/
kg on mice bearing an orthotopic neuroblastoma tumor (Table 2).
When the dose was increased to a PTX-bz-equivalent dose of 30
mg/kg for conjugates PG-NTP-PTX-PEG and
PG-cNTP-PTX-PEG, the antitumor activity was enhanced but
no difference between targeted (T/C = 0.03) and non-targeted
c o n j u g a t e (T / C = 0 .0 6 ) w a s de t e c t e d . H o w e v er ,
PG-NTP-PTX-PEG conjugate caused less weight loss and was
better tolerated in treated mice compared to the non-targeted
PG-cNTP-PTX-PEG conjugate (Figure 7). We assume that our
targeted conjugate at a PTX-bz-equivalent dose of 30 mg/kg is
possibly up taken via receptor-mediated endocytosis through
actively targeting NCAM, then conjugate accumulation in the
tumor would be increased and hence the toxicity of PTX in
healthy tissue would be reduced even when the administered
dose is increased. It has already been shown in the past, that the
use of targeting moieties such as alendronate (for bone
neoplasms), folic acid (for ovarian cancer), RGD peptidomimetics (for αvβ3 integrin targeting in breast cancer and
glioblastoma) and NCAM (for Wilms tumor, neuroblastoma)
abrogates the neurotoxicity and body weight-loss associated with
PTX or cardiotoxicity associated with doxorubicin. 4,31,51,52
Moreover, PTX-bz showed a great tumor growth inhibition as
well as no additional toxicity to treated mice (Figures 6 and 7) at
an administered dose of 15 mg/kg. We chose PTX modified with
a benzoic acid moiety (PTX-bz) as our control free drug because
PTX-bz will be released first and only after some time, slow
hydrolysis of the ester bond can occur releasing free PTX. In fact,
the electron donating aromatic ring stabilizes both, hydrazone
and ester bond. 53 This prodrug of PTX seems to inhibit
neuroblastoma growth causing less side effects to treated mice
than the original non-modified PTX. It has been demonstrated
before, that PTX causes severe side effects and is very toxic to
treated mice with orthotopic neuroblastoma tumors. 4 In another
study where we evaluate the anti-cancer activity of a PEGylated
PG conjugate bearing a combination of PTX and DOX in a
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murine model of mammary of adenocarcinoma we could
establish that conjugation of PTX to our PG carrier prolongs
mice survival and overall improves the therapeutic effect
compared to free PTX-bz. 14 In the case of our NCAM-targeted
conjugate we could overcome PTX-related toxicity by
PTX-bz-conjugation to our PG nanocarrier, too. However, an
improved overall therapeutic effect of the targeted conjugate
compared to the free drug could not be obtained on a
neuroblastoma model.
As mentioned before, all conjugates showed aggregation
measured by DLS and conjugates PG-NTP-PTX-PEG and
PG-cNTP-PTX-PEG displayed bigger hydrodynamic diameter.
These different sizes could have also influenced the in vivo
behavior of the conjugates. Extravasation-dependent accumulation in the tumor due to the leaky vasculature could have
dominated over the internalization into the cells via actively
binding to NCAM receptors expressed on the tumor surface. 54
Shapes of the conjugates were analyzed by TEM measurements
showing that all conjugates retain a spherical shape (Figures
S7-S9). Additionally, zeta potentials of the conjugates, revealed
an overall positive charge for the conjugates with targeting and
non-targeting peptides. We assume that the positive charge of
these two conjugates also influenced the uptake into cells, as has
been shown in the literature. 11,55 However, the degree of
accumulation of a polymeric drug delivery system in the tumor is
much more complex and will always depend on many factors
such as size, molecular weight, overall charge and
hydrophobic-hydrophilic characteristics. 56
Finally, a preliminary biodistribution study of the
IDCC-labeled targeted and non-targeted conjugate was evaluated in mCherry-labeled tumor-bearing mice. The results suggest
that 30 min following i.v. injection, NCAM-targeted conjugate
PG-NTP-IDCC-PEG begins to accumulate in the tumor area,
whereas PG-cNTP-IDCC-PEG is distributed randomly and
circulating in the blood (Figure S10A). Additionally, after 2.5
h, we assume that PG-NTP-IDCC-PEG accumulates mainly in
the tumor and is cleared through the kidneys as shown in Figure
S10B).
In conclusion, our results show that an NCAM-targeted
PEGylated dendritic PG has its limitations and needs further
improvement to be a good platform for drug delivery to
neuroblastoma. In this study, a targeting moiety for an increased
uptake of the nanocarrier into NCAM-expressing neuroblastoma
did not lead to an improved therapeutic effect in vivo compared
to non-targeted controls and free drug. Although we could
demonstrate a targeting effect in vitro, this was not translatable
to our in vivo cancer model. This is despite the fact that an
increased administered dose of our targeted PG-NTP-PTX-PEG
abrogated body weight loss associated with PTX and a
preliminary biodistribution study with IDCC-labeled targeted
conjugate suggests a great accumulation in the tumor.
Markovsky et al . have previously shown that an
NCAM-targeted polymer-drug conjugate based on linear polyglutamic acid (PGA) can increase the efficacy of the nanomedicines when treating appropriate tumor models. 4,31 Since our
PEGylated dendritic polymeric conjugate has fundamental
differences compared to the linear polymeric PGA, such as
shape, zeta potential, hydrodynamic diameter, release of the drug
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(pH- vs. esterase-mediated) the results are not quite comparable.
Furthermore, other groups could demonstrate that a targeting
moiety does have an influence and upgrades the nanosystem for
neuroblastoma treatment. To this regard, G. Zuccari et al. have
developed an NGR-targeted liposomal formulation, bearing
encapsulated bortezomib (BTZ), a proteasome inhibitor, for
neuroblastoma targeted therapy. 57 NGR targets aminopeptidase
N (APN) of positive tumor endothelial cells. With their system,
they could show an improved therapeutic effect in vivo, by
minimizing side effects of BTZ. In another work, Cossu et al.
identified a novel peptide sequence as a specific ligand for
aggressive neuroblastoma and showed that their targeted
nanoparticles could selectively increase tumor binding and
penetration, reducing tumor growth and preventing metastatic
spreading by selective delivery of doxorubicin. 58 They claimed
that their system could be part of a multi-target approach, since
there is a lot to consider from the variety of signaling pathways
involved in the crosstalk of tumor and microenvironment to the
variety of cell types.
It is well known that although the experimental settings in
vitro for receptor-mediated targeting give mostly promising
results, the clinical settings in vivo are still challenging.
Receptor-mediated targeting requires homogeneity of receptor
expression on tumor cells, and nanocarriers should be able to
penetrate the intra-tumoral extracellular matrix bypassing the
binding site barrier. 59 Radioimmunotherapy for solid tumors
reveals the limitations of active targeting in the clinic, since only
a very small amount of administered antibody (0.001-0.01%)
localizes in the tumor and a higher dose even causes
myelotoxicity. 60
Our PEGylated dendritic PG system requires optimization to
effectively target neuroblastoma and we suggest a multi-target
PG system with an additional tumor microenvironment targeting
moiety as a suitable alternative.
Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nano.2018.02.009.
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