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1. INTRODUCTION

Over 85% of all cancers in human patients belong to solid tumors. When patients present
limited clinical options for surgical resection of solid tumors or in instances when solid
tumors are deemed inoperable, treatment through singular or multimodality radiations are
used.
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The limited blood supply and morphological heterogeneity juxtaposed with interstitial
barriers manifested in solid tumors create significant challenges in achieving optimum
payloads of both the diagnostic and therapy agents at the tumor sites. Although the leakiness
and porosity of solid tumors allows highest accumulation of drugs on the peripheral walls of
the tumor, closest to vasculature, and distributing to well-perfused areas, the inability of
diagnostic and therapeutic agents to reach most/all parts of tumors has remained to be an
unmet clinical need in chemo/radiation therapy of most solid tumors. For example, the
currently used brachy therapy agents including, iodine-125 or palladium-103 radioactive
seeds and, Y-90 immobilized glass microspheres (TherasphereTM),--all utilize microspheres
of 10-500 microns in size to achieve selective internal radiation therapy (SIRT). The limited
natural affinity of these microspheres toward tumor vasculature coupled with significantly
larger sizes of brachy seeds (as compared to the porosity of tumor vasculature 250-500 nm)
results in limited retention and significant leakage of radioactivity away from the tumor site.
Such clinical problems have resulted in decreased efficacy and lower tumoricidal activity of
brachy agents. Effective cancer treatment requires interaction of therapeutic agents at the
cellular level exposing therapeutic payloads to all the areas of the tumor. Destroying just the
outer cells of solid tumors leaves the overall tumor machinery intact and such peripheral
partial therapy makes tumors resistant to therapeutic interventions. Therefore, the
development of radiolabeled polymeric/hydrogel nanoparticles and also the radioactive Au198 nanoceuticals within the framework of this CRP are highly attractive for penetrating
tumor vasculature to provide optimum therapeutic/diagnostic payloads to solid tumors. Such
an approach has the potential to minimize/stop metastases because once the primary tumors
are destroyed, the tumor specific nanoparticles being developed will stop the recruitment of
proliferating tumor cells into the bone marrow. This could provide an innovative pathway to
minimize/stop metastases of tumors.
2. CRP OVERALL OBJECTIVE
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The overall objective of this CRP is to exploit the unique properties of materials at the
nanometer scale for developing nanocarriers of radioactivity capable of selectively targeting
and penetrating cancerous cells.
2.1. Specific Objectives
 To synthesize polymeric (both synthetic and natural) nanoparticles capable of forming in
vitro and in vivo-stable bonds, through chelate interactions, with diagnostic and
therapeutic radioisotopes—for the creation of new generation of nanoparticle-based
tumour specific radiopharmaceuticals.
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 To formulate tumour specific proteins (including monoclonal antibodies) and generate
well-defined nanoparticles, through radiation methods, for use in conjugation reactions
with diagnostics and therapeutic radioisotopes (Tc-99m, Re-186/188)—for the
generation of nanosized tumour specific radiopharmaceuticals.
 To formulate nanoparticles derived from inherently diagnostic/ therapeutic radioisotopes
(Au-198, Au-199, Re-186/188, Rh-105) and to conjugate them with tumour specific
peptide(s)—in order to generate radioactive nanoceuticals for diagnostic imaging and
therapy.
 To develop a functional in vivo platform for efficient testing of various radiolabelled
nanoconstructs using animal models that mimic human tumours—all aimed at clinical
translation of diagnostic/therapeutic efficacy from animal for human applications.
2.2. Expected research outputs
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Polymeric (synthetic and natural) nanoparticles for the creation of new generation of
nanoparticle-based tumour specific radiopharmaceuticals.
Protocols for conjugation reactions with diagnostics and therapeutic radioisotopes (Tc99m, Re-186/188)—for the generation of nanosized tumour specific
radiopharmaceuticals.
Nanoparticles derived from inherently diagnostic/ therapeutic radioisotopes (Au-198,
Au-199, Re-186/188, Rh-105) and conjugated with tumour specific peptide(s).
Normalized in vivo platform for efficient testing of various radiolabelled nanoconstructs
using animal models that mimic human tumours—all aimed at clinical translation of
diagnostic/therapeutic efficacy from animal for human applications.

The first Research Coordination Meeting (RCM) was held in Vienna, on 7-11 July 2014
and the meeting report is available as Working Material at: http://wwwnaweb.iaea.org/napc/iachem/working_materials/RCM1-F22064_REPORT.pdf.
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The second RCM was held in Padua, Italy, on 5-9 October 2015. The Meeting Report is
available
as
Working
Material
at:
http://wwwnaweb.iaea.org/napc/iachem/working_materials/REPORT%202nd%20RCM%20Nanothera.p
df
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The 3rd RCM was held from 2-5 May 2017 in Vienna, Austria. The participants (see List
of Participants) discussed in detail the extensive progress made over three-year cumulative
period and, more in detail, over the last fifteen months of this program. The discussions of
research progress from the various investigators from all the participating countries provided
a cohesive and converging theme (See Figure 1). The varieties of innovative polymeric
nanoparticles, their conjugation with tumor receptor specific bombesin (and other targeting
ligands), their radiolabeling with diagnostic and therapeutic radioisotopes, and the most recent
in vitro and vivo studies of tumor specific radioactive gold-198 nanoparticles—individually
and collectively will generate the next generation of ‘nano-radiopharmaceuticals’
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FIG. 1.1. Venn Diagram showing connectivity, collaborative strengths, synergy and cohesive
thematics of the CRP
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. It is felt, that this nanoconstructs have a potential to enhance site specificity,
diagnostic/therapeutic payloads leading to significantly better clinical efficacies over the
existing first/second generation of ligand-stabilized, protein/peptide/small molecule labeled
radiopharmaceuticals.
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2. REVIEW OF THE COLLECTIVE PROGRESS TOWARDS THE LONG-TERM
OBJECTIVE OF CLINICAL TRANSLATION OF INNOVATIVE NANORADIOPHARMACEUTICALS
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The research activity carried out over the three past years has resulted in the selection of
four main nanomaterial platforms: biopolymer nanoparticles, nanogels (hydrogel
nanoparticles), gold nanoparticles and protein nanoparticles. The various nanoparticles are in
different stages of their development in terms of physico-chemical characterisation, stability,
conjugation with DOTA-BBN (supplied by IAEA) and/or other tumour specific receptor
ligands and chelating agents. Some selected systems have been sent to partner organisations
for radiolabeling, in vitro and in vivo testing (see Table 1).
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TABLE 1: NANOMATERIAL PLATFORMS, RADIOLABELLING AND BIOLOGICAL
EVALUATION ACTIVITIES.
Platform

Product

Production
labs / status

Radiolabeling:
isotope /
partner / status

In vitro:
model /
partner /
status

In vivo:
model /
partner /
status

Polymer

PLGA-BBN-DOTA

Singapore /
Done

Ga-68 /
Malaysia / done
/ Ongoing

PC-3 / glioma
/ mcf-7 /
Malaysia /
Ongoing

Rats, Nude
Mice/
Malaysia /
Ongoing

CarboxymethylchitosanSA-DOTA-BBN

Iran / Done

Ga-68 / Iran /
Ongoing

Ga-68 / Iran /
Ongoing

Ga-68 / Iran /
Ongoing

Chitosan-g-PEI-FA

Iran / Done

Sm-153 / Iran /
Done

Iran / Done

Iran / Done

Mexico/Done

Lu-177 /
Mexico / Done

PC-3 /
Mexico /
Done

PC3 / Mexico
/ Done

Thailand /
Done

Au-197, 198 /
Thailand, USA/
Ongoing

PC-3 / USA /
Ongoing

Mice / USA /
Ongoing

3T3, MCF-7,
Hela /
Pakistan/
Done

Mice / Egypt/
Done

Au-197, 198 /
Thailand, USA,/
Ongoing

Breast cancer
/ USA /
Ongoing

Mice / USA /
Ongoing

Ga-68/ Egypt /
Ongoing

3T3, MCF-7,
Hela /
Pakistan/
Done

Dendrimers(AuNP)-FADOTA-BBN

Chitosan-DOTA-BBN

Ga-68 / Egypt /
Done

ING

Lu-177 /
Pakistan / Done
Silk fibroin-DOTABBN

Chitosan – gallic acid

Lu-177 /
Pakistan / Done

Mice / Egypt/
Done
Rabbits /
Pakistan/
Done

Au-197, 198 /
Thailand, USA/
Future

Breast cancer
/ USA /
Future

Italy-Padova /
Done

Tc-99m / ItalyPadova /
Ongoing

CACO-2,
SW-480 /
99mTc /
Italy-Padova /
Planned

PEO-PAAc / Folic acid

Egypt / Done

Tc-99m / Egypt
/ Done

Mice/ Egypt/
Done

PVP-PAAc / Folic acid

Egypt / Done

I-131 / Egypt /
Ongoing

Mice/ Egypt/
Ongoing
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Thailand /
Ongoing
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C11-PEG-dendrimer

Nanogels

Thailand /
Done

Rabbits /
Pakistan/
Done

Product

PVP-co-AA-DOTABBN

PAA-DOTA-BBN
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Platform

Production
labs / status

Radiolabeling:
isotope /
partner / status

In vitro:
model /
partner /
status

In vivo:
model /
partner /
status

Italy–Palermo
/ Done

Lu-177 and Y90 / PolandPolatom / Done

Bare NG /
Italy-Palermo
/ Done

Bare NG /
Italy-Palermo
/ Done

Radiolabeled
NGs/PolandPolatom /
Ongoing

Radiolabeled
NGs /
PolandPolatom /
Ongoing

AR42J, PC3 /
Y-90, Lu-177
/ PolandPolatom /
Planned

Mice or rats /
Y-90, Lu-177
/ PolandPolatom /
Planned

MDA-MD231, PC3
Italy-Padova /
Planned

Mice / Lu177 / Mexico
/ Planned

Poland–Lodz /
Done
(alternative
method –
ongoing)

Y-90, Lu-177 /
Poland-Polatom
/ Planned
Lu-177 /
Mexico /
Planned

Lu-177 /
Mexico /
Planned

Protein

Thailand /
Ongoing
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PAA-PEO IPC
Nanogel-DOTA-BBN

Albumin nanoconstructs
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Albumin and papain
nanoconstructs

Tumor-antigens-derived
peptides

Argentina
/Done

Brazil / Done

Lu-177 /
Mexico /
Planned

MDA-MD231, PC3 /
Mexico,
Italy-Padova /
Planned

Mice /
Mexico/
Planned

Lu-177 /
Pakistan / Done

PC-3 /
Argentina /
Ongoing

Mice or Rats /
Argentina /
Planned

Tc-99m /
Argentina /
Ongoing

Tc-99m /
Brazil, Pakistan
/ Ongoing
Lu-177 /
Pakistan /
Ongoing

Saudi Arabia /
Done

Ga-68, Lu-177,
Saudi Arabia /
Done

MDA-MD231, PC3
Italy-Padova /
Ongoing
PC-3 / Brazil
/ Ongoing
PC-3 / USA /
Ongoing

MCF7,
MDAMB241 /
Saudi Arabia
/ Ongoing

Rabbits /
Pakistan /
Done
Mice / Brazil
/ Ongoing

Mice / Saudi
Arabia /
Ongoing

Product

AuNPs

Albumin-decorated
AuNPs
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Platform

Production
labs / status

Radiolabeling:
isotope /
partner / status

In vitro:
model /
partner /
status

In vivo:
model /
partner /
status

Argentina /
Done

Tc-99m and In111 / Argentina
/ Planned

PC-3 /
Argentina /
Ongoing

Mice or Rats /
Argentina /
Planned

MDA-MD231, PC3 /
Italy-Padova /
Ongoing

Albumin-decorated
AuNPs (physio
absorbed and conjugated
via MPA)

Brazil / Done

HGCG stabilized, Dox
loaded

Egypt / Done

Tc-99m / Egypt
/ Done

Egypt/ Done

Au-198 / Egypt
/ Ongoing

Pakistan /
Done

Au-198 /
Pakistan / Done

MTT assays /
Pakistan /
Done

Rabbits (Au198) /
Pakistan /
Done

Pakistan /
Done

Au-198 /
Pakistan / Done

MTT assays /
Pakistan /
Done

Rabbits (Au198) /
Pakistan /
Done

PC3 USA
/Brazil,
Mexico /
Done

Mice / USA,
Brazil /
Ongoing

Rutin stabilized

Arabinoxylan stabilized
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Glucoxylan stabilized

PC-3 / USA /
Done

Mice / Brazil
/ Planned

PC-3 / Brazil
/ Ongoing

Rabbits /
Pakistan /
Planned

MCF-7 /
Egypt / Done

Mice / Egypt
/ Planned
Mice / Egypt
/ Planned

Poland – Lodz
/ Done

Mangiferin, EGCG and
Gum Arabic stabilized

USA, Brazil /
Done

Au-198 (Brazil,
USA) and Au199 (USA) /
Done

Iron-PEG nanoparticles

Egypt / Done

Tc-99m / Egypt/
Done

Mice / Egypt
/ Done

Selenium-glutathion
nanoparticles

Egypt /
Ongoing

Tc-99m /Egypt /
Planned

Mice / Egypt
/ Planned

Nanosomes

Egypt /
Planned

Tc-99m /Egypt /
Planned

Mice / Egypt
/ Planned
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LA /PAA stabilized
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Other
nanomaterials

Au-198 / Brazil
/ Done

The characteristics of nanoparticles and nanomaterials, including size and surface
reactivity, contribute to emergent physico-chemical properties that allow them to interact with
the body in new ways. The purpose of the present CRP is to exploit these novel properties for
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diagnostic and/or therapeutic advantages, such as the ability to cross biological barriers and to
accumulate into target cells, tissues and organs. However, these novel properties can also lead
to risk through bioaccumulation in bypass organs, translocation, infiltration and interaction
with the immune system, persistence and agglomeration. Despite all efforts made in the field,
there is no systematic understanding of what material properties are critical.
Harmonised procedures for characterisation, testing and reporting are necessary to extract
valuable information from trials and perform comparative analysis of different nanoplatforms.
To the purpose , the investigators from all the participating countries have elaborated a
checklist of various characterisations, quality controls and information to be shared that are
deemed important at each stage of the development for evaluating the performance of the new
nano-radiopharmaceuticals. The checklists A-D below provide a guideline for the preparation
of technical data sheets that should accompany all nanomaterial samples to be exchanged
between laboratories.
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A. Check list for nanoparticle (NP) characterization
1. Chemical description
2. Appearance
3. NP internal reference number
4. DOTA-bombesin internal reference number
5. Preparation and expire date
6. Chemical composition – presence of specific functional groups
7. Concentration (mg/mL or molarity)
8. Conjugated DOTA-bombesin concentration
9. Hydrodynamic diameter (nm) at RT in water
10. Zeta potential at RT in water
11. Optimal pH for storage
12. Optimal temperature for storage
13. Recommended sterilisation condition
14. Recommended purification condition
15. Metal ion content
16. Colloidal stability (pH range, IS, temperature, time)
17. Preferences for shaking or mixing,
18. Dispatch date

WO

B. Check list for radiolabelling
1. Specification of the radionuclide
 kind of radionuclides
 specific activity [MBq/mg]
 radioactive concentration [GBq/ml]
 form of radioisotope
 date of calibration
2. Condition for the labelling

5.
6.
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7.
8.
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4.
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3.

 amount of chelators
 optimal buffer: molarity and pH
 optimal temperature for incubation
 amount / volume of radioactivity
 time of incubation for radiolabelling
 quality of compounds used for radiolabelling (free from metal ions)
 type of containers (vial, for radiolabelling (glass, PE, PET)
 material of additional instruments (spoon, needle, tips, stoppers…..)
Quality control of radiolabelling
 observation of the solution after radiolabelling
 pH after labelling
 type of analyses method: TLC, paper chromatography, HPLC, SDS-PAGE
 volume of sample for examination
 preparing sample with or without excess of DTPA (e.x. Lu-177, Y-90, Ga-68)
Purification if it’s needed, type of analyses method:
 size exclusion (e.x. PD-10 column), buffer, describe the profile of elution
 ultra-centrifugal filters: cut off, time of centrifugation, speed, buffer for washing,
number of centrifugation
 filters: pore size (μm), membrane type and other
 cartridge purification
Stability study at RT
 QC at different time points
Stability study in serum
 volume of serum and sample to be mixed
 temperature
 incubation/ shaking done or not
 time of incubation/ shaking
 number of time points
 QC
Cysteine challenge test
Protein binding
 volume of serum and sample to be mixed
 temperature
 incubation/ shaking done or not
 time of incubation/ shaking
 number of time points
 QC
Second quality control after the radioactivity expire (“cold nanoparticle”) should
be made by production labs

9.

C. Check list for in vitro test
1. Selection of the cells
 Test the expression of the receptors on the Cells
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2. Recommendation: Cytofluorimetry Test (before radiolabelling)
 Conjugated the fluorophore to the nanoparticle
 Selection the fluorophore agent
 Select the conjugation method of the fluorophore
 Determined the buffer and the number of cells for essay
 Stablish times of incubation with the cells
 Measure the binding by Flow Cytometry
3. Radioactive Binding test (after radiolabelling
 Determine the specific activity
 Stablish times of incubation with the cells ( 15 , 30, 60 and 120min for short halflive radionuclides and long half-live radionuclides also 1 , 2 and 3 days) \
 Use some controls to stablish the non-specific binding ( cells without the
receptors or blocking receptors of the cells, incubate the cells just with the
radionuclide)
 Measure the cells uptake
 Remove the cell receptors from the membrane
 Measure the internalization activity
 Perform a cytotoxic test at the last incubation time to be sure that the cells still
alive.
4. Cytotoxic test
 Determine the concentration of the radiolabelled nanoparticles
 Stablish times of incubation with the cells
 Measure the viability of the cells
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D. Check list for in vivo test
1. Selection of animal model
2. Description of sample for examination
3. Check the adjustment of equipment for tissue accumulation (range of linearity)
4. Approval from local ethical commission
5. Biodistribution in normal animals:
 number of animals per time point
 time points post-injection depending on the radionuclide and its half-life
 selection of target organs (blood, spleen, liver, lung)
 how the standard is measurement
 route and volume of administration
 calculate the % injected dose/g of tissue/organ is calculated by comparison with
standard solutions representing 100% injected dose
 establish the pharmacokinetics
6. Biodistribution in tumour bearing animals:
 cell selection
 number of cells per volume grafted per animal
 examination of tumour growth (size, period of growth)
 number of animals per time point
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 time points post-injection depending on the radionuclide and its half-life
 selection of target organs(blood, spleen, liver, lung)
 how the standard is measurement
 route and volume of administration
 calculate the % ID/g of tissue/organ
 establish the accumulation in the tumour
 pathomorphological analysis of the tumour
7. Imaging or 3D imaging for biodistribution
 number of animals per time point
 hole body scan, time points post-injection depending on the radionuclide and its
half-life
 selection of ROI
 calculation of radioactivity accumulation in selected target organs
 calculate the % ID/g of tissue/organ
 establish the pharmacokinetics
 take the image

3. REVIEW OF THE PROGRESS OF THE WORK IN INDIVIDUAL INSTITUTIONS
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3.1. Argentina
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Summary
During this period a further characterization of multilayer coated (core/shell)
gold/Albumin-NPs have been prepared by radiation-induced crosslinking. NPs in the range of
60 to 80 nm have been prepared and characterized by using UV-Vis, TEM and AFM in liquid
state. In addition FT-IR spectroscopy, Zeta potential and biorecognition experiments were
performed. A dot-blot analysis onto nitrocellulose membrane shows specific antibody
recognition of the nanoparticle. Nanoparticle uptake experiments were run onto PC3 cell line.
Nanoparticle stability has been studied by SDS-PAGE electrophoresis. Au/Albumin-NPs
show that the Albumin increase the molecular weight and the Au-NPs have a protein coating;
however a huge amount of Albumin is not covalently attached to the NP structure.
Decoration of gold/Albumin-NPs with DOTA-Bombesin derivative (DOTA-BBN) has
been achieved by using hetero-bifunctional linkers. In a first step, DOTA-BBN-linker was
prepared and characterized by ESI-Mass spectroscopy. After purification this compound was
linked to the NPs covalently to the NPs. Different techniques have been studied to quantify
the peptide onto the nanoconstruct, such as Dissociation-Enhanced Lanthanide FluoroImmunoassay, transchelation with Arsenazo III-Pb(II) and Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES) using Sr(II) as testing ion. Only ICP-AES
technique was confident to measure the peptide content which was in the order of 400 DOTABBN per NP. However this technique requires a huge amount of sample to determine the
ligand. DOTA-BBN-NPs has been used for cell uptake experiment under controlled
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conditions. It was found an important cytoplasm uptake compared to the same nanoparticle
without the specific ligand using very low NP concentration. In addition NP samples were
sent to Italy-Padova and Pakistan for further biological analysis.

Work plan for the next period
It is proposed for the next period to perform radiolabelling of the nanoconstructs using
99mTc and In. These radiolabelled structures of NPs in order to obtain samples free of other
proteins. It will be performed Static Light Scattering measurements and ligand quantification
by fluorescence techniques. Others characterization techniques, such as Mass spectroscopy
will be done through collaboration work. NP samples will be prepared for other participants
according to the proposed collaborative research work. NP internalization will be study by invitro cell cultures.

3.2. Brazil
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Summary
General Goals
To develop process free from toxic solvents and free from shear and high pressure for
the production of protein nanoparticles with size control based on the recently discovered
radiation-induced technique for potential loading of chemo and radiopharmaceuticals.
Alternatively, a platform for the synthesis of gold nanoparticles as drug carriers will also be
synthesized.
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Conclusions/main achievements:
 Development of the capability for controlling the size and size distribution and
large scale production of protein nanoparticles: The radiation-induced synthesis of
albumin nanoparticles and papain nanoparticles led to the formation of protein based
nanoparticles sizes at nanoscale. Scale up experiments revealed that the radiation
induced technique may be carried out under a wide protein concentration range with
minimum size variation, for both BSA and papain;
 Data on Albumin radiolabeling with Technetium: As a proof-of-concept both
papain and albumin nanocarriers were capable of being radiolabeled by technetium
(99mTc) by direct and indirect labelling with yields of over 70% for papain and up to
90% for albumin nanocarriers;
Development of Albumin Capped Radioactive gold nanoparticles: The synthesis
of albumin capped radioactive gold nanoparticles (198Au) was achieved and the
radioactive nanoparticles were produced in the neutron reactor. Particle size ranged
from 20-70 nm.
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Work Plan:
 Determine the radiochemical stability of radiolabeled papain and albumin NP; in vitro
and in vivo biodistribution studies.
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Biocompatibility and in vitro and in vivo biodistribution studies of the radioactive gold
nanoparticles;



Development of an alternative platform for producing albumin capped radioactive
gold nanoparticles by physio-sorption. Protein crosslinking onto gold nanoparticles
surface.

Collaborations:
Ongoing collaborations involve institutes in Brazil - Universidade Federal de
Uberlândia, Prof. Luiz R. Goulart (UFU – MG), and International collaboration involves Prof.
Kattesh Katti, dr. Menka Khoobchandani from Missoury Univ. USA; Dr. Tamer Sakr
(Egypt); Dr. Piotr Ulansky and Dr. Slawomir Kadlubousky (IARC- Lodz, PL) and Prof.
Mariano Grasselli (UNQ – Ar). Dr. Irfan Ullah Khan (INMOL, Lahore, Pakistan)

3.3. Egypt
Summary
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The presented work is presenting 8 different research proposals that involves:
1) The preparation and characterization of different types of nanocarriers such as:
Nanogel, Fe-NP, Au-NP, Se-NP and Nanosome, that could serve as good nanosized
delivery systems for radiopharmaceuticals.
2) Surface decoration of the synthesized nanoparticles usig different target moieties such
as: Folic acid, Bombesin, Glutathion and Doxorubicin
3) Radiolabeling of such decorated nanoparticles using one of the radioisotopes 99mTc,
68
Ga, 131I or 198Au.
4) In vitro cytotoxicity study MTT assay of theses nanocarriers on HepG2 (liver
carcinoma), MCF-7 (breast carcinoma)
5) In vivo evaluation of these nano-radiopharmaceutical preparations in Normal mice,
Ehrlich bearing miceusing different route of administeration such as I.V., Intra-tumor
and intra-nasal.
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The different research projects are:
1) Project 1
A) Polyethylene oxide-Poly acrylic acid /Folic acid (PEO-PAAc/ Folic acid) nanogel as
a 99mTc targeting receptor for cancer diagnostic imaging
B) 99mTc-Polyethylene oxide-Poly acrylic acid /Folic acid (PEO-PAAc/ Folic acid)
nanogel for cancer imaging
2) Project 2
Radiolabeling and biological evaluation of WSSF-DOTA-Bombasin with Ga-68
3) Project 3
Magnetic iron nanoparticles as a 99mTc delivery system for cancer diagnosis
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4) Project 4
Gold-HGCG nanoparticle as a 99mTc-doxorubicin delivery system for cancer diagnosis
5) Project 5
Polyvinyl pyrolidine-Poly acrylic acid /Folic acid (PVP-PAAc/ Folic acid) nanogel as
a 131I targeting receptor for cancer treatment
6) Project 6
198
Au-rutin for cancer treatment
7) Project 7
Selenium conjugated glutathion nanoparticles as a 99mTc delivery system for cancer
diagnosis
8) Project 8
Nanosome as a radiopharmaceutical delivery system for cancer diagnosis and therapy

3.4. Iran

RK

ING

Summary
The project consists of two parts:
1. Development of folate conjugated chitosan nanoparticles for theranostic applications:
The aim of this study was to develop biocompatible, water-soluble 153Sm-labeled
chitosan nanoparticles (NPs) containing folate and poly ethylene imine (PEI)
functionalities (CHI-DTPA-g-PEI-FA), suitable for targeted therapy. The
physicochemical properties of the obtained nanoparticles were characterized by: dynamic
light-scattering analysis for their mean size, size distribution, and zeta potential; scanning
electron microscopy for surface morphology; and 1H- NMR, FT-IR analyses for
molecular dispersity of folate in the nanoparticles. Nanoparticles were spherical with
mean diameter below 250 nm, polydispersity of below 0.15, and positive zeta potential
values. The NP complex (153Sm-CHI-DTPA-g-PEI-8 h,
>90% radiochemical purity, ITLC). Binding studies using fluorescent-NPs for
internalization also demonstrated significant uptake in MCF-7 cells. MCF-7 cell
internalization was significantly greater for 4T1. In blocking studies both MCF-7 and
4T1 cell lines demonstrated specific FR binding (decreasing 45%). In vivo biodistribution
studies indicated major excretion of NPs metabolites and/or free 153Sm through the
kidneys. The preliminary imaging studies in 4T1 tumor-bearing mice showed minor
uptake up to 96 h. The present folic acid functionalized chitosan nanoparticle is a
candidate material for folate receptor therapy.
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2. Development of peptide conjugated chitosan nanoparticles for theranostic applications:
Bombesin conjugated to the surface of radiolabeled self-assembled chitosan
nanoparticles will be used for multiple simultaneous interactions (multivalent effect)
between the peptides and specific receptors overexpressed on the surface of tumor cells.
In this part of the project, the low molecular weight chitosan was prepared and Ocarboxymethyl chitosan (O-CMC) and stearic acid grafted O-CMC (CMC-SA) were
synthesized. After that Lys 3-Bombesin was conjugated to CMC-SA (CMC-SA-BBN).
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Also, p-SCN-Bn-DOTA was conjugated to CMC-SA (CMC-SA-DOTA). The
nanoparticles (NPs) of CMC-SA and CMC-SA-DOTA were prepared and the
radiolabeling conditions of the NPs with 68Ga were set. According to the radiolabeling
results 68Ga-CMC-SA NPs, these NPs were not labeled without DOTA in their structure
as chelator for 68Ga, Also, low labeling yield of CMC-SA-DOTA nanoparticles in
comparison with CMC-SA-DOTA polymer showed that p-SCN-Bn-DOTA chelators
conjugated to CMC-SA would be located inside of the NPs during NP preparation that
leads to low radiolabeling of the CMC-SA-DOTA NPs.

3.5. Italy (Milan)
Participant not present at the meeting, report not available

3.6. Italy (Padova)
Summary

Novel polymeric nanostructures were synthesized using single PEG chains and PEG dendron
functionalized with one or multiple GE11 peptide. Flow cytometry analysis demonstrated that
PEG conjugation to the GE11 peptide decrease the receptor affinity of these nanosystems, and
also that multifunctional (GE11)4-PEG-Cy5.5 hold the highest affinity for the receptors
followed by the bifunctional (GE11)2-PEG-Cy5.5 and the monofunctional GE11-PEG-Cy5.5.
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Cytotoxic test proved that polymeric nanostructures preserve the GE11 specific
internalization ability; however, it was found, that cytotoxicity decreased when the number of
GE11 conjugated to the PEG system decreased.
Based on these results, it was concluded, that polymeric nanostructures could be used as
specific delivery systems to transport the therapeutic radionuclides into the EGFR-expressing
tumour cells.
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Work Plan:
To continue with the collaborative research activities planned:
1) to perform the preliminary flow cytometry studies to evaluate the affinity for the bombesin
receptors of the nanocarriers developed by the different groups;
2) to develop an efficient method to radiolabel the nanocarriers formulate by the different
groups;

WO

3) to perform the stability tests of the radiolabelled-nanocarriers;

4) to evaluate the radiolabelled-nanocarriers specific binding to the bombesin receptors in
vitro;
5) to study the biodistribution of radiolabelled-nanocarriers in mice.
The individual work of university of Padova will be:
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1) to perform 99mTc-labelling of GE11-targeted multifunctional polymeric nanostructures, by
means of 99mTc-HYNIC and [99mTc(N)(PNP)]- technologies;
2) to perform the stability tests of the radiolabelled- polymeric nanostructures;

3) to evaluate the radiolabelled-nanocarriers specific binding to the epidermal growth factor
receptor in vitro;
4) to study the biodistribution of radiolabelled- polymeric nanostructures in mice.

3.7. Italy (Palermo)
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Summary
Poly-N-vinyl pyrrolidone-co-acrylic acid nanogels have been developed as nanocarriers for
radiopharmaceutics. The research over the last months has been focused on the followings:
- Consolidation of the production process of poly(N-vinyl pyrrolidone)-based nanogels (NGs)
by assessing batch-to-batch variability and exploring the influence of selected process
parameters.
- Optimisation of targeting ligand and chelating agent conjugation protocols to selected
nanogels, physico-chemical characterisation of the nanoconstructs and supply of samples to
CRP project partners.
- Evaluation colloidal stability of NGs under conditions relevant to storage, loading with
radioactive ions and administration.
The engineered nanogel systems have displayed relatively narrow hydrodynamic size and
negative surface charge density. They have shown colloidal stability upon storage, under
conditions used for radiolabeling, and in serum.
A comparative product analysis of different batches of the same formulation, produced from
year 2013 to date show that the batch-to-batch variability - in terms of particle size - can be up
to 30%. From the results of trials carried out using different gas purges (N2 and N2O, only N2
and only N2O), polymer solution compositions and using different PVPs we can exclude that
the cause of this variability is related to variability in the irradiated system, but is mainly
caused by the lack of reproducibility of the ebeam irradiation conditions.
Protocols for conjugation with DOTA-BBN peptides have been optimised and samples of
DOTA-BBN conjugated nanogels and their parent “bare” nanogels sent to POLATOM
(Poland) for radiolabeling and biological evaluation.
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3.8. Malaysia

Summary
Radiolabelling of the nanoparticles modified with DOTA, and DOTA-BBN was done using
68
Ga. Gallium-68 is a positron emitter with a half-life of 68 minutes. 68Ga was eluted from an
organic-matrix based column 68Ge/68Ga generator manufactured by ITG, Germany. The
elution was carried out with 0.05M hydrochloric acid with no further processing, as the eluate
is in the form of metal-free GaCl3.
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Labelling and conjugation was maintained as close to pH 3.0 as possible to reduce gallium
colloid formation. Labelling was conducted at 95ºC in labelling buffer at a final pH of ~3 to
prevent the formation of 68Ga insoluble colloid.

The radiolabelling of the nanoparticle was assessed under two different buffers that are 0.05M
Acetate Buffer and 0.1M HEPES buffer but there was no significant difference notified. We
just proceed with the acetate buffer as the HEPES buffer are less favorable for human use.
The radiochemical purity was conducted using instant thin-layer chromatography-silica gel
(ITLC-SG) with 1M ammonium acetate: methanol (1:1 v/v) mobile phase. Unlabelled 68Ga is
at the application point (Rf=0) while the labelled compound is at the solvent front (Rf=1).
Initial radiolabelling of the PLGA-BBN construct received from Nanyang Technological
University (NTU), Singapore did not achieve labelling with 68Ga. We hypothesized that the
high temperature may have an effect on the polymer itself and attempted to label the polymer
at a lower temperature, 37oC. Again the construct did not label. At this point we hypothesized
that the DOTA on the polymer is not accessible to chelate the metal isotope or the amount of
DOTA binding sites with the nanoconstruct is not enough for the metal isotope to chelate, as
there are no data available on the conjugation number of DOTA-BBN per PLGA compound
provided by our collaborator.
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To check this hypothesis, we attempted to reconjugate the naked PLGA with DOTA-BBN
and just the chelator DOTA. PLGA-DOTA was prepared to serve as the untargeted control for
in vitro and in vivo characterization of nanomaterials. When repeated the radiolabelling study
with this new construct a >98% labelling was achieved. At every stage of the study
comparisons were made between DOTA-BBN, PLGA-BBN (Singapore) and PLGA-DOTA.

RK

A stability study was performed to evaluate the stability of materials in PBS and serum.
Surprisingly, 68Ga PLGA DOTA. indicate high stability in both PBS and serum over the 4h
incubation period. However the stability of 68Ga DOTA-BBN and 68Ga PLGA-BBN (NM)
seems to deteriorate over time to less than 90% of radiochemical purity at final time point of
4h. It is speculated that the presence of proteases in serum may accelerate the degradation
process of the peptide.
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Initial in vivo animal imaging of 68Ga DOTA-BBN was conducted using BioScan USA, small
animal PET/CT scanner. Perhaps unsurprisingly 68Ga DOTA-BBN, exhibited minimal signal
in the heart and can be seen to be rapidly accumulated in the kidneys and bladder. This
behaviour is consistent with relatively rapid renal clearance expected for small peptides.

3.9. Mexico

Summary
The 177Lu-dendrimer(PAMAM-G4)-folate-bombesin with gold nanoparticles (AuNPs) in the
dendritic cavity was synthetized and evaluated as a radiopharmaceutical potential for targeted
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radiotherapy and the simultaneous detection of folate receptors (FRs) and gastrin-releasing
peptide receptors (GRPRs) overexpressed in breast cancer cells.
The second approach prepared and characterized was poly(methyl methacrylate) (PMMA)
nanoparticles grafted with the –Arginine, Glycine, Aspartic Acid (RGD)– peptide sequence as
a promising smart drug delivery system for Paclitaxel (PTX), directed at sites of integrin
receptor overexpression. The obtained results showed that RGD-PMMA-PTX represents an
attractive and suitable therapeutic approach for targeting overexpressed integrins in cancer
cells.

3.10. Pakistan
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Summary
The research is divided into two parts:
1. Development of folate conjugated chitosan nanoparticles for theranostic applications:
The aim of this study was to develop biocompatible, water-soluble 153Sm-labeled
chitosan nanoparticles (NPs) containing folate and poly ethylene imine (PEI)
functionalities (CHI-DTPA-g-PEI-FA), suitable for targeted therapy. The
physicochemical properties of the obtained nanoparticles were characterized by:
dynamic light-scattering analysis for their mean size, size distribution, and zeta
potential; scanning electron microscopy for surface morphology; and 1H- NMR, FTIR analyses for molecular dispersity of folate in the nanoparticles. Nanoparticles were
spherical with mean diameter below 250 nm, polydispersity of below 0.15, and
positive zeta potential values. The NP complex (153Sm-CHI-DTPA-g-PEI-FA) was
-8 h, >90% radiochemical purity, ITLC). Binding studies using
fluorescent-NPs for internalization also demonstrated significant uptake in MCF-7
cells. MCF-7 cell internalization was significantly greater for 4T1. In blocking studies
both MCF-7 and 4T1 cell lines demonstrated specific FR binding (decreasing 45%). In
vivo biodistribution studies indicated major excretion of NPs metabolites and/or free
153
Sm through the kidneys. The preliminary imaging studies in 4T1 tumor-bearing
mice showed minor uptake up to 96 h. The present folic acid functionalized chitosan
nanoparticle is a candidate material for folate receptor therapy.
2. Development of peptide conjugated chitosan nanoparticles for theranostic
applications: Bombesin conjugated to the surface of radiolabeled self-assembled
chitosan nanoparticles will be used for multiple simultaneous interactions (multivalent
effect) between the peptides and specific receptors overexpressed on the surface of
tumor cells. In this part of the project, the low molecular weight chitosan was prepared
and O-carboxymethyl chitosan (O-CMC) and stearic acid grafted O-CMC (CMC-SA)
were synthesized. After that Lys 3-Bombesin was conjugated to CMC-SA (CMC-SABBN). Also, p-SCN-Bn-DOTA was conjugated to CMC-SA (CMC-SA-DOTA). The
nanoparticles (NPs) of CMC-SA and CMC-SA-DOTA were prepared and the
radiolabeling conditions of the NPs with 68Ga were set. According to the radiolabeling
results 68Ga-CMC-SA NPs, these NPs were not labeled without DOTA in their
structure as chelator for 68Ga, Also, low labeling yield of CMC-SA-DOTA
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nanoparticles in comparison with CMC-SA-DOTA polymer showed that p-SCN-BnDOTA chelators conjugated to CMC-SA would be located inside of the NPs during
NP preparation that leads to low radiolabeling of the CMC-SA-DOTA NPs.

3.11.Poland
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Summary
In the reported period activities at IARC, Poland, were focused on: (1) radiation synthesis of
poly(acrylic acid) nanogels (nPAA) and their conjugation with bombesin-DOTA and (2) on
radiation- and sonochemical synthesis of gold nanoparticles (AuNPs) stabilized by lipoic acid
(LA) and oligo(acrylic acid) (OAA). Within the first task the procedures for radiation
synthesis of nPAA have been tested and optimized, nPAAs of selected parameters were
synthesized, characterized (molecular weight, radius of gyration, hydrodynamic radius, UVVis, FT-IR and 1H NMR spectra) and used as a starting material for derivatization with
bombesin-DOTA. Two derivatization methods have been employed. Method A was used to
obtain three products differing in the average number of bombesin-DOTA substituents per
nPAA particle. These products have been characterized and sent to Polatom for further
studies. Synthesis according to method B (step-by-step solid state peptide synthesis), expected
to be of some advantage in the selectivity of site of bombesin attachment, is under way.
Within the second task, procedures for simple, single-step synthesis of stabilized gold
nanoparticles have been studied and optimized, where the reduction of gold precursor was
initiated either by ionizing radiation or by ultrasound, and the stabilizing agents were either
LA or OAA. It has been demonstrated that the choice of the method and ligand, as well as
process parameters determine the size and zeta potential of the products. All gold
nanoparticles synthesized by the optimized procedures have good stability (weeks or longer)
in water at R.T.
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3.12.Poland- POLATOM
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Summary
In this report we summarize our results of the radiolabeling and purification of nanogels
which were obtained from dr Clelia Despenza, Universita degli Studi di Palermo.The
parcicles were modified with DOTA-bombesin and than radiolabeled with two radioisotops:
lutetium-177 and ittrium-90. Radiolabeled nanogels were further eveluated per-clinically. The
in vitro binding and internalization studies were carried out with rat pancreatic AR42J cells.
For in vivo studies two animals models were chosen: normal Wistar rat the tumor model,
female BALB/c Nude (CAnN.Cg-Foxn1nu/Crl) in order to determine tissue localization and
excretion route. For the preparation of the tumor model, the rat pancreatic AR42J cells were
inoculated on the left or right shoulder with 106 cells in 200 μL PBS.
As a result we observed that the radiolabelled nanogels required purification to remove
unbound radiometal and an optimisation of radiolabelling conditions is still required. The
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radiolabelled nanogels presented high receptor affinity to the rat pancreatic AR42J cells in
vitro. In vivo biodistribution revealed that liver is a critical organ. The size of nanogel
determines the in vivo distribution. It would be recommended to modify the surface of
particles (e.g. PEG-3000 used in liposomes) or to change the administration route. The in vivo
evaluation should be continued to assess the pharmacokinetic profile of radiolabelled
nanogels.

3.13. Singapore
The participant was not present and the report is not available.

3.13.Thailand
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Summary
Progress in two models of polymeric nanoparticles (NPs) conjugated DOTA-BBN as
radiopharmaceutical and targeting nanocarriers is proposed. The 1st model is the development
of DOTA-BBN peptide conjugated natural polymers that ready to be used for green synthesis
of radioactive 198AuNPs. The 2nd model is to develop the DOTA-BBN peptide conjugated
polymeric NPs for radiolabelling onto the DOTA moieties otherwise labeling also inside the
functional NPs. Continuously from the 2nd CRM, the overall developing works includes i)
developed protocol for DOTA-BBN conjugation and characterization particularly quantitative
analysis, ii) observed change of NPs properties and kinetic stability in biological media after
DOTA-BBN conjugation and iii) challenged problem bringing to some additional
development of NPs. For the 1st model, it is possible to be a prototype of simple
radiopharmaceuticals kit. In this model, chitosan (CS) and silk fibroin (SF) were gammairradiated with the doses of 80 and 10 kGy, respectively to prepare water-soluble
polysaccharide and polypeptide as reducing and stabilizing nanoparticles (NPs) and their
preparation and characterization were proposed in the 1st and 2nd CRM. In addition, watersoluble chitosan (WSCS) was also conjugated with gallic acid (GA) to obtain WSCS-GA NPs
that exhibiting more reducing power when it would be used for green synthesis of more stable
198
AuNPs. The protocol for the quantitative analysis of the conjugated DOTA-BBN amount in
sample was developed using SEM-EDX including sulfur (S) standard addition technique. The
WSCS-DOTA-BBN, WSCS-GA-DOTA-BBN and WSSF-DOTA-BBN NPs contain the
DOTA-BBN moieties of 34.4, 28.5 and 7.7%w/w in the samples, respectively. The stabilities
of AuNPs-WSCS-DOTA-BBN (DH = 86 nm), AuNPs-WSCS-GA-DOTA-BBN (DH = 257
nm) and AuNPs-WSSF-DOTA-BBN (DH = 202 nm) were studied in PBS buffer, Saline
(SAL), Cysteine (Cys) and Histidine (His). It was found that conjugated DOTA-BBN
moieties significantly affect the properties of AuNPs formation and their stabilities. The
AuNPs prepared in a prototype WSCS-DOTA-BBN are not stable in all types of biological
media; on the other hand, the AuNPs prepared in the newest developed WSCS-GA-DOTABBN are more stable particularly in Cys within a period of 1 week. For the 2nd model, the
newest polyacrylic acid (PAA) and polyethylene oxide (PEO) inter-polymer complex (IPC)
nanogel was also developed using irradiation technique. The PAA-PEO IPC nanogels are
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expected to be more efficient for conjugating with DOTA-BBN and more radiolabelling
because of the carboxylic acid (-COOH) group. By SEM-EDX quantitative analysis, the
DOTA-BBN could be conjugated onto IPC nanogel as high as 50%w/w in the NPs sample.
The WSCS NPs, WSCS-DOTA-BBN NPs and WSSF-DOTA-BBN NPs were delivered to
USA, Egypt, Pakistan and Mexico for cellular internalization study, radiolabeling and
biological test.

3.14.United States of America
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Summary
In search of gold nanoparticles capable of targeting primary prostate, breast and pancreatic
tumors, we have developed a large number of candidates encapsulated with various proteins,
peptides and small molecule phytochmeicals. The tumor retention characteristics of these
candidates have been accurately quantified by pioneering the development of the
corresponding Au-198 radioactive gold nanoparticulate analogs. The gamma emission of Au198 nanoparticles allows precise estimation of gold within tumor cells/tissues through
scintigraphy counting techniques. In the current CRP report as elaborated above, we have
shown that the presence of glucose in Mangiferin provides an ideal targeting ligand with
excellent prostate tumor-avidity through laminin receptor specificity. This has resulted in
laminin receptor specific Au-198-MGF nanoparticles. This report has summarized: (i) the
production and full in vitro characterization of Au-198 radioactive gold nanoparticles
functionalized with mangiferin; and (ii) complete biodistribution and tumor efficacy studies in
prostate tumor bearing mice.
Our future studies to meet all the objectives of the CRP will entail:
(i)
Discovery of new pharmacophores to achieve specificity and selectivity of
nanoparticles for treatment of cancer and diseases beyond cancer;
(ii)
Expand tumor treatment to pancreatic and colon cancers through Au-198-MGF
nanoparticles.
(iii) Work with the various scientists from this CRP for the immobilization of various
tumor specific and nanoparticles initiator phytochemicals as well as bombesin
peptide on polymeric nanoparticles/hydrogels to functionalize various
nanoconstructs with Gold-198/199 Nanoparticles;
(iv)
Continue Collaborations with the rest of the CRP member scientists to develop the
next generation of polymeric nanoparticles and provide logistical support from the
University of Missouri for clinical translation studies through appropriate tumor
models and mice and dogs.
(v)
Plans for Phase 1 Clinical Trials of Au-198-MGF nanoparticles.

Publication: Our collaborative efforts within the CRP member scientists (Dr. Ademar from
IPEN, Sau Paulo, Brazil) has resulted in a major publication in a peer reviewed journal
entitled:
Mangiferin functionalized radioactive gold nanoparticles (MGF-198AuNPs) in prostate tumor
therapy: green nanotechnology for production, in vivo tumor retention and evaluation of
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therapeutic efficacy---published in the Joural of the Chemical Society Dalton Transactions—
2017--- DOI:10.1039/C7DT00383H

4. CONCLUSIONS AND RECOMMENDATIONS
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After exhaustive and in-depth discussions during and after the individual presentations the
participants have concluded that
 The overall progress of the CRP has continued to be excellent. The participants
had synthesized new nanoconstructs besides working farther on characterization,
stability, labelling and testing of the previously developed ones;
 The collaboration between participants has expanded and deepened;
 When samples are exchanged between research groups, Technical Data Sheets
(TDS) that contain all relevant information on the supplied nanomaterial samples
(Checklist A) to be sent together with the sample. The same applies to
Laboratory Reports (LR) that describe the labelling procedure as well as the in
vitro and in vivo tests (Checklist B-D). These TDSs and LRs should also be
distributed to all participants, as a way to exchange best practices.
 The DOTA-Bombesin peptide was proven to be the right choice to be used by all
participating groups involved in the synthesis of nanoconstructs and was well
utilized.
Based on all the discussions and achievements, the participants recommended,
 That new batch of DOTA-Bombesin peptide be purchased by the IAEA for the
participants.
 That IAEA-TECDOC should be the form for the final meeting report, and
preparations for the timely publication be initiated in due time.
 That the final meeting be held in Recife (Brazil) in 1Q 2019. (other possible
venues are Palermo (Italy) and Lodz (Poland)).
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1. INTRODUCTION
The use of nanotechnology in medicine, also called nanomedicine, is based on the
preparation of nanostructures, such as nanoparticles (NPs), with particular physicochemical
characteristics able to be easily detected and allowing therapeutic loads in the same structure,
combining therapeutic and diagnostic functions. Additionally, these NPs should have an
increased efficiency relative to their containing therapeutic entity. They can be targeted to
specific tumour tissues due to its pharmacokinetics, pharmacodynamics and enhanced
intracellular activation. These characteristics depend on size and surface properties of the
NPs.
Albumin-based NPs can be designed for a variety of uses; among them, the ones that
stand out are nanovehicles in a drug delivery system. Such choice relies in on the fact that
Albumin is a protein with high biocompatibility, and is biodegradable and non – antigenic as
well as malleable [1]. The highlight of Albumin – based NPs for the pharmaceutical industry
was the conjugation of Albumin with bound-Paclitaxel (PX-NPs, Abraxane®), which was
FDA approved in 2005 for the treatment of metastatic breast cancer. This was first applied to
patients in whom other chemotherapy treatments had failed or who had relapsed. Seven years
after (2012), the FDA approved Abraxane® to treat the non-small cell lung cancer (NSCLC),
one of the most common lung cancers [2]. These PX-NPs have not been labelled with a signal
to target some specific cells or tissue. Therefore, the addition of a molecular recognition for
anomalous cells could improve the drug delivery efficiency.
In addition, preparation of NPs containing an inorganic core can be detected by
microscopy and image techniques. Our laboratory proposed the preparation of core/shell
gold/Albumin NPs (Au/Alb-NPs) stabilized by radiation-induced crosslinking [3, 4]. In this
report is described a further characterization and properties of the core/shell Au/Alb-NPs,
their decoration with a specific peptide and their specific cell internalization.
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2. MATERIALS AND METHODS
Bovine serum Albumin, Fraction V (BSA) was obtained from Sigma Aldrich and Human
serum Albumin (HSA) was kindly donated by Laboratorio de Hemoderivados (UNC,
Argentina). All other reagents were of analytical grade and used as received. BSA was
dissolved in milliQ water. Different amounts of ethanol were added drop wise onto the
protein solution, keeping the temperature at 0 ºC under constant stirring. BSA and/or HSA
solutions were irradiated 10 kGys by a 60Co gamma-rays source (PISI CNEA-Ezeiza) at a
dose rate lower than 1 kGy/h and keeping sample temperature in the range of 5-10 ºC during
irradiation.
After irradiation, protein samples were diluted to a suitable concentration with milliQ
water for different experiments. Particle size was determined by dynamic light scattering
(DLS) at 25 °C in a 90Plus/Bi-MAS particle size analyzer, with a light source of 632.8 nm
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and a 10-mW laser. Each data is the average of three measurements. Samples were kept at
4 °C until analyzed, and measurements were carried out on days 1 and 30 after sample
preparation.
FTIR spectroscopy analysis was run using a multireflexion ATR module. Each sample
was blow-dried on ZnSe crystal and dried using N2 flows for one hour. The spectra were
recorded with 64 scans and a 1 cm-1 resolution.
SDS-PAGE was carried out using the method of Laemmli on an acrylamide gel with 8 %
resolving gel and 5 % stacking gel in a Bio-Rad Mini-PROTEAN 3 cell. Fifteen microliters of
sample was loaded into each gel well. The voltage was set at 12 mA/gel.
UV-vis spectra and absorbance measurements were performed in a UV-Vis Shimadzu 160
A spectrophotometer.
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) was performed
by Simultaneous Shimadzu 9000 High Resolution spectrometer according to EPA 200.7.
Strontium ions were detected after transchelation IDA-Sr(II) to NPs containing DOTA-Sr(II).
AFM picture was captured with FastScan AFM (BUKER) in a Peak Force mode using a
Si tip. Sample was mounted onto mica muscovite disc.
Cell culture and nanoparticle delivery was performed onto PC3 cell line (American Type
Culture Collection) and maintained in RPMI growth media without addition of antibiotics at
37 °C in controlled CO2 atmosphere with the addition of 10% FBS (Internegocios, BA,
Argentina). For NP uptake the protocol developed by Tkachenko et al. [5] was followed.
Cells were plated on glass coverslips and grown to 75% confluency in 24-well plates and then
incubated with NP conjugates (1 pM) for 3 h in the same culture condition. All studies shown
herein were performed using media with 10% FBS (Internegocios, BA, Argentina) and NPs
were diluted in the same media. After NP incubation coverslips were rinsed extensively with
phosphate-buffered saline (PBS), and the cells were fixed with 4% paraformaldehyde in PBS
for 15 min at 37 °C and then rehydrated in PBS prior to microscopy analysis. Visual
examination of the samples with phase contrast microscopy was conducted with 400 X
magnifications under an optical microscope (Olympus IX-71 microscope, Olympus
Corporation, Japan).
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3. RESULTS AND DISCUSSION
Naked gold nanoparticles (Au-NP) easily agglomerate by the presence of different
solutes [6]. Covering Au-NP surface with organic molecules and/or proteins is mandatory to
develop applications [7]. However, most of proteins partially lose their native conformation
when interacting with highly structured Au-NP surface [8]. In addition, the dissociation
constant of the NP/protein interaction is in the millimolar range, therefore protein exchange
process occurs when these materials interact with a complex sample [9, 10].
In order to improve the surface of nanostructured materials our laboratory proposed
the preparation of hybrid NPs by covering Au-NP with a multilayer shell of Albumin (Alb)
crosslinked by ionizing radiation [11]. In this report Alb is called to BSA and HSA proteins
mixture (1:1 molar ratio). The scheme of the NP preparation process is depicted in the Fig. 1
and in a further step, NP decoration with specific peptide will be performed in order to
improve NP recognition for a specific target cell.
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Fig. 1: Scheme of the proposed hybrid NP preparation to yield a core/shell Au/Alb-NPs
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Preparation of radio-induced cross-linked gold-protein nanoparticles (Au/Alb-NP)
Au-NPs are prepared according a standard protocol based on citrate reduction [12].
Au-NPs are pre-treated with dilute protein solution to stabilize semi-denatured forms of the
protein and subsequently addition of concentrated Alb solution followed by cold ethanol to
induce the aggregation. The Alb shell is stabilized by radiation-induced crosslinking under
oxygen free atmosphere, according to the technique developed previously in our laboratory
[3, 4].
The purification of hybrid NPs can be done by two different methods: Centrifugation
and Size Exclusion Chromatography. It has been demonstrated in the previous report that the
former one is simpler but generates NP aggregates. In the case of the SEC method a mixture
of Au/Alb-NPs and Alb-NPs is co-purified.
Additional FT-IR spectroscopy analysis was performed onto BSA, Au-NPs and
Au/BSA-NPs prepared by radiation-induced crosslinking (Fig. 2). The core/shell NP spectrum
shows two main peaks corresponding to the amide regions I and II, respectively. These peaks
were confirmed by running free protein sample, corroborating the presence of Albumin layers
onto the Au-NP surface. In addition FT-IR spectrum corresponding to citrate and naked AuNPs (citrate coated) are also shown in Fig. 2. It is concluded from the spectra that citrate is
removed from the Au-NPs by the Albumin coating process.
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Fig. 2: FT-IR multireflection ATR spectra corresponding to (a) Citrate; (b) naked Au-NPs (citrate
coated); (c) BSA and (d) Au/BSA-NPs
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The minimum irradiation dose to prepare hybrid NPs was determined onto a sample
containing 30 %v/v ethanol. Samples were prepared using the same concentration of Au-NPs
and Alb corresponding to the previous experiment. Fig. 3 shows the plotted changes in the
plasmon absorbance peak as a function of the irradiation dose, in the range of 0 to 10 kGy. All
samples were irradiated at a dose rate of 1 kGy/h. Two plasmon absorbance parameters were
analysed, the maximum of the plasmon peak wavelength and the relative peak intensity
(respective to the same non-irradiated sample). The maximum peak wavelength showed a
transition from 528+/- 2 nm to 534 +/- 2 nm. A sharp change of this parameter occurred in the
range of 0.5 to 1 kGy. Absorbance of the maximum peak decreased from 0.97 to 0.83 +/0.07, when the total irradiation dose increased. As plotted in Fig. 3, the change in absorbance
took place in the same dose as the other variable. This minimum dose value was lower than
the irradiation dose required to prepare BSA-NPs by electron-beam irradiation [4]. Therefore,
it can be speculated that Au-NP core enhance the crosslinking process.
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Fig. 3: (a) Plasmon peak characteristics for different irradiation doses. Left abscissa axis represents
the maximum peak wavelength (open squares) and right abscissa axis represents the absorbance of
the plasmon peak (close squares).

Au-NPs can be easily dissolved using a cyanide solution, transforming the red
suspension of Au-NPs in a light-yellow colour of the solution of auric ions [13]. Therefore,
the kinetic of dissolution of irradiated Au/BSA-NPs was measured at 40 ºC by following the
disappearance of plasmon absorption peak (Fig. 4). In the period of three hours, naked AuNPs (citrate-coated) were completely dissolved; meanwhile all the irradiated protein-coated
samples showed slower dissolution behaviour (Fig. 4a). In Fig. 4b it is plotted the NP
dissolution %, determined as the percentage of variation of plasmon peak after 30 min within
cyanide solution. Considering this parameter, the sample irradiated with the minimum dose
studied (0.5 kGy) showed a differential dissolution behaviour respect to the non-irradiated
one; and all the other samples, ranged from 1 and 10 kGy, showed a dissolution rate
difference lower than ten percent.
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Fig. 4: Nanoparticle dissolution test. (a) Ratio of plasmon peak maximum with the incubation time in
a cyanate solution. (b) Percentage of the nanoparticle dissolution at 30 min of incubation time with
cyanate solution versus the irradiation dose.
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Zeta potential (ZP) is a very useful parameter for NP characterization. The magnitude
of ZP indicates the degree of electrostatic repulsion between adjacent particles in dispersion,
considering only one type of particles. In Table 1 is shown the ZP of different kinds of NPs
and HSA. Au-NPs have very low ZP as a consequence of citrate capping, meanwhile all
others NPs showed ZP values near ZP of HSA, especially those prepared by ethanol
aggregation and radiation-induced crosslinking (Au/HSA-NPs and HSA-NPs). Therefore, the
surface of Au/HSA-NPs and HSA-NPs shows surface electrostatic charge behaviour similar
to the protein which is the building block of their shells.

WO

TABLE 1. ZETA POTENTIAL OF HSA AND DIFFERENT NPS. AU/HSA(M)-NPS
CORRESPOND TO AU/HSA-NPS BY MONOLAYER COATING [8] AND HSA-NPS
CORRESPOND TO PROTEIN NPS PREPARED ACCORDING [3]

NPs

Zeta potential (mV)

Au-NP

-40 to - 501

Au/HSA(m)-NPs

-21

Au/HSA-NPs

-12.1

2
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HSA-NPs

-11.4

HSA

-15.42

according ref. [9]
according ref. [14]

In order to introduce some specificity the prepared NPs were decorated with a specific
peptide, a bombesin derivative peptide (BBN-DOTA), by using traditional coupling chemistry
(Fig. 5). The technique involves two main steps: (a) peptide activation and (b) peptide
coupling to NPs. Peptide activation was performed with heterobifunctional reagents 3(maleimido)propionic acid N-hydroxysuccinimide ester (GMPS) or succinimidyl 4-(Nmaleimidomethyl)cyclohexane-1-carboxylate (SMCC). These reagents specifically react with
a primary amino group of BBN-DOTA and with Albumin thiol group in the second step.
BBN-DOTA and linker reaction was performed in DMF to improve the reaction yield.
The excess of heterobifunctional reagents was removed by addition of amine-microbeads or
purified by reverse phase chromatography [15]. Activated peptide was characterized by
Electrospray Ionization Mass Spectroscopy (ESI-MS). It was found DOTA-BBN-linker ratios
from 1:1 to 1:3 molar ratio.
In a second step, the activated BBN-DOTA peptide is added to hybrid NPs according
to the scheme of Fig. 5.
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= Activated BBN

MW = 2144 g/mol

Fig. 5: Scheme of the decoration of Au/Alb-NP with a bombesin derivative
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The main challenge in the preparation of NPs decorated with BBN-DOTA has been
the quantification of the peptide. Different methodologies have been analysed to quantify it.
The first one
studied was by Dissociation-Enhanced Lanthanide Fluoro-Immunoassay
(DELFIA) using Eu(III) ions which should be chelated and removed from DOTA to be
measured [16]. This method is ten times more sensitive than fluorescence methods; however,
the protocol has several steps error-prone. Therefore the amount of effective peptide linked to
the NPs could not be properly quantified.
Another quantification method of DOTA macrocyclic ligand is based on titration of
the blue-colored 1:1 Pb(II)-Arsenazo III (AAIII) complex in the concentration range of 0–2.5
mM [17]. Color change occurring upon transchelation of the Pb(II) from the AAIII to the
DOTA ligand monitored at 656 nm. The sensitivity of this method was below the limit to
quantify the DOTA-peptide.
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES), using an
Simultaneous Shimadzu 9000 High Resolution spectrometer according to EPA 200.7 was
applied to quantify the DOTA-BBN ligand onto NPs. Previously, the NPs was loaded with
Sr(II) ions by transchelation. The sensibility of the method was in the ng range (nM
concentration). Using this method in the range of 400 peptides per NP was determined;
however milliliter-volume of sample was required for quantification.
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Liquid Atomic Force Microscopy (AFM) was able to run samples in aqueous media to
take a picture of the NPs in their natural environment. In Fig. 6 is shown an AFM picture with
NPs of different sizes. The smallest ones were assigned to naked Au-NPs, medium sizes to
Au/Alb-NPs prepared by the proposed method and a bigger one to an aggregate. Several
AFM pictures were captured for every population and compared with the TEM pictures to
confirm the correspondence. It is noticeable the roughness and the heterogeneity of the
Au/Alb-NPs.

Fig. 6: AFM picture of Au/HSA-NPs in solution
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Nanoparticle stability was studied by SDS-PAGE electrophoresis. Purified hybrid NPs
were analysed by SDS-PAGE and compared with Au-NPs and Au/HSA(m)-NPs. Using
Coomassie Blue staining the protein content and its MWs are determined by this technique.
According Fig. 7 Au/Alb-NPs have a high amount of protein with the same MW than free
Albumin and small amount of degradation products (low-MW proteins). Additionally, a
diffused band at high-MW and other bands in the stacking gel can be found. Meanwhile, a
small amount of Albumin is found in the lane corresponding to Au/Alb(m)-NPs. Also, in the
non-stained picture of the stacking gel are shown residual amounts of Au-NP aggregates (dark
blue line) and a red line in the Au/Alb-NPs. These NPs have much more amount of protein
and only a fraction is crosslinked generating high-MW structures.
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Fig. 7: SDS-PAGE electrophoresis of Au/Alb-NPs prepared by monolayer adsorption (Au/Alb(m)NPs) and radiation-induced crosslinked Au/Alb-NPs (Au/Alb-NPs).
MW markers (Lysozyme: 14 kDa; Ovoalbumin: 44 kDa; BSA: 66 kDa).
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Finally, a preliminary experiment to show the NPs uptake into PC3 cells was
performed using the prepared NPs containing BBN peptide. PC3 cells were grown up to 75 %
confluence and incubated with small concentration of NPs (1 pM) for 3 h in the same culture
condition. After rinse the excess of NPs, cells were fixed and visualized by a phase contrast
microscopy. In Fig. 8 are shown cells containing NPs inside (black dots). NPs prepared by
monolayer adsorption decorated with BBN shows clusters of NPs near the cell membrane.
Meanwhile, Au/Alb-BBN-NPs show cytoplasm localization. In addition, cells treated with
NPs without BBN peptide show a lower cell uptake for Au/Alb-NPs compared to Au/Alb(m)NPs.

Fig. 8: PC3 cells treated with monolayer and radiation-induced crosslinked Au-NPs (Au/Alb(m)-NPs
and Au/Alb-NPs respectively) and the corresponding decorate ones with bombesin (BBN). NPs are
shown as black dots.
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Collaborative work
Preparation of protein-NPs and Au/protein-NPs were done to other partners of the
CRP project for preliminary in vitro and in vivo analysis. Samples were sent to Ms. Laura
Melendez Alafor of University of Padova (Italy) and Dr. Irfan Khan of the Institute of
Nuclear Medicine and Oncology –INMOL- of Pakistan Atomic Energy Commission (PAEC),
Lahore, Pakistan.
4. CONCLUSION
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The third period of the CRP project bovine and human Albumins have been used to
prepare Au/Alb-NPs by radiation-induced crosslinking process. Further characterization has
been done of Au/Alb-NPs by FT-IR spectroscopy, zeta potential and AFM microscopy
analysis. Considering the NP decoration, the preparation of peptide activation and addition to
NPs has been analysed by different techniques. The nanostructured material was used to study
the in vitro cellular uptake to PC3 cells. Preliminary studies showed selectivity to PC3 cells
uptake higher than the monolayer protein coated Au-NPs. Further studies are carried on to
confirm this hypothesis.
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RADIO-INDUCED CROSSLINKING OF ALBUMIN NANOPARTICLES FOR
RADIOPHARMACEUTICALS DELIVERY SYSTEM
Ademar Benévolo Lugão
SUMMARY

Nanoparticle protein-bound (NabNpb) pharmaceuticals have been considered as a very promising route for the
delivery of chemo and radio-pharmaceuticals for cancer cells. Protein-bound paclitaxel is
an injectable formulation of paclitaxel, a mitotic inhibitor drug used in the treatment of breast cancer, lung
cancer and pancreatic cancer. In this formulation, paclitaxel is bonded to albumin as a delivery vehicle. It is sold
in the United States under the trade name Abraxane. The preparation of albumin nanoparticles of Abraxane is
based on strong shear and pressure in solvent medium followed by extraction. Therefore, a number of possible
shortcomings can be foreseen. A better process in a toxic solvent free medium and mild conditions to synthesize
albumin nanoparticle and capable of encapsulating chemo and radio pharmaceutics should be developed.
Production of nanoparticles of albumin by radio-induced crosslinking was recently demonstrated and proved.
Our patented process will be applied to synthesize protein based nanoparticles to encapsulate radiopharmaceuticals. Alternatively, a platform for the synthesis of gold nanoparticles as drug carriers was also
synthesized by the use of ionizing irradiation and surface decoration with crosslinked albumin.
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1. INTRODUCTION
This report addresses the research project entitled: " RADIO-INDUCED
CROSSLINKING OF ALBUMIN NANOPARTICLES FOR RADIOPHARMACEUTICALS
DELIVERY SYSTEM", and contains the information related to the ongoing research
progress, mainly describing the activities and goals achieved during the involved period.
Proteins as a whole represent an important group of the therapeutic agents available
nowadays for the treatment of a wide range of disorders. Despite direct applications, these
biomolecules may also be used to functionalize, confer biopharmaceutical advantages and
constitute novel drug delivery systems for available drugs among other aspects (Banta et al,
2010; Sezaki and Hashida, 1985). Perhaps the most relevant aspect to be taken into account
with regard to globular proteins in pharmaceutics and industrial processes is attributed to
instability in unusual environments and intrinsic limitations of such biomolecules. Thus,
many approaches have been directed towards overcoming such limitations (Polizzi et al.,
2007) including nanotechnological tools (Crommelin et al., 2003), chemical modifications
(Fernandez-Lafuente et al, 1995), immobilization (Sheldon, 2007), the use of additives such
as sugars (Arakawa and Timasheff, 1982, Varca et al., 2010) among others, considering that
overcoming such problems and intrinsic limitations would allow a great expansion in the use
of such compounds (Arnold, 1993).
Particularly the use of high energy radiation is known to directly or indirectly damage
or impair biological function of macromolecules and proteins (Saha, 1995; Davies et al.,
1987; Furuta, 2002) and as a result its use is therefore limited. However, over the last decade
some researchers have attempted to use radiation (Akiyama et al., 2007; Furusawa et al.,
2004) to achieve nanometer-sized particles and nanogels based on proteins and peptides. A
few years later, Soto-Espinoza et al. (2012) evaluated the use of solvents combined with
radiation to synthesize bovine serum albumin nanoparticles. Specifically, the use of ionizing
radiation to achieve particle size control of enzyme nanoparticles with preserved bioactivity
for biomedical applications was recently demonstrated by our group, using papain (Varca et
al, 2014). This enzyme is a cysteine protease, widely applied as model enzyme for several
studies due to its renowned biotechnological relevance (Kao Hwang & A. C. Ivy 2006) as
well as its defined structure and biological properties (Kamphius et al., 1984).
The approach given in this report details the establishment of a novel platform for the
development of protein-based nanoparticles and gold nanoparticles for the delivery of chemo
and radiopharmaceutics, including an overview of the process, scale up and irradiation dose
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effects, as well as provides an experimental evidence to clarify the mechanism involved in the
nanoparticle formation. The motivation for the development of a platform for gold
nanoparticles (AuNPs) is highlighted due to its relevant applications as agents for biomedical
and biotechnological considering properties such as biocompatibility, bioconjugation and
optical properties, as well as its applications, including, but not restricted to detection and
image contrasting.

2. GOALS AND OUTPUTS
2.1 GENERAL GOALS
To develop a cleaner process free from solvents and free from shear and high pressure
for the production of stable albumin nanoparticles with size control based on the recently
discovered radio-induced crosslinking of proteins for potential loading of chemo and
radiopharmaceuticals. Alternatively, a platform for the synthesis of gold nanoparticles as drug
carriers will also be synthesized by the use of ionizing irradiation.
2.2 EXPECTED OUTPUTS
1. Control of yield and control of size of protein nanoparticles – Albumin and Papain;
2. Data on the radiolabeling of albumin and papain nanoparticles with technetium-99m;
3. Data on the possibilities of producing peptides nanoparticles and radio-pharmaceutical
encapsulation.
4. Development of a platform to produce albumin capped radioactive gold nanoparticles;
5. Network of researchers from different areas.
3. ACHIEVEMENTS/PROGRESS
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3.1 Albumin based Nanocarrier
The combination of solvent plus irradiation leads to higher particle size and the
bityrosine confirms the chemical nature of the caused crosslinks. In the figure 1 details
particle size increment as a function of ethanol concentrations irradiated and non-irradiated.
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Figure 1. Effect of ethanol concentration (0-40% (v/v) of non-irradiated and irradiated
albumin over particle size.
The results of DLS shows a slightly (but gradual) increase in the particle size of albumin
that goes from 6.64 d.nm in the abscence of co-solvent to about 20.66 d.nm at 40 % of
ethanol. We observed that the same behavior occurs with the samples that were nonirradiated in presence of methanol, but the size increase of this BSA nanoparticles was
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lower, ranging from 6.64 d.nm to 10.62 d.nm in a solution with 40% of methanol. Only when
the concentration of methanol was elevated to 45% and 50%, the particle size increased to
20.66 d.nm, reaching the same size as observed on the solution with 40% of ethanol.

Figure 2. Overview of the synthesis of protein nanoparticles.
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The interaction of ethanol over proteins is well established. This solvent is known to
induce changes on protein structure and denaturation as well, depending upon ethanol
concentration, the protein itself and experimental conditions, and at high concentration it is
widely applied as protein precipitant agent. (Yoshikawa, 2012).
To experimentally support such information (figures 3A and B), irradiation in absence of
ethanol led to higher levels of bityrosine crosslinks with no relevant changes in particle size
whatsoever, and thus indicated that the formation of such linkages, in this case, were
distinctively from the ethanol containing samples.
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Figure 3. Effect of solvent concentration of non-irradiated and irradiated albumin over
particle size.

3.2 Radiolabeling of Albumin Nanoparticles
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To assess the radiolabeling process in the study, technetium-99m (99mTc) was selected,
due to its widespread use and ready accessibility from a generator system. This radionuclide
still an attractive approach for labeling biomolecules for single-photon emission computed
tomography (SPECT) imaging, and a number of radiopharmaceuticals have been successfully
used in patients (Decristoforo et. al.)
For radiolabeling protein with 99mTc, two techniques have been proposed, using direct
or indirect pathways. Usually, direct protein radiolabeling is performed after reduction of
disulfide bridges, including using SnCl2 for in situ simultaneous reduction of the disulfide
bridges and 99mTcO4-, mainly for albumin. This method’s drawbacks lie in the lower stability

MA
TER
IAL

of the complex obtained and the high probability of structure alterations. Indirect
radiolabeling, via a bifunctional chelating agent (BFCA), has been promoted by novel
conjugates such as MAG3 and HYNIC for the development of in vivo stable (Capernet et..al.).
Among the BFCAs,“tricarbonyl core” [99mTc(CO)3(H20)3]+ seems to be an excellent
precursor and suitable for the radiolabeling of a wide variety of biomolecules and it
represents a high kinetic stability (Chen et. al.). Direct labeling and tricarbonyl compounds
methods were perfomed in this study.
3.2.1 99mTc Directed Radiolabeling Method
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Bovine Serum Albumin nanoparticles (BSA-NPs) were labeled by directed method
with 500 µL (20 mCi) of 99mTcO4- solution, 2 mg BSA-NPs and 5 μl of 8.8 mM and 1.3 mM
SnCl2.2H2O solution in 0.1 N HCl (nitrogen-purged). The reaction was induced by heating
the mixture to 37°C for 1h. Several radiochemical analytical methods including thin-layer
chromatography (TLC) and size exclusion chromatography (SEC) were performed to
determine the radiolabeled yield or radiochemical purity of 99mTc-BSA-NPs. For evaluation
performed in ITLC-SG, three systems were tested using mobile phases: (1) acetone, (2)
acetonitrile (50% v/v), and (3) solution of pyridine:acetic acid:water (3:5:1.5). Each of the
radiolabeled nanoparticles was also characterized by size exclusion chromatography (SECHPLC), using a Protein-Pak 300SW column (7.5 x 300 mm, Waters, Milford, MA), eluted
with phosphate buffer (50 mM, pH=7.2) in isocratic mode at a flow rate of 0.5 mL/min.
According to TLC strip radiochromatograms, the first system proved to be inefficient
for the analysis of radiochemical purity of 99mTc-BSA-NPs, once it was revealed that the peak
of 99mTc-BSA-NPs was detected at the origin (Rf=0) attached to 99mTcO2, while 99mTcO4move to Rf=1 (Fig 4a), the same was observed for acetonitrile (50% v/v) (Fig 4b and 4c).

Fig.4: ITLC-SG/acetonitrile (50% v/v) radiochromatograms: of a)99mTcO4-, b) 99mTcO2 and c)
Tc-BSA-NPs

99m
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The third system showed to be more appropriate for radiochemical analysis. It was
found that 99mTc-BSA-NPs spread from Rf=0 to Rf=0,8 while 99mTcO4- and 99mTcO2 migrated
at the solvent front (Rf = 0.9-1,0) (Fig.5).

Fig.5: ITLC-SG/ pyridine:acetic acid:water (3:5:1,5) radiochromatograms: a) TcO4- (similar
to TcO2) and b) 99mTc-BSA-NPs.
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The radiochemical purity of 99mTc-BSA-NPs, evaluated by HPLC, were 58.1% and
70.3% when used 10 µg and 15 µg of SnCl2.2H2O, respectively, and the corresponding
retention times by HPLC were 10.5 min (Figure 6 and 7). The radiolabeling yield in this study
was less than 90%, thus its need improve in radiolabeling process.
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Fig. 6: HPLC profile of 99mTc-BSA-NPs labeled with 370 MBq and 5 μl of 8.8 mM
SnCl2.2H2O solution in 0.1 N HCl. Flow rate 0.5 ml/min Rt = 10.5 min for 99mTc-BSA-NPs, Rt
= 22 min for for 99mTcO4–.
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Fig.7: HPLC profile of 99mTc-BSA-NPs labeled with 370 MBq and 5 μl of 1.3 mM SnCl2.2H2O
solution in 0.1 N HCl. Flow rate 0,5 ml/min Rt = 10.5 min for 99mTc-BSA-NPs, Rt = 22 min for
for 99mTcO4–.
4.2.2 99mTc-Tricarbonyl Indirect Radiolabeling Method

The method reported by Alberto et al. was adapted for the preparation of the
[ Tc(OH2)3(CO)3]+. Na2CO3 (4 mg, 0.038 mmol), Na2C4H4O6.2H2O (20 mg, 0.087 mmol)
and NaBH4 (6 mg, 0.159 mmol) were added into a glass vial (10 mL) sealed with a rubber
stopper, and then flushed with CO gas for 30 min. 99mTcO4-/saline (0,5 mL, 370-740 MBq)
eluted from 99Mo-99mTc generator (IPEN-CNEN-Brazil) was added to the vial, using a
syringe, and the solution was heated in a heating block at 100°C for 30 min.
The radiochemical yield of [99mTc(OH2)3(CO)3]+ was identified by high performance
liquid chromatography (HPLC). HPLC analyses were performed on Shimadzu equipped with
UV detector (Shimadzu) and Perkin Elmer Flow-count radiometric detector. HPLC solvents
consisted of 0.1% TFA (solvent A) and acetonitrile (solvent B). HPLC was performed using a
Phenomenex Synergi-hidro C18 reversed phase column (4.6x250 mm, 4 µm) at flow rate of
1.0 mL/min. The 99mTc-tricarbonyl ion was eluted at retention time of 10-12 min and free
99m
TcO4- at 3-4.5 min. The radiochemical purity of [99mTc(OH2)3(CO)3] was greater than
95%.
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99m

Fig 8: HPLC radiochromatogram of [99mTc(OH2)3(CO)3] + precursor, flow rate 1 ml/min, Rt =
4.5 min for free 99mTcO4–, Rt = 11.44 min for for [99mTc(OH2)3(CO)3] +.
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Tc-tricarbonyl was neutralized to pH 7.0 using 0.5M hydrochloric acid to perform
nanoparticle radiolabeling under non-denaturing conditions. In a low adsorption tube, 0.5 mg
of albumin nanoparticle in 200 μL PBS was mixed with 500 μL (370 MBq) of a 99mTctricarbonyl solution. Each sample was incubated at 37°C for 120 min with stirring. The RCP
was determined by ITLC-SG/Methanol Rf ([99mTc]-nanoBSA) = 0 and Rf
[99mTc(OH2)3(CO)3]+ = 1. It was also characterized by size exclusion chromatography (SECHPLC), using isocratic system (phosphate buffer 50 mM, pH=7,2).
According to ITLC strip radiochromatograms, the radiochemical yield for the
labeling with BSA-NPs (0.5 mg), when reacted at 37°C for 1h, was found to be 60.7%, while
HPLC analyzes showed to be 55.9% (Fig.9).
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Fig 9: HPLC radiochromatogram of 99mTc(I)-BSA-NPs at 37°C for 1h, pH = 7, flow rate 1
ml/min, Rt = 5.3 min for 99mTc(I)-BSA-NPs, Rt = 11 min for [99mTc(OH2)3(CO)3] + and Rt = 12
for free 99mTcO4-.
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When the reaction time was 2h at 45 °C, the radiochemical purity was found to be
84,93% and 80,45% to ITLC and HPLC analysis, respectively (Fig. 7).

Fig 10: HPLC radiochromatogram of 99mTc(I)-BSA-NPs at 37°C for 2h, pH = 7, flow rate 1
ml/min, Rt = 5.3 min for 99mTc(I)-BSA-NPs, Rt = 11 min for [99mTc(OH2)3(CO)3] + and Rt = 12
for free 99mTcO4-.
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Therefore, BSA-NPS can be labeled with 99mTc using a direct or indirect labeling
technique. Direct labelling approach does not require any additional ligand, it involves use of
radioisotope, biomolecule of interest and an effective reducing agent. We tested some
concentrations of both stannous chloride and BSA-NPs. On the other hand, the advantages of
this indirect labeling method include a well-defined chemistry, facile route and complexes
chemically robust which maintains their integrity under the most forcing conditions,
presenting an attractive synthon of 99mTc for development as radiopharmaceuticals. The next
step of this study will be to find the optimal reaction condition for the nanoparticle
preparation, investigating the effects of temperature, reaction time and the amount of BSANPs .
5. CONCLUSIONS/MAIN ACHIEVEMENTS
In this report, we summarized the preliminary results of the work developed as well
as the initial work plan for the project. On this account, the mains achievements are described
below:
 Development of the capability for controlling the size and size distribution and
large scale production of BSA nanoparticles:

The radiation-induced synthesis of albumin nanoparticles led to the formation of
protein based nanoparticles with size ranging from 6 to 68 nm. Scale up experiments revealed
that the radiation induced technique may be carried out under a wide protein concentration
range with minimum size variation;
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 Radiolabeling of albumin nanocarriers using Technetium
Albumin based nanoparticles were explored for their potential as drug delivery systems
for radiopharmaceuticals. Radiolabeling with technetium was performed and revealed high
levels of radiolabeling, evidencing the possibility to use the material for the loading of
radiopharmaceutics;
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 Network of researchers from different areas
The work is being carried out in cooperation with distinct institutes in Brazil and
worldwide including members from Argentina, Brazil, Iran, Pakistan, Poland and USA.

FUTURE WORK PLAN
The work plan for the continuation of the project was divided in three heading and
contains all the activities for the upcoming period. The information is described below:
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 Proof of concept of the applications of albumin and papain nanocarriers for the
delivery of radiopharmaceutics;

Final experiments and proof of concept of the applications of the albumin nanocarriers
for the delivery of technetium based radiofarmaceuticals; In addition, as recommended during
the last meeting, the potential of papain based nanoparticles for the delivery of
radiopharmaceutics will also be explored;
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 Determine the radiochemical stability of radiolabeled papain and albumin NP; in
vivo and ex vivo biodistribution studies.

Radiolabeled papain and albumin nanoparticles will be engineered and optimized
towards the loading of Technetium, and assayed for their radiochemical stability, also as part
of the proof of concept stage.

 Development of an alternative platform for producing albumin capped gold
nanoparticles by physio-sorption and chemical linkages. In addition, protein
crosslinking onto gold nanoparticles surface will also be addressed.

The functionalization of radioactive or non-radioactive gold nanoparticles with protein –
albumin – for the delivery of radiopharmaceuticals is currently under development, and at
present we have managed to develop prototype hybrid systems based on albumin and
nanogold; data on protein crosslinking onto gold nanoparticles are also part of the research.
 Biocompatibility and in vivo and in vivo biodistribution studies of the radioactive gold
nanoparticles;
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COLLABORATIONS
Ongoing collaborations involve institutes in Brazil - Universidade Federal de
Uberlândia, Prof. Luiz R. Goulart (UFU – MG), and International collaboration involves Prof.
Kattesh Katti, dr. Menka Khoobchandani from Missoury Univ. USA; Dr. Tamer Sakr
(Egypt); Dr. Piotr Ulansky and Dr. Slawomir Kadlubousky (IARC- Lodz, PL), Prof. Mariano
Grasselli (UNQ – Ar) and Dr. Irfan Ullah Khan (INMOL, Lahore, Pakistan).
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Abstract
Soft nanoparticles can be used in large extent as a drug delivery system for
radiopharmaceuticals for theranostic purposes. In our study poly ethylene oxide-poly acrylic
acid nanogel (PEO-PAAc) was prepared via γ-radiation induced polymerization. PEO-PAAc
and (PEO-PAAc)-Folic acid were characterized by Dynamic light scattering (DLS),
Transmission electron microscopy (TEM), X-ray diffraction (XRD) and Fourier transform
infrared (FT-IR) techniques. The mean diameter was found to be 129 and 12 nm for of the
prepared nanogel and the (PEO-PAAc)-folic acid complex respectively.
Experimental
1.2. Preparation of (polyethylene oxide-poly acrylic acid) nanogel PEO-PAAc
1.2.1. Preparation of PAAc
Poly acrylic acid (PAAc) 1% was successfully prepared by exposing acrylic acid (AAc)
1% (v/v) into gamma radiation at irradiation dose 4kGy.The resulting PAAc has molecular
weight (Mw=5000).
1.2.2. Preparation of PEO-PAAc
Polyethylene oxide poly acrylic acid PEO-PAAc nanogel was prepared via γ-radiation
induced polymerization that takes place in aqueous solution in a test tube glass bottle exposed
to γ-rays generated from 60Co source provided with a temperature control unit at dose rate
1.9kGy/h. The irradiation process was carried out at room temperature under air atmosphere.
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1.3. Conjugation of PEO-PAAc with Folic acid
Polyethylene oxide poly acrylic acid folic acid conjugate (PEO-PAAc)-Folic acid was
prepared by direct addition of folic acid to the nanogel followed by stirring for overnight. This
reaction was carried out using 30mg of folic acid which being added to 1ml of the polymer
nanogel. (PEO-PAAc)-Folic acid preparation was evaluated at different pH ranging from 110.
1.4. Characterization of both of PEO-PAAc & (PEO-PAAc)-folic acid conjugate
To confirm the preparation and the structure of PEO-PAAc and ((PEO-PAAc)-Folic
acid) conjugate, different measurements were done using Dynamic light scattering (DLS),
Transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourir transforms
infrared spectroscopy (FT-IR).
1.4.1. Particle size measurments
Dynamic light scattering (DLS): PSS-NICOMP Zeta Potential / Particle Sizer 380ZLS
(PSS-NICOMP, Santa Barbara, CA, USA .The prepared nanogel particles were measured by
the dynamic light scattering (DLS). For DLS measurements, samples were properly diluted
with freshly prepared deionized water until an intensity of 250–350 kHz was achieved. The
scattered light intensity was detected at a 90º angle and measurements were run using two
five-minute cycles.
The volume-weighted hydrodynamic mean diameters were reported to know the size
contributing the most volume. For zeta potential measurements, samples were properly
diluted with freshly prepared deionized water and then measured at an applied electric field of
strength 10 V/cm using three consecutive 30-second cycles for each sample on not less than
three independently prepared samples and their average was recorded.
1.4.2. Morphology study
To confirm the structure of PEO-PAAc and (PEO-PAAc)-Folic acid TEM, XRD and
FTIR were investigated.
Transmission electron microscopy (TEM)
Transmission Electron Microscopy (TEM; JEOL JEM- 100CX, Japan).Samples were
properly diluted and dripped onto carbon-coated copper grid without staining (otherwise
staining agent will be mentioned) followed by drying at room temperature.
X-Ray Diffraction (XRD) measurement
X-ray diffraction (XRD): shimad Zu, Japan .X-ray diffraction is another factor that
detects the elements and degree of crystallization of sample.
Fourir transforms infrared spectroscopy (FT-IR)
FT-IR spectra: Vertex 70, Burker optics company,Germany. FT-IR spectroscopy was
used to detect the important functional groups.
1.5. Radio Labeling of PEO-PAAc with 99mTc
PEO-PAAc nanogel was directly labeled with 99mTc (t1/2 =6 hr) under reductive
conditions in the presence of sodium dithionite (Na2S2O4) as a reducing agent in order to
avoid colloidal stannic oxide interference with biodistribution pattern in case of using SnCl 2
as the reducing agent. The influence of various reaction parameters and conditions on
radiolabeling efficiency, such as the amount of reducing agent (Na2S2O4), amount of nanogel
and reaction time were investigated and optimized in order to maximize the radiochemical
yield. Experiments of each factor were repeated 3 times and differences in the data were
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evaluated with one way ANOVA test. Results for P are reported and all the results are given
as mean ± SEM. The level of significance was set at P<0.05.
In a 10 ml penicillin vial, different amounts of PEO-PAAc (1% conc) were added. Then,
1 ml of freshly prepared Na2S2O4 solution in distilled water containing 10-200 mg of Na2S2O4
was added. Then, 100 µL of freshly eluted 99mTc (7.2 MBq) was added to the reaction
mixture. The reaction mixture was shaken by electrical vortex and left at ambient temperature
for different time intervals. Finally, 10.5 gm of folic acid was added to the reaction mixture
and the radiochemical yield (RCY) was calculated using ascending paper chromatography
(PC).
1.6. Determination the radiochemical yield of (99mTc-(PEO-PAAc))-Folic acid complex
The radiochemical yield was determined by ascending paper chromatography using
Whatman No.1 paper (13 cm long and 1 cm wide). For each labeling experiment, a dual
solvent system was used. Acetone, as mobile phase, where the free 99mTcO4- moved with the
solvent front (Rf = 1), while 99mTc-(PEO-PAAc)-Folic acid complex and reduced hydrolyzed
technetium colloid remained at the origin. A mixture of ethanol:water:ammonium hydroxide
(2:5:1, v/v/v) was used, as another mobile phase, where reduced hydrolyzed technetium
colloid remained at the origin (Rf = 0) while free 99mTcO4- and 99mTc-(PEO-PAAc)-Folic acid
complex migrated with the solvent front (Rf = 1).
1.7. Characterization of (PEO-PAAc)-99mTc)-Folic acid complex
After complete radioactivity decay, the hydrodynamic mean diameter (particle size of the
complex) and its charge were observed by Dynamic light scattering (DLS).
1.8. Distribution study
The biological distribution was evaluated using normal mice as control and solid
tumor bearing mice.
1.8.2. Biodistribution assay of (99mTc-(PEO-PAAc))-folic acid complex
Normal mice were I.V. injected by (99mTc-(PEO-PAAc))-folic acid complex while solid
tumor bearing mice were injected by two routes of administration I.V. and intra tumor
injection. At different time intervals 5, 30, 60 and 120 min, 3 mice were anaesthetized by
chloroform. All mice organs/tissues were dissected, washed with normal saline, made free
from adhering tissue/fluid, and weighed. Samples of fresh blood, bone and muscle were
collected in pre-weighed vials and counted assuming them to be 7, 10 and 40% of the total
body weight, respectively [16-19]. The radioactivity of each organ/tissue as well as the
background was counted in a well-type NaI (Tl) crystal coupled to SR-7 scaler ratemeter. The
percent injected dose/gram (%ID/g) and target (solid tumor) to non-target (normal muscle)
ratio (%T/NT) were calculated.
2. Result &Discussion
2.1. Possible mechanism of PEO-PAAc formation
Preparation of PEO-PAAc nanogel by γ-irradiation depends on the following
mechanism.The aqueous solution in this technique is used mainly in the PEO-PAAc
formation; the radiation energy is absorbed by water resulting in some reactive species ( .OH,
.
H, H3O+, H2O2 and H2n) , the main product of ionizing radiation and water radiolysis is
hydroxyl radicals and hydrogen atoms that may generate different polymeric and momomeric
reactive species simultaneously. PAAc may be homopolymerized and/or grafted on
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polyethylene oxide PEO molecules when the PEO recombine with oligomeric PAAc radicals
or initiate the polymerization of the PAAc oligomer[14].
2.2. Factor affecting and controlling the size of PEO-PAAc nanogel
Effect of feed composition of PEO-PAAc

Fig.1. Effect of feed composition (molar ratio according to PEO/PAAc) on the particle size.
Feed concentration: 1%;pH 3.45.
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Effect of irradiation dose
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Fig.2. The relation between the irradiation dose and the particle size. Feed composition:
30/70(PEO/PAAc); Feed concentration:1%; pH 3.45.

Effect of feed concentration
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Fig.3. The relation between the feed concentration of PEO-PAAc and the particle size. Feed
composition: 30/70 (PEO/PAAc); pH 3.45
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Effect of pH of the (PEO-PAAc) solution
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Fig.4. The relation between the pH of the PEO-PAAc solution and the particle size. Feed
composition: 30/70 (PEO/PAAc); Feed concentration 1%; Irradiation dose 40kGy.
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2.3. Conjugation of PEO-PAAc with Folic acid
Effect of pH on the particle
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Fig.5. The relation between the pH of (PEO-PAAc)-Folic acid conjugate and its particle size.
Feed composition: 30/70 (PEO/PAAc); Feed concentration; 1%; Irradiation dose 40kGy.
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2.4. Characterization of both of (PEO-PAAc) & (PEO-PAAc)-folic acid
To characterize the prepared PEO-PAAc nanogel, the DLS, TEM, AFM, XRD and FT-IR
were performed.
Dynamic light scattering (DLS) measurement

WO

RK

Fig.6.DLS measurement intensity Gaussian distributions of PEO-PAAc nanogel at low pH
(3.45) and intensity

Fig.7. DLS measurement intensity Gaussian distributions of (PEO-PAAc)-Folic acid
conjugate
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Morphology study (TEM)
X-ray diffraction (XRD) measurement

Fig.8. XRD pattern of PAAc, PEO, PEO-PAAc nanogel, Folic acid, (PEO-PAAc)-Folic acid
conjugate
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Fourier transforms infrared spectroscopy (FT-IR)

Fig.9. IR spectroscopy of (PEO, PAAc, PEO-PAAc, Folic acid, (PEO-PAAc)-Folic acid
conjugate
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2.5. Radio Labeling of PEO-PAAc with 99mTc
The highest RCY was obtained by mixing 350μg of PEO-PAAc, 50mg Na2S2O4 and
300μL (200MBq) of 99mTcO4- for 5 minutes followed by addition of 10.5 mg of folic acid for
1 hour (Fig 1-3).
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Fig.10. Effect of PEO-PAAc amount on RCY

Fig.11. Effect of Na2S2O4 amount on RCY
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4.2. Determination the charge and the mean diameter of (99mTc-(PEO-PAAc))-Folic acid
complex using DLS

Fig. 12. Intensity Gaussian distribution in case of PEO-PAAc radiolabeling followed by folic
acid conjugation
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Conclusion
Crosslinked Polyethylene oxide Poly acrylic acid nanogel (PEO-PAAc) was successfully
prepared via γ-radiation. The size was controlled by studying different factors such as molar
ratio of (PEO-PAAc), PEO-PAAc concentration, Irradiation dose and pH of the PEO-PAAc
solution. The particle size and the structure were confirmed by studying DLS, TEM, XRD
and FT-IR. The prepared (PEO-PAAc) nanogel was labeled with99mTc. Folic acid was
conjugated to the mixture for the detection of cancer. This was shown by T/NT ratios which
insure the selectivity of the prepared (99mTc-(PEO-PAAc))-Folic acid complex to the tumor
cells by the intravenous and the intra tumor injection. So this complex appears to be a
promising agent in the detection of cancer.
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Abstract:
Radiolabeling of WSSF-DOTA-Bombasin compound with Ga-68 then analysis by TLC and
HPLC followed by its biological evaluation in normal mice
Method:
0.1mg of WSSF-DOTA-Bombasin dissolved in 50µl H2O, 200µl of Ga-68 solution (0.05M
HCl) = 700µCi, 100µl of ammonium acetate 0.25M, PH=4.4, Allow to react for 30 min @
90°C, then TLC and HPLC analysis
Reaction Purification: Use cation exchange resin column after loading the mixture reaction
eluted with Milli-Q water
TLC system: Na3 Citrate with PH=8.5
HPLC system:HPLC analyses were carried out on semi-preparative Phenomenex C-18 (250
mm x 10 mm). Radiolabeled product was detected using the 0.065%TFA in 100%water (v/v)
[C] and 0.05%TFA in 100% MeCN(v/v) [D] system at 2 ml/min, wavelength was 220nm,
Pump system; was 0-15 min 0% [C], 100% [D], 15-30min 100% [C], 0% [D].
1. Free Ga-68: RF = 0.9
Research Section - FREE GA68 NA.R001
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2. Radiolabeling of wssf-dota-bombasin with Ga-68
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HPLC Results;
1. WSSF-DOTA-BOMBASIN, cold
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1
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Summary:
TLC system
Free Ga-68
wssf-dota-BBN [Cold]
Ga-68-wssf-dota-BBN

10.0

12.0

CH tR
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Biodistribution of 68Ga-WSSF
The biodistribution of 68Ga-WSSF was investigated in 12 male mice (3 animals per group).
The first group was the control group injected with saline (200 µl), the other three groups;
each animal was injected with 100 µl saline contains average of 70 µCi of 68Ga-WSSF at the
time of injection. The time points were 30 min, 60 min and 120 min. 68Ga-WSSF is rapidly
cleared from the circulation and its biodistribution changes very slowly (in most organs >
50% of the activity disappeared after 1 hour of injection). However, it looks like, clearance
from the tissues can be considered as the physical decay of 68Ga (half-life = 68 min). Only in
the liver and intestine where the activity accumulated during the first hour and no much
accumulation in the brain is noted. Noticeably high uptake of 68Ga-WSSF in blood, lung,
kidney, intestine, heart, muscle and thyroid, especially on the 30 min time point. Only on the
blood, lung and heart we see an accumulated uptake of 68Ga-WSSF on the time point. >50%
of the injected dose was cleared from the body after 1 hour (249 to 119) and after 2 hours
92% were cleared. About 60% of the remaining activity on the one hour time point was
concentrated in the liver, lung, kidney and intestine (70.72).
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wssf after 30 min Ax-Cor-Sag

MicroPET/CT:

wssf after 30 min coronal
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MicroPET/CT:

wssf after 60 min coronal
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MicroPET/CT:

wssf after 120 min coronal

Project 3
Magnetic iron nanoparticles as a 99mTc delivery system for cancer diagnosis
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Radioactive Isotopes and Generator Department, Hot Labs Center, Atomic Energy Authority,
P.O. Box 13759, Cairo, Egypt
Department of polymers, National Center for Radiation Research and Technology, Atomic
Energy Authority, P.O. Box 13759, Cairo, Egypt
Labeled Compounds Department, Hot Labs Center, Atomic Energy Authority, P.O. Box
13759, Cairo, Egypt
Iron oxide nanoparticles were synthesized by a modified co‐precipitation method. Ferric
chloride and ferrous chloride at a molar ratio of 2 to 1 were dissolved in 20 mL deionized
water, and then 20 mL of 10% PEG was mixed together. The solution was bubbled with
Nitrogen gas to prevent unwanted oxidation and then heated up to 50°C under continuous
stirring. Then some dosage of ammonia solution was dropped until the pH of the mixture
reached 10. The solution was vigorously stirred at 50°C for 1 h. The resulting Fe3O4-PEG
precipitate was removed from the solution by magnetic decantation. The black precipitate was
collected, washed with DI water several times to get neutral pH in order to simulate a
biological environment.
Results

WO

Average particle size: 69nm
And
The highest radiolabeling yield is 89%
Project 4
Gold-HGCG nanoparticle as a 99mTc-doxorubicin delivery system for cancer diagnosis
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Pharmaceutical Chemistry Department, Faculty of Pharmacy, MSA University, Giza, Egypt
University of Missouri, Columbia, Mo, USA
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Results:

ING

Aim of our project is a comparative study between the biological activity of both anti-cancer
drug loaded R-GNPs and a free anti cancer drug.
Here, we focus on the synthesis of gold nanoparticles loaded with an anti-cancer drug to be in
the optimum range to penetrate and target the cancerous cell without any harmful effect on the
normal cells. As the gold nanoparticles has the ability to form a thiol linkage with any coated
substance to be used in many field as gene delivery, photo thermal therapy and also drug
targeting, which is our aim of study.
Our theory is based on the reduction of gold from an ionic state Au+3 to the gold in the
metallic state Au0 in the presence of HGCH which act mainly as a reducing agent in addition
to it’s effect as anticancer agent which will support our aim our study.
Based on the conversion of the gold solution from the pale yellow color in to the ruby red
color of the HGCG gold solution.
The procedure:
At the first we dissolved HGCG 3.3 mg at 300 µL absolute ethanol and then dissolved gold
500 mg at 60 µL bi-distilled water. After that w put 100µL HGCH with 20µL gold solution in
a small flask and then put the flask on a magnetic hot plate for stirring for about 2-3 hours.
After we proved the formation of R-GNPs with the optimum nano size w add 0.4mg/ml of
doxorubicin with different conc. MTT assay was conducted to breast and liver cancer.

Au-HGCG Np

15nm

Au-HGCG-Dox NP 50nm
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20
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Concentration (µl/Well)

IC50 = 24.4  2.35 µl/Well
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Project 5
Polyvinyl pyrolidine-Poly acrylic acid /Folic acid (PVP-PAAc/ Folic acid) nanogel as a
131
I targeting receptor for cancer treatment
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Radioactive Isotopes and Generator Department, Hot Labs Center, Atomic Energy Authority,
P.O. Box 13759, Cairo, Egypt
Department of polymers, National Center for Radiation Research and Technology, Atomic
Energy Authority, P.O. Box 13759, Cairo, Egypt
Labeled Compounds Department, Hot Labs Center, Atomic Energy Authority, P.O. Box
13759, Cairo, Egypt
This project will involve preparation of PVP-PAAc nanogel and its characterization.
Followed by its bioconjugation with folic acid then radiolabeling using radionuclide iodine-
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131. The in-vivo biodistribution in both normal and tumor-induced mice to determine
target/non-target (T/NT) ratios and in-vitro cell viability and cytotoxicity analysis by MTT
assay on different cancer cell lines will be conducted.
Project 6
198
Au-rutin for cancer treatment

Tamer M. HAFEZ Sakr, H. A. Abd El-Rehim, Basma M. Essa
Radioactive Isotopes and Generator Department, Hot Labs Center, Atomic Energy Authority,
P.O. Box 13759, Cairo, Egypt
Department of polymers, National Center for Radiation Research and Technology, Atomic
Energy Authority, P.O. Box 13759, Cairo, Egypt

This project will involve preparation of Gold (Au) nanoparticles using Rutin as a
reducing and stabilizing phytochemical and its characterization. Followed by its radiolabeling
using radionuclides Au-198. The in-vivo biodistribution in both normal and tumor-induced
mice to determine target/non-target (T/NT) ratios and in-vitro cell viability and cytotoxicity
analysis by MTT assay on different cancer cell lines will be conducted.
Project 7
Selenium conjugated glutathion nanoparticles as a
diagnosis

99m

Tc delivery system for cancer
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Radioactive Isotopes and Generator Department, Hot Labs Center, Atomic Energy Authority,
P.O. Box 13759, Cairo, Egypt
Department of polymers, National Center for Radiation Research and Technology, Atomic
Energy Authority, P.O. Box 13759, Cairo, Egypt
Labeled Compounds Department, Hot Labs Center, Atomic Energy Authority, P.O. Box
13759, Cairo, Egypt
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This project will involve preparation of Selenium (Se) nanoparticles and its
characterization. Followed by its bioconjugation with glutathione then radiolabeling using
radionuclides such as technetium-99m and/or iodine-131. The in-vivo biodistribution in both
normal and tumor-induced mice to determine target/non-target (T/NT) ratios and in-vitro cell
viability and cytotoxicity analysis by MTT assay on different cancer cell lines will be
conducted.
Project 8
Nanosome as a radiopharmaceutical delivery system for cancer diagnosis and therapy
Tamer M. HAFEZ Sakr, H. A. Abd El-Rehim, Dalia M.N. Abouhussein
Radioactive Isotopes and Generator Department, Hot Labs Center, Atomic Energy Authority,
P.O. Box 13759, Cairo, Egypt
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This project will involve preparation of nanosomes and its characterization. Followed
incorporation of different radiolabelled compounds. The in-vivo biodistribution in both
normal and tumor-induced mice will be conducted to determine target/non-target (T/NT)
ratios.
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DEVELOPMENT OF CHITOSAN-BASED NANOPARTICLES FOR TARGETED
RADIOPHARMACEUTICALS DELIVERY
Part 1.

Development of 153Sm-folate-poly ethylene imine conjugated chitosan nanoparticles for
targeted therapy

MOLLARAZI, E. 1, JALILIAN, A.R. 2, YOUSEFNIA2, H.2, JOHARI-DAHA, F.2, ATYABI,
F.1,3
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Food and Drug Control Laboratories and Food and Drug Laboratory Research Centre,
MOHME, Tehran, Iran
2

Nuclear Science and Technology Research Institute (NSTRI), Tehran, Iran, Postal Code:
14155-1339
3

Medical nanotechnology Research Centre, Medical Sciences/University of Tehran, Tehran,
Iran
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INTRODUCTION
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The advances in nanoparticle science application in molecular medicine have led to
development of many nanoconstructs for therapy and diagnosis in human diseases.
Radiolabeled nanoparticles (NPs) based on various inorganic nano-cores including
paramagnetic metal oxides1, and organic/biological polymers such as chitosan2, aggregated
albumin3, etc. have been reported for targeted therapy/diagnosis based on the size and
molecular surface decorations.
Because of its excellent effects, internal radiation therapy is in widespread use for the
treatment of variety of diseases. Such diseases include cancer4 and rheumatoid arthritis5.
153
Sm, which has a suitable half-life (46.7 hr) and β-emitting property along with γ-ray for
imaging , represents an interesting candidate for developing therapeutic molecules.
For many years, complexes combining radioactive metals with DTPA have been
widely used in molecular imaging 6 and radiotherapy7,8,9. Moreover, many DTPA lanthanides
analogues have proved stable enough for use in a physiological medium as
radiopharmaceuticals10. So immobilization of these auxiliary agents on polymeric carrier
matrix is essential11.
Chitosans, a family of linear binary polysaccharides, comprised of beta (1–4) linked 2amino-2-deoxy-β-D-glucose (GlcN; D-unit) and the N-acetylated analogue (GlcNAc; A-unit),
have been proposed as biocompatible alternative cationic polymers that are suitable for drug
delivery.
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Conjugation of chitosan with polyethylenimine (PEI) has been shown to effectively
increase cell uptake rely on excess cationic charge to mediate cellular entry due to its
buffering capacity12. PEI exists as a branched polymer, as well as in linear form. The
branched form of PEI shows a theoretical ratio of primary to secondary to tertiary amine
groups of 1:2:1. These amines have pKa values spanning the physiological pH range,
resulting in buffering capacity13. On the other hand, many studies have addressed concerns
about the toxicity of conventional PEI. The cytotoxicity of PEI is dependent on its molecular
weight. A lower molecular weight PEI has a lower cytotoxicity14,15. Because of negatively
charged plasma components, cellular entry mechanism based on charge interaction is likely to
be ineffective for in vivo drug delivery of vectors administered intravenously.
The folate receptor is a high-affinity membrane folate binding protein, overexpressed
in a wide variety of human tumors. Meanwhile, normal tissue distribution of folate receptor is
highly restricted, making it a useful marker for targeted drug delivery to tumors16,17. Folate
conjugates have been shown to be taken into receptor-bearing tumor cells via folate receptormediated endocytosis. Folate-conjugation, therefore, presents a useful method for receptormediated drug delivery into receptor-positive tumor cells.
In this study, in the first part, PEI-FA was synthesized according to the reported
method using a simple conjugation step via a water elimination reaction (Figure 1).

FIG. 1. Proposed reaction scheme for synthesis of PEI-FA
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In the next step, the chitosan-graft-PEI-folate (CHI-g-PEI-FA) nanoparticles prepared
by an imine reaction between periodate oxidized chitosan and above mentioned low
molecular weight PEI to reduce cytotoxicity and enhance the cell nucleus membrane transfer
efficiency (Figure 2).
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FIG. 2. Proposed reaction scheme for synthesis CHI-DTPA-g-PEI-FA.
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Finally, samarium-153 chitosan-graft-PEI-folate (153Sm-CHI-g-PEI-FA) nanoparticles were
prepared at optimized conditions followed by stability, human tumor cell-binding,
biodistribution studies in normal and tumor bearing animals using dissection and SPECT
studies.
EXPERIMENTAL
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Chitosan (medium molecular weight; deacetylation degree, 87.7%), sodium periodate, sodium
borohydride (granular,10–40 mesh, 98%), branched PEI 1800 Da, folic acid dihydrate and
diethylenetriamine pentaacetic acid-dianhydride (DTPA-DA), dicyclohexylcarbodiimide
(DCC), N-hydroxysuccinimide (NHS),were purchased from Sigma–Aldrich (99%). All other
reagents were commercially available and used as received. Production of 153Sm was
performed at the Tehran research reactor (TRR) using 152Sm (n, gamma) 153Sm nuclear
reaction. Samarium-152 with purity of >98% was obtained from ISOTEC Inc., USA. Radiochromatography was performed by counting of Whatman No.2 using a thin layer
chromatography scanner, Bioscan AR2000, Paris, France. Calculations were based on the 103
keV peak for 153Sm. All values were expressed as mean  standard deviation (Mean SD) and
the data were compared using student T-test. Statistical significance was defined as P<0.05.
Animal studies were performed in accordance with the United Kingdom Biological Council's
Guidelines on the Use of Living Animals in Scientific Investigations, 2nd edn. Cell lines were
purchased from Institute Pasteur of Iran.
Production and quality control of 153SmCl3 solution:
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The 153Sm was produced by neutron irradiation of 100 µg of enriched 152Sm2O3 according to
reported procedures18 at a thermal neutron flux of 5×1013 n.cm-2.s-1 for 5 days. Specific
activity of the 153Sm was 27.75 GBq/mg. The irradiated target was dissolved in 200 µl of 1.0
mol/L HCl, to prepare 153SmCl3 and diluted to the appropriate volume with ultra pure water,
to produce a stock solution. The mixture was filtered through a 0.22 µm biological filter and
sent for use in the radiolableing step. Radionuclidic purity of the solution was tested for the
presence of other radionuclides using beta spectroscopy and HPGe spectroscopy to detect
various interfering beta and gamma emitting radionuclides. The radiochemical purity was also
checked by Whatman No.1 chromatography paper, and developed in a mixture of 10 mmol/L
DTPA solution and also 10% ammonium acetate:methanol (1:1) as mobile phases.
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Preparation of low molecular weight chitosan:
Chitosan (2 g, medium molecular weight, 400,000 g/mol) was dissolved in 100 ml of acetic
acid (6%, v/v) and depolymerized at room temperature under stirring with 10 mL of NaNO2
solutions in water at definite concentration (12 g/L), to obtain the desired final molecular
weight of 9,000 g/mol. Afterwards, chitosan was precipitated by the addition of 4M NaOH
until pH 9 was reached. The resulting precipitate was filtered and washed with cold acetone.
The white-yellowish solid was filtrated, washed thoroughly with acetone, and re-dissolved in
a minimum volume of acetic acid 0.1 N (40 mL) and purification was carried out by
subsequent dialysis against demineralized water. (Sigma dialysis tubes, molecular weight
cutoff, 5-8 kDa). The dialyzed product was lyophilized using a LyoTrap plus Freeze dryer
(LTE Scientific, Oldham, UK), and the yellowish lyophilized product was then stored at 4°C
until use. The average molecular weights of the prepared chitosans were determined by a gel
permeation chromatography (GPC). The molecular weight of the product was checked
according to the published procedure19.
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Synthesis of CHI-DTPA conjugate:
The conjugated chitosan-diethylenetriamine pentaacetic acid (CHI-DTPA), was synthesized
by the coupling reaction of free carboxyl group of DTPA-DA with amine group of chitosan in
the presence of dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS). Briefly,
to 60 mg of DTPA-DA dissolved in 5 mL hot ethanol were added 25 mg DCC and 13 mg
NHS respectively were added and mixed for 1 h. After elapsed time, they were then mixed
together under mechanic stirring. The coupling reaction was carried out for 5 h at 70°C under
mechanic stirring with 300 rpm.
After the reaction, the reaction solution was dialyzed against deionized (DI) water. 160 mg of
low molecular weight chitosan, prepared as described above, were dissolved in 15 mL acetic
acid (1%, v/v). The mixture was dialysed against water using a dialysis membrane (MWCO:
5-8 kDa) for 48 h with successive exchange of fresh DI water to remove water-soluble byproducts. The reaction solution was then lyophilized. Dialyzed product were freeze-dried and
stored at −20°C until use.
Synthesis of Folate-PEI:
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Before reaction of PEI, an activated ester of folate, NHS-folate, was synthesized. Folic acid
(240 mg) was dissolved in 10 mL dimethylsufoxide (DMSO) along with addition of 200 mg
excess of DCC and 120 mg excess of NHS into the solution. The reaction mixture was stirred
2 h in darkness at room temperature. The insoluble byproduct, dicyclohexylurea, was
removed by filtration through glass wool. The filtrate containing the DMSO solution of the
NHS-folate product was stored at -20°C until use in further synthesis. Folate-PEI conjugate
was synthesized by reacting 400 mg of PEI dissolved in 5 mL DMSO with the abovesynthesized NHS-folate, as shown in Fig. 1. The product was then diluted in 2 volumes of
deionized water and then poured into over excess amount of acetone.
The suspension was decanted and the precipitate was re-dissolved in deionized water. The
reaction solution was then lyophilized and product were freeze-dried and stored at −20°C
until use.

ING

Synthesis of copolymer:
CHI-DTPA-g-PEI-FA copolymer was synthesized in two steps. In the first step, periodatexidized chitosan was prepared by a modified method of Y. Jia et al.20. Briefly, 300 mg CHIDTPA was dissolved into 20 mL acetic acid (1%, v/v) and the obtained clear solution was
degassed by purging N2 for 30 min and then 1.5 mL sodium periodate (NaIO4) solution (10
mg/mL) was added to the solution in a light-protected glass vessel. After mixing the solutions,
the reaction was performed for 30 min at 50°C with occasional shaking. In order to quench
the reaction, 0.1mL of glycerine of reaction medium was added. Then the solution was
dialyzed (MWCO=3500 Da) against deionized water. In the second step, 200 mg PEI-FA was
reacted with the periodate-oxidized chitosan solution with magnetic stirring for 6 h at 70°C.
Subsequently, the solution was treated with sodium borohydride (0.4 g NaBH4/g chitosan),
dialyzed against deionized water (MWCO=5–8 kDa), to remove unreacted PEI-FA. After
dialysis, the copolymer was lyophilized.

Characterization of CHI-DTPA-g-PEI-FA conjugate:
H-NMR spectrum of the prepared CHI-DTPA-g-PEI-FA was recorded on Avance™ 500,
Bruker, Germany spectrometer operating at 500 MHz using D2O and DMSO-d6 as solvents.
Chemical shifts () were given in ppm using tetramethylsilane as an internal reference. The
Fourier transform infra red (FTIR) spectrum of products was recorded using KBr pallet at
room temperature.
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Size distribution of NPs
The mean diameter and size distribution of the NPs were determined by dynamic light
scattering using Zetasizer® (Nano-ZS, Malvern, Instruments, Malvern, UK). All dynamic
light scattering measurements were carried out at a wavelength of 633 nm at 25°C with an
angle detection of 90°. The samples were diluted in acetic acid (16 µmol/L) in deionized
water, three subsequent measurements were determined for each sample, and the result was
expressed as mean size ± standard deviation.
Determination of zeta potential
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The zeta potential measurements were performed by Laser Doppler Electrophoresis using
Zetasizer (Nano-ZS). To maintain a constant ionic strength, the samples were diluted (1:50
v/v) in NaCl 1 mmol/L (pH 6.5)21. Each sample was measured three times.

Radiolabeling of CHI-g-PEI-FA and the effect of concentration of the chitosanconjugate solution and pH on the labeling yield:
153
Sm-CHI-g-PEI-FA NP suspension was prepared by adding 16 µl 153SmCl3 (1 mCi,
obtained by neutron activation of 152SmCl3) solution to 20 micrograms of lyophilized
modified-chitosan (CHI-DTPA-PEI-FA) particles which was dispersed in 0.5–1.0 ml of
phosphate buffer saline (PBS) solution followed by thorough stirring in a lead-shielded
sonicator. The resulting suspension was incubated for 1 h at 37 ºC. The contents were
transferred into an evacuated sterile sealed vial for subsequent use. In order to investigate the
effects of various factors on the labeling yield of the complex, the pH of the reaction mixture
was varied in the range of 4.5– 7.5 by adding an appropriate volume of 0.5N HCl and 0.5N
NaOH to the chitosan solution. The labeling yield was measured by instant thin layer
chromatography using ITLC with a solvent system of MeOH:H2O:HOAc (50:50:5). The Rf
values of free 153Sm and 153Sm-CHI-g-PEI-FA NP complex were 0.5 and 0.0 respectively.
The stability of 153Sm-CHI-g-PEI-FA derivative was examined by temporally measuring the
radiochemical purity of the complex by ITLC at 1, 2, 4, and 24 hr after preparation.
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Radiolabeling of Chitosan by 153Sm for control biodistribution studies:
The complex was prepared according to the recently published method22. Briefly, 153Smchitosan complex was prepared by dissolving of chitosan (35 mg) in 3.5 ml of 1% acetic acid
aqueous solution following the addition of ascorbic acid (15 mg) and the mixture was stirred
at room temperature till a transparent solution was formed. To the above mixture 296-370
MBq (in 0.5 ml) of 153SmCl3 was added followed by stirring for 5 minutes and standing for 30
minutes at room temperature. For measuring radiochemical purity and radiolabeling yield, a
1μL sample of the 153Sm-chitosan complex was spotted on a chromatography paper
(Whatman No. 1), and developed in a mixture of methanol/water/acetic acid (4:4:2) as the
mobile phase. The Rf values of free 153Sm and 153Sm-chitosan complex were 0.45 and 0.0
respectively.
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Biodistribution of 153Sm-CHI-g-PEI-FA, 153Sm-Chitosan and 153SmCl3 in Balb/c mice:
Biodistribution of 153Sm-conjugates and free 153SmCl3 were studied in 2–3-month-old mice
weighing 35-42g. One hundred microliters of sterile radiolabeled copolymer (concentration: 2
mg/ml) was administered through the tail vein of each mouse, (injected dose: 100µCi). The
animals were sacrificed by CO2 gas at different time intervals and different organs (bone,
blood, liver, spleen, kidney, muscle, lung, heart, bladder gastric and intestinal) were removed,
washed with normal saline, and dried in paper folds. The radioactivity in each organ was
counted using NaI(Tl) well-type gamma-counter, and the counts were recorded in the gamma
spectrometer (Canberra, Meriden, USA), and expressed as percent injected dose per gram of
the organs. Further, specific counts per gram of blood were calculated for each time interval.
Cell culture:
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The cell-binding and internalization of 153Sm -conjugates into MCF-7 and 4T1 breast cancer
cell lines as FR(+)(folate receptor positive) and Chinese hamster ovarian (CHO) cell lines as
FR(-) (folate receptor negative) were studied. The cell lines were grown at 37 °C in a
humidified atmosphere containing 5% CO2 in a special RPMI 1640 culture media without
folic acid with 10% fetal bovine serum (FBS), L-glutamine and antibiotic in tissue culture
flasks. Twenty hours prior to each experiment, the cells were seeded in 24-well plates (105
cells per well) to form confluent monolayers over night.
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In vitro Cell binding and internalization:
For cell binding experiments the monolayers of cells were rinsed with ice-cold PBS pH 7.4.
Pure special RPMI medium (without FBS/L-glutamine/antibiotic) only (1 ml), or medium
(500 µl) and a folic acid solution (for blocking study, 1 mM, 500 µl) were added into the
corresponding wells.
The well plates were pre-incubated at 37 °C for 40min. The solutions of the complexes (8
µCi, 1 mCi/ml), purified by column chromatography using Sephadex G-25, were added in
each well and the well plates incubated again at 37 °C for 1 h and then rinsed with ice-cold
PBS pH 7.4 and 300 µl of stripping buffer (aqueous solution of 0.1 M acetic acid and 0.15 M
NaCl) for 5 min, respectively, to remove bound complex from the FR on the cell surface24.
The monolayers were dissolved in 1 N NaOH (1000 µl) and internalized (acid-resistant)
radioactivity was measured in a γ- well counter. Then the cells were pelleted by centrifugation
at 800g and resuspended in full media. The percentage of cell uptakes of the 153Sm-NPs were
calculated as percentage uptake = [Pellet activity (cpm)]/[Pellet activity (cpm) + supernatant
activity (cpm)] × 100 and internalizations of each sample were determined. The percent of
internalized radioactivity was calculated by dividing the internalized radioactivity by the total
radioactivity associated with the cells (surface-bound + internalized) and multiplying by
10025, 26.
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Internalization studies of fluorescent NPs using fluorescent imaging microscopy:
For qualitative uptake studies, the MCF-7 cells were seeded in the chambered glass system
(Lab-Tek; Nunc International Co., Naperville, IL). Cells were washed four times after
incubation with FA-loaded NPs for 2 hours and then fixed by a cold mixture of
methanol/acetone (50:50 v/v) for15 minutes at room temperature. The cells were washed
twice with PBS and mounted in mounting medium consisting of Na2 HPO4 and acetic acid
(pH 5.5)/glycerol (50:50 v/v) to be observed by fluorescence microscope (λext: 540 nm and
λem: 580 nm; BX40; Olympus, Tokyo, Japan). The fluorescent images were taken by DP70
digital imaging system (Olympus) and analyzed by Olysia imaging software (Olympus).
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Cell viability (MTT) assay:
MCF-7 cells were seeded in clear 96-well plates at a density of 4,000 cells per well for 16h to
reach in suitable confluent monolayer. After time interval, the cells were subsequently
incubated with 200μl/well of no or 1, 2, 5 and 10 μg, μCi and μg/μCi respectively of CHI-gPEI-FA, 153SmCl3 and 153Sm-CHI-g-PEI-FA complex and the cells were kept in the incubator
for 24, 72 and 96h. After incubation for time intervals at 37°C, the cells were incubated for
4hours with a 0.5 mg/ml solution of MTT, which was disposed afterwards and replaced with
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200μl of equal parts of DMSO. Absorbance at 570nm was measured. Data shown are based
on 5 different experiments and the results were expressed as mean ± standard deviation.

In vivo Imaging of the radiolabeled NPs:
The animal experiments were carried out using female Balb/c mice weighing 18-21 g each
(5-7 weeks old) from Pasteur Institute, Tehran, Iran. The animals were inoculated
subcutaneously with suspended 4T1 cells (1×106/0.1 mL) in the left loin region. The
radiotracer studies were carried out 2 weeks after 4T1 cell injection. 153Sm-CHI-g-PEI-FA
nanoparticles were administered intravenously via a tail vein to the animals. We then
performed scintigraphy and recorded the 24 h, 48 h and 96 h images by using gamma camera.
The in vivo work was approved by the ethical committee of the Pharmaceutical Research
Centre, Faculty of Pharmacy, Tehran University of Medical Sciences.
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Preparation of conjugate and characterization:
The key steps in the synthesis were the functionalization of diethylene triamine pentaacetic
acid into chitosan and the conjugation of polyethylenimine-folate functions to chitosan by a
rarely used method. PEI contains primary amino-groups, which account for 25% of the
nitrogen atoms, through which a desired targeting ligand may be attached, either directly or
via a spacer. CHI-g-PEI is more positively charged; therefore, they are likely to interact more
effectively with the negatively charged cell surface via nonspecific charge interaction.
After synthesis of CHI-DTPA and PEI-FA, grafting of this two polymers was done using
periodate ion as an oxidizing agent which splits the carbon–carbon bond of vicinal diols to
give the dialdehyde group23. Study by Nicolet and Shinn suggested that this oxidation can be
extended to cases in which hydroxyl is replaced by primary or secondary amines 24. Figure 3
shows the FTIR spectras of chitosan (a), CHI-DTPA (b) and CHI-DTPA-g-PEI-FA (c). From
the chitosan spectrum, it was found that distinctive absorption bands appear at 1668 cm-1
(Amide I), 1575 cm-1 (–NH2 bending) and 1405cm-1 (Amide III). The absorption bands at
1154 cm-1 (asymmetric stretching of the C–O–C bridge), 1070 and 1033 cm-1 (skeletal
vibration involving the C–O stretching) are the characteristics of its carbohydrate structure.
Compared with that of chitosan, the peak at 1646 cm-1 and 1404 cm-1 (Amide groups
characteristic) in spectra (b) appears sharper compared with that of chitosan. Also the peak at
1735 cm-1 is related to carbonyl group of carboxyls in DTPA. These results indicated the
derivation reaction of DTPA took place at the N-position and –NH–CO– groups have been
formed. The peak at 1115 cm-1 (vibration of C-N in polyethylenimine), strong peaks at 2873
cm-1 and 2926 cm-1 (related to methylene groups in polyethylenimine) and peaks at 20992182 ( of R–N=C- bonds in pteridine moiety from the folate) shows the conjugation of PEIFA to chitosan derivative.
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Fig. 3. FT-IR spectra for chitosan (a), CHI-DTPA (b) and CHI-DTPA-g-PEI-FA (c).
1
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H-NMR spectra of chitosan before and after conjugation with DTPA and grafting with PEIFA are shown in Figure 4. The 1H-NMR assignments of chitosan resonances are: δ= 4.69
(H1), δ= 2.89 (H2), δ= 3.63–3.89 (H3 H4 H5 H6) and δ= 1.87 (-NCOCH3) (data not shown).
1
H-NMR of CHI-DTPA shown in Figure 4a. was as follows: δ= 4.50 (H1); δ= 3.54–3.70 (H4,
H5, H6), δ= 2.87-2.98 (protons of CH2-CH2), δ= 3.21 and δ= 3.41-3.46 (related to protons of
CH2 near carbonyl group). The assignment of chemical shifts of PEI was shown in Figure 4b.
in which the proton peaks of PEI (–NHCH2CH2–) appeared at 2.44-2-58 ppm. In Figure 4c,
the chemical shifts at δ= 2.40-2.81 (CH2CH2– of polyethylenimine) and δ= 6.75, 7.65
(correspond to the para-aminobenzoic acid (PABA) from the folate) and 8.58 ppm
(corresponds to the pteridine moiety proton from the folate) obviously showed the
conjugation of PEI-FA. In 1H-NMR spectra illustrated in Figure 4d, appearance of new proton
signals at δ= 3.06-3.53 and the signals at 6.37, 7.39 and 8.58 ppm, all indicating that PEI-FA
was grafted to the chitosan chain and confirm the formation of CHI-DTPA-g-PEI-FA
polyplex. FT-IR together with 1H-NMR measurements pointed to the conclusion that the
different groups have successfully conjugated onto the chitosan via a condensation and
subsequent reduction reaction.
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Fig. 4. 1H-NMR spectra of chitosan-DTPA (a), PEI (b), PEI-FA (c) and CHI-DTPA-g-PEI-FA
conjugate in D2O.
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Size determination:
The CHI-DTPA-g-PEI-FA nanoparticles prepared in white, porous, lyophilized powder were
used for material experiments. Figure 5 represents the particle size distribution (PSD) of CHIDTPA-g-PEI-FA particles, where the majority of particles (88.4%) have diameters in the
range of 200-220 nm. PSD was measured by using Coulter Counter (Coulter Multisizer,
Coulter Electronics Inc., Hialeah, FL). A degree of Self aggregation was also observed.
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Fig 5. Zeta potential distribution of CHI-DTPA-g-PEI-FA nanoparticles recorded up to 200
mV
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Fig 6. Size distribution of CHI-DTPA-g-PEI-FA nanoparticles using Coulter Counter
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To investigate the shape of CHI-DTPA-g-PEI-FA nanoparticles, scanning electron
microscopy (SEM) was performed using a Jeol T330A (Jeol USA Inc., Peabody, MA). SEM
images reveal that these particles have a spherical shape, as shown in Figure 7.
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Fig 7. Scanning electron microscopy image of CHI-DTPA-g-PEI-FA nanoparticles
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Effect of various factors on the formation of 153Sm-CHI-g-PEI-FA complex: The 153SmCHI-g-PEI-FA complex solution was prepared by mixing the 153SmCl3 solution (1 mCi) and
the chitosan solution, which were prepared by dissolving chitosan in normal saline. The pH of
the reaction mixture was also varied as described in the experimental section. The Rf values of
153
Sm-Chitosan-conjugate and free 153SmCl3 in the solvent system were 0.1–0.3 and 0.8 –1.0,
respectively. Figure 4 shows the effect of various factors on the labeling yield (%) of 153SmChitosan. Figure 4-B shows the effect of chitosan (MW=11 kD) concentration vs 153Sm
activity (1,2,4 and 8 mg : 1 mCi 153Sm ) on the labeling yield. The yield did not increase
significantly with increasing the chitosan concentration range of 1-8 mg/ml. however it shows
that the labeling yield reached 96% when the concentration reached 16 mg/ml.
Figure 8-A shows that the labeling yield reaches a maximum of 90% in the pH of 5-6 and
chitosan concentration of 2 mg/ml. As a result, the pH of the reaction mixture was adjusted to
5.7 in the subsequent experiments. Based on the above results, it was concluded that the
optimal procedure for the preparation of 153Sm-CHI-g-PEI-FA with a high labeling yield
(96%) is as follows. 16 milligrams of chitosan (MW=11 kD) was dissolved in 1 ml phosphate
buffer saline (PBS) in pH of the solution to 5.7. The solution was then mixed with 1 mCi of
the 153SmCl3. A high degree of stability of the 153Sm-Chitosan-conjugate was retained for at
least 24 hr after labeling, as shown in Figure 8. The labeling yield was determined by instant
thin layer chromatography. Each point represents mean ± SD (n=3).
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Fig. 8. Effect of pH of the reaction mixture (A), concentration of conjugated chitosan solution
(B) on the labeling yield of the 153Sm-chitosan complex and stability of labeled compound in
elapsed times (C).
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Biodistribution studies:
Radio activities in the major organs of mice at 2, 4, 72 and 96 hr after the tail vein
administration of 153Sm-CHI-g-PEI-FA, 153Sm-chitosan and 153SmCl3 at a dose of (0.1 mCi)
/100 µl are shown in Figure 9-10 as percent of the injected dose per gram of tissues (%ID/g).
For 153Sm cation, the biodistribution was mainly in the liver, kidney and bone. The
free cation is mainly soluble in water and it can be excreted via urinary tract. Since the
metallic 153Sm is transferred in plasma in protein-bond form, the major final accumulation
was showed to be liver. After 48 h the metabolites and/or free cation were excreted from liver
into intestines via hepatobiliary tract resulting significant activity in this tissue, but it was not
significant at 96h. Trace accumulation was also observed in spleen.
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Fig. 9. Percentage of injected dose per gram (%ID/g) of 153Sm-chitosan in Balb/c mice tissues
at 2-96 h post injection (n=3)

Fig. 10. Percentage of injected dose per gram (%ID/g) of 153Sm-CHI-g-PEI-FA complex in
normal Balb/c mice 2–96 h post-injection (n=3)
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For 153Sm-chitosan, among the organs examined, liver and spleen, lung showed much
higher levels of radioactivity counts than the other organs. The major route of excretion of
153
Sm-CHI-g-PEI-FA is urinary tract as shown in figure 10, about 80 percent of the whole
activity was excreted from the kidneys into the urine in 4 hours. Since NPs with a diameter of
250 nm would not be excreted through the kidneys; it must be breakdown products. The high
water solubility of the complex is a major cause of this behavior. Other minor accumulated
tissues are liver and bone however it is believed free 153Sm cation is the dominant species
accumulating in these organs.
The accumulation of radioactivity in reticuluendothelial system including liver (about 1%
ID/g organ) spleen (less than 0.5 %ID/g organ) and lung (averagely 0.5 %ID/g organ) was
low at all time points. A low uptake of radioactivity was observed in the stomach until 96h
(less than 0.2 %ID/g), indicating a minimal in vivo decomposition of the radioligands to form
free 153Sm.

In vitvo discrimination between MCF-7, 4T1 (FR+) tumors and CHO (FR-) cell lines
FR-binding of the derivatives was performed using in vitro experiments with MCF-7 human
breast cancer cell line (overexpressing the FRs) and 4T1, as another FR(+) and invasive breast
cancer cell line. CHO cells were also seeded as FR(-) studies to confirm the preferential
uptake of complex by folate receptor. Internalization into tumor cells via receptor binding is
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important for therapy/scintigraphy of folate receptor-expressing lesions. After the removal of
surface-bound radioactivity with stripping acidic buffer, internalization studies were
performed to determine the degree of internalization of 153Sm-CHI-g-PEI-FA NPs in MCF-7,
4T1 and CHO cells (Figure 11).

ING

Fig. 11. Percentage of cell internalization and uptakes of radioactivity in MCF-7, 4T1 and
CHO cell lines after 30, 90, 180 and 330-minute incubation with 153Sm-CHI-g-PEI-FA
complex.
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Studies showed that the internalization of radioactive NPs in MCF-7 cells was
significantly greater than 4T1 cells (due to less FR on the cell surface) at all time intervals
(using approximately 200,000 cells) even better observed after 90 to 180 min. In contrast with
FR(+) cells, CHO (Folate receptor negative) cells showed also higher accumulation of 153SmCHI-g-PEI-FA complex.
The higher efficiency of non-specific uptake was probably because of high positive
charge of polymer along with increasing internalization efficiency of related PEI immobilized
onto chitosan. It seems that the type and nature of cells may also be responsible for different
cellular internalization characteristics of 153Sm- NPs.
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Fig. 12. Percentage of cell internalization of radioactivity in unblocked MCF-7, 4T1 and
related blocked cells after 30, 180 and 330-minute incubation with 153Sm-CHI-g-PEI-FA.
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Blocking study was carried out where excess FA was added into medium 40-minute
prior to incubation of 153Sm-CHI-g-PEI-FA .The nonspecific binding in the presence of a
molar excess of folic acid after 30-minute, showed no significant difference in accumulation
of 153Sm-CHI-g-PEI-FA in MCF-7 and 4T1 cells (Figure 12). However after 180 and 330
min, displacement of the superficial activity in MCF-7 and 4T1 (internalization up to 50%), in
respect of their related blocked forms MCF-7+Folic acid and 4T1+ Folic acid was observed
(averagely to 45%), demonstrating that the internalization of the radiolabeled folate analog
into the tumor cells was partially through FR-mediated endocytosis suggesting the
involvement of folate receptor. It seems that CHI-g-PEI-FA copolymer is likely to interact
more effectively with the negatively charged cell surface via nonspecific charge interaction.
Combination of an increase in the positive charge of the corresponding copolymer and
presence of PEI moiety leads to the elevated cellular uptake and more efficient endosome
release of the internalized 153Sm-CHI-g-PEI-FA, respectively.
Internalization results of the labeled FITC-NPs were shown in Figure 13. The targeted
nanoparticles can readily enter the cells and the nanoparticles were localized inside endosome.
On the other hand, the intensity of FITC was significantly increased (green clusters inside
cell).
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Fig. 13. Fluorescent images of MCF-7 cells incubated with FITC-Chi-PEI-FA nanoparticles
for 4 h
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Tumor accumulation of 153Sm-CHI-g-PEI-FA nanoparticles was estimated using gamma
camera imaging by the injection of radiolabeled NPs (100 µCi/100 µL) via tail vein after 24,
48 and 96h which demonstrated signal of radioactivity into tumor after 96 h (Figure 14).

RK

Fig. 14. Imaging of intravenous administration of 153Sm-NPs into 4T1 tumor bearing mice
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Results suggest that: A) the main delivery pathway for 153Sm-CHI-g-PEI-FA complex
into the FR+ cells is via folate receptor which mediated nanoparticles endocytosis, B) NPs’s
uptake can be inhibited by folic acid in the case of MCF7 and 4T1 cells (FR+) and
internalizations drop averagely to 45%, and C) the remaining uptake of NPs to MCF7 and
4T1 cells and the lower uptake of NPs to the CHO cells can be attributed to the some
nonspecific tumor affinity of NPs.
The comparison of 153Sm-CHI-g-PEI-FA and 153Sm-Chitosan uptake among tissues
demonstrated significant difference among the accumulating pattern, in case of 153Sm-

35

CONCLUSION

MA
TER
IAL

Chitosan the major accumulation is taking place in the liver and spleen due to the insolubility
of the un-processed chitosan at normal serum pH.
Recent studies on the production and quality control of 99mTc-chitosan-folate as a possible
diagnostic agent for noninvasive imaging of folate-receptor positive cells has been reported
however no in vivo details were presented25.
Recently water soluble derivatives of chitosan were labeled with 99mTc as possible
targeted delivery for nuclear imaging; however they mostly were accumulated in the liver and
excreted via the kidneys because of the water-soluble nature of chitosan derivatives. The
targeting was based on the particle size rather that any biological targeting26. On the other
hand in the present study the labeled compound is almost exclusively excreted through the
kidneys.
On the other hand many efforts have been done on the development of folate based
radiotracers for malignancy imaging. In one case radiolabeled super paramagnetic folate was
developed and successfully used in the imaging however the water solubility remained a
disadvantage27. Also various folate based conjugates have been developed using SPECT
radionuclides, however they lack suitable biodistribution properties such as stability, in vivo
stability etc.28. The present developed compound however potentially possesses the folate
targeting properties, as well as rapid removal from the kidneys compared to other liveraccumulating agents already presented.
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In summary, 153Sm-CHI-g-PEI-FA was radiolabeled using optimized conditions. The
spectroscopic as well as biodistribution studies emphasized on the development of a new
chitosan complex with diverse biological properties and the complex high water solubility can
be an advantage for a systemic targeted therapy candidate leading to the fast removal of the
excess non-accumulated fraction imposing less unwanted dose rate to other organs. The cell
internalization of radioactive NPs in MCF-7 cells was significantly greater than 4T1 cells as
folate receptor positive (FR+) cell lines up to 330 min. In blocking studies both MCF-7 and
4T1 cell lines demonstrated specific FR binding after 180 and 330 min decreasing to 45% of
initial binding. 153Sm-chitosan and free 153SmCl3 were also administered for biodistribution
comparison. In vivo biodistribution studies in wild-type rats indicated the NP is majorly
excreted through the kidneys with a rapid wash-out compared to other radiolabeled species.
The preliminary imaging studies in 4T1 tumor-bearing mice showed minor uptake up to 96 h.
Since the abdominal uptake dominates the image, further studies are essential to increase the
tumor animal biodistribution with 153Sm-CHI-g-PEI-FA. 153Sm-CHI-g-PEI-FA potentially
possesses the folate targeting properties, as well as rapid removal from the kidneys compared
to other liver-accumulating agents already presented.
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Part 2.

Preparation of radiolabeled Bombesin nanoparticles for In Vivo Gastrin-Releasing
Peptide Receptor Imaging
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1. Introduction
Amphiphilic chitosan self-assembled nanoparticles have several advantages to improve the
cancer diagnosis and therapies such as encapsulation of chemotherapeutic drugs in the core of
these assemblies, increased uptake in the tumor site due to the enhanced permeability and
retention (EPR) effect, control of the chitosan self-assembled nanoparticle properties (e.g.
particle size and stability of nanoparticles) and decoration of the nanoparticles by targeting
ligands with high affinity to receptors overexpressed in cancer cells to produce multivalent
effect [1].
Bombesin is an amphibian analogue of gastrin-releasing peptide (GRP) with high affinity to
GRP receptors. Bombesin belongs to a family of brain-gut peptides which plays an important
role in cancer. More recently, it has been shown that the GRP receptors can be overexpressed
in a large variety of human tumors, including prostate cancers, breast carcinomas, SCLCs,
non-SCLCs, and renal cell carcinomas [2].
Stearic acid modified carboxymethyl chitosan (CMC) polymer conjugated to bombesin
peptides has been used for delivery of diagnostic radionuclides to targeted tumor cells in vivo.
2. Preparation of low molecular weight chitosan
Chitosan (2 g, MW 400,000 g/mol, degree of deacetylation 89%) was dissolved in 100 mL of
acetic acid (6%, v/v) and depolymerized under stirring with 10 mL of sodium nitrite solution
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in water with concentration (7 g/L) at room temperature, to obtain the desired final molecular
weight of 20000 g/mol. Afterwards, chitosan was precipitated by the addition of 4M of NaOH
solution until pH reached to 9. The resulting precipitate was filtered and washed with
deionized water and acetone and redissolved in 40 ml of 0.1 M acetic acid. Purification was
carried out by subsequent dialysis against demineralized water. (Sigma dialysis tubes,
molecular weight cutoff 12 kDa). The dialyzed product was lyophilized using a LyoTrap plus
Freeze dryer [3].
1
H NMR (Avance™ 500 spectrometer (Bruker, Germany) operating at 500 MHz using 1%
TFA in D2O as solvent) and FTIR spectrum of low molecular weight chitosan are shown in
Fig 1.

Fig 1. FTIR and 1H NMR spectrum of depolymerized chitosan
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3. Synthesis of O-carboxymethyl chitosan (O-CMC)
Low molecular weight chitosan (1 g, 20000 g/mol) was suspended in 80 ml isopropanol and
Sodium hydroxide solution (1.35 g in 20 ml deionized water) was added into chitosan
suspension and stirred in 50◦C for 1 h. The monochloroacetic acid (1.5 g) was dissolved in 16
ml isopropanol and added into the reaction mixture dropwise and reacted for 4 h at the same
temperature.
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Afterwards, the supernatant was decanted and Na salt carboxymethyl chitosan as a solid was
re-suspended in 80% ethanol aqueous solution (100 ml). Hydrochloric acid (37%, 10 ml) was
then added and stirred for 90 min. The whitish solid was filtered and rinsed in 96% ethanol
and vacuum dried [4]. The characteristic peak at 1735 cm-1 in FTIR spectrum (Fig 2) is
related to the carbonyl band of carboxylic acid group in CMC
The sites and degrees of substitution (DS) were determined using 1H NMR spectrum (Fig 2)
of O-carboxymethyl chitosan (O-CMC) using D2O as solvent and the following equation.
Proton resonance at 4.3-4.5 ppm were indicated protons of the 6-substituted carboxymethyl
group of O-CMC. The DS was 0.537 [4, 5].
integrated area at 4: 4 ppm; methylene 1
×
integrated area at 3: 0 ppm; hydrogen 2
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𝐷𝑆 =

42

MA
TER
IAL
ING
RK

Fig 2. FTIR and 1H NMR spectrum of O-carboxymethyl chitosan (O-CMC)
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4. Synthesis of stearic acid grafted O-carboxymethyl chitosan (CMC-SA)
0.03 g stearic acid, 0.02 g N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC), and 0.018 g N-hydroxysuccinimide (NHS) were dissolved in 2 ml DMSO to activate
carboxylic acid groups of SA for 90 minutes at room temperature. O-carboxymethyl chitosan
(0.05 g) was dissolved in 5 ml deionized water and activated SA solution was added into
chitosan solution dropwise and stirred for 24 h. Purification was carried out by subsequent
dialysis against 10% ethanol in demineralized water (Sigma dialysis tubes, molecular weight
cutoff 12kDa). The dialyzed product was lyophilized using a LyoTrap plus Freeze dryer.
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FTIR spectrum of stearic acid grafted O-carboxymethyl chitosan (CMC-SA) (Fig 3) exhibited
many alterations Compared to the IR spectrum of carboxymethyl chitosan: absorption at
3000–3600 cm−1 (OH, NH2) decreased, and the band at 2920 cm−1 (C-H) increased, whereas
prominent bands at 1649 cm−1 (C=O of amide) and 1727 cm−1 (C=O of COOH) was observed
[6].
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Fig 3. FTIR spectrum of stearic acid grafted O-carboxymethyl chitosan (CMC-SA)
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6. Determination of free primary amines content in CMC-SA
Free amine groups concentration was evaluated according to ninhydrin method [7].
Glucosamine hydrochloride standard solutions were used to drawing calibration curve (Fig 4)
and estimation of sample solution (0.5 mg/ml) free primary amine content.
According to the standard curve, primary amine concentration in CMC-SA solution (0.5
mg/ml) was 2.25×10-4 mol/l.
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Fig 4. Absorbance values for standard solutions at 570 nm
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7. Conjugation of Lys 3-Bombesin to CMC-SA (CMC-SA-BN)
Stearic acid grafted O-carboxymethyl chitosan (5 mg) was suspended in 4 ml deionized water
and the pH was adjusted to 7 using sodium hydroxide solution. 1.2 mg EDC and 1 mg NHS
were added to reaction mixture and carboxylic acid groups of CMC-SA were activated for 2
h. Lys 3-Bombesin was dissolved in 2 ml of deionized water and was added dropwise to
reaction mixture and stirred for 24 h in room temperature. Purification was carried out by
dialysis against demineralized water. (Sigma dialysis tubes, molecular weight cutoff 12kDa).
The dialyzed product was lyophilized using a LyoTrap plus Freeze dryer [8, 9].
In CMC-SA-BN spectrum, the carboxylic group peak was disappeared and amide bond peak
was appeared at 1631 cm−1 which confirmed the formation of amide bond between carboxylic
group of CMC-SA and amine group of BN. In addition, three small sharp bands can be
distinguished at 1557, 1540 and 1507 cm−1 which correspond to the indole ring stretching
vibrations of the tryptophan residue, the band at 1553 cm−1 is observed in Fig 5 [10].
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Fig 5. FTIR spectrum of stearic acid grafted O-carboxymethyl chitosan conjugated to Lys 3Bombesin

8. Conjugation of p-SCN-Bn-DOTA to CMC-SA (CMC-SA-DOTA)
Stearic acid grafted O-carboxymethyl chitosan (10 mg) was suspended in 2 ml carbonate
buffer (pH=9). 2 mg S-2-(4-Isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic
acid (p-SCN-Bn-DOTA) was dissolved in 0.5 ml carbonate buffer and added into chitosan
solution dropwise and stirred overnight. The p-SCN-Bn-DOTA conjugated to CMC-SA was
purified by centrifugal filter (10,000 Da) at 3000 rpm for 30 min at room temperature and
obtained by freeze-drying. FTIR spectrum of p-SCN-Bn-DOTA conjugated to CMC-SA
(CMC-SA-DOTA) (Fig 6) exhibited characteristic peak at 1594 cm-1 which can be attributed
to C=S stretching of thioure band.

ING

Fig 6. FTIR spectrum of CMC-SA conjugated to p-SCN-Bn-DOTA (CMC-SA-DOTA)
9. Determination of non-reacted p-SCN-Bn-DOTA concentration
Concentration of non-reacted p-SCN-Bn-DOTA was determined by reversed-phase high
performance liquid chromatography (HPLC) method. The non-reacted p-SCN-Bn-DOTA
which was dissociated from CMC-SA-DOTA by centrifugal filter was lyophilized and redissolved in 1ml deionized water. Standard solutions of p-SCN-Bn-DOTA in carbonate buffer
were used to drawing calibration curve (Fig 7).
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Fig 7. Calibration curve of standard solutions at 270 nm.
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According to the standard curve, the content of conjugated p-SCN-Bn-DOTA to CMC-SA
was 57.3 µg per 1 mg of CMC-SA.

10. Synthesis of CMC-SA and CMC-SA-DOTA nanoparticles
CMC-SA and CMC-SA-DOTA (1mg/ml) in acetate buffer (pH=4.5) were sonicated using a
probe-type sonicator at 20 W for 2 min in an ice bath to prevent an increase in temperature.
Average hydrodynamic diameter of CMC-SA and CMC-SA-DOTA were measured by
dynamic light scattering (DLS) at 25◦C. The size of CMC-SA nanoparticles (CMC-SA NPs)
and CMC-SA-DOTA nanoparticles (CMC-SA-DOTA NPs) were 162 and 212 nm
respectively (Fig 8).

Fig 8. Average hydrodynamic diameter of CMC-SA (left) and CMC-SA-DOTA (right)

11. Radiolabeling of CMC-SA NPs and CMC-SA-DOTA NPs with 68Ga
Ga (T1/2=67.7 min, β =89% and EC=11%) was available from a Ga/ Ge-generator system
(Pars Isotope Co., Iran). Ga was eluted with 1.6 mL of 0.6 M hydrochloric acid in 0.7 and 0.9
mL fractions. The second fraction containing 9 mCi of GaCl was transferred to a 10 mlborosilicate Reacti-vial containing solid HEPES (200 mg) and 0.4 ml of this solution (3.5
mCi) was added to 0.6 ml of CMC-SA NPs and CMC-SA-DOTA NPs in acetate buffer
(pH=4.5). The mixtures were incubated in a heating box at 90◦C for 10 min.
Radio Thin-Layer Chromatography was performed with Whatman No.2 paper as stationary
phase and citrate buffer (0.1 M) as mobile phase using a thin-layer chromatography scanner.
CMC-SA NPs and CMC-SA-DOTA NPs remain at the origin and free 68GaCl3 is traveled by
the solvent front. Radiochromatograms of Ga-CMC-SA NPs and Ga-CMC-SA-DOTA NPs
are shown in Fig 9.
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Fig 9. Radio-chromatograms of Ga-CMC-SA NPs (A) and Ga-CMC-SA-DOTA NPs (B)
68

68

11. Radiolabeling of CMC-SA-DOTA polymer with 68Ga
1.0 mg of CMC-SA-DOTA was suspended in 1 ml of acetate buffer (pH=4.5) and 150 µl of
GaCl (1.5 mCi) was added to the suspension. The mixture was incubated in a heating box at 90◦C for 15 min.
Radio Thin-Layer Chromatography was performed with Whatman No.2 paper as stationary
phase and citrate buffer (0.1 M) as mobile phase using a thin-layer chromatography scanner.
Radiochromatogram of Ga-CMC-SA-DOTA polymer is shown in Fig 10.
68
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Fig 10. Radio-chromatograms of Ga-CMC-SA-DOTA polymer
68

Conclusion
According to the Ga-CMC-SA nanoparticles radiochromatogram (Fig 7a), CMC-SA
nanoparticles were not labeled without DOTA in their structure as chelator for Ga. But, low
labeling yield of CMC-SA-DOTA nanoparticles in comparison with CMC-SA-DOTA
polymer (Fig 7b and 8) shows that p-SCN-Bn-DOTA chelators conjugated to CMC-SA are
located inside of the nanoparticles during nanoparticle preparation that leads to low
radiolabeling of the CMC-SA-DOTA nanoparticles.
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The collaborative research activities of our group were: 1) to perform the preliminary flow
cytometry studies to evaluate the affinity of the developed nanocarriers for the bombesin
receptors presents on the surface of cancer cells; 2) to develop an efficient method to
radiolabel the nanocarriers formulate by the different groups; 3) to perform the stability
tests of the radiolabelled-nanocarriers; 4) to evaluate the radiolabelled-nanocarriers specific
binding to the bombesin receptors in vitro; 5) to study the biodistribution of radiolabellednanocarriers in mice.
None of the activities was performed because we did not receive nanocarriers from the
Argentina, Brazil, Italy-Palermo or Poland groups in this period of time.

WO

Colorectal cancer (CRC) is the third most common malignant neoplasm worldwide and the
second leading cause of cancer deaths (irrespective of gender). In tumours at TNM (Tumour,
Nodes, Metastasis) stage I-II, surgical resection yields 80% of success, but only 50-60%
likelihood of 5-year survival is achieved after resection and adjuvant therapy of CRC that has
spread to regional lymph nodes (TMN stage III). Finally, in CRC at TMN stage IV, when
metastasis colonizes regional lymph nodes, liver, lungs and peritoneum, the likelihood of 5year survival is lower than 15%. In this realm, more efficient therapeutic approaches are
urgently needed to improve the treatment of CRC.
In this regard, advances in polymer chemistry and nanoscience offer new opportunities for
the development of innovative multifunctional theranostic systems for cancer 1. In particular,
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polymers are well-described delivery systems that improve aqueous solubility of the
conjugated drugs, prevent their metabolic breakdown, prolong blood circulation time, and
increase the tumour accumulation, resulting in enhanced therapeutic index 2-5. The addition
of a targeting agent (such as antibody or peptide moieties) within the polymer carrier allows
an increased selectivity towards target sites, and decreases off-target damage6,7. Strictly
related to the present project, the dodeca-peptide GE11 (YHWYGYTPQNVI) has been
identified as a high affinity and specific binder of the Epidermal Growth Factor Receptor
(EGFR), which is highly expressed in CRC and is involved in proliferation and differentiation of
cancer cells8. In GE11-loaded nanoparticles or GE11-modified liposomes, the presence of the
peptide clearly led to an increased accumulation and retention of the nanosystems in the
tumour site, as compared to peptide-free nanoparticles11,12
This research project aims at combining two different worlds,
radiochemistry/radiopharmacy and nanotechnology, whose interaction is poorly explored.
Specifically, we plan to design, develop and testing novel GE11-targeted multifunctional
polymeric nanostructures based on PEG and carrying radionuclide chelators, to produce
Radiolabelled Nanosize Delivery Systems (RNDS) for the efficient teragnostic of CRC and its
liver metastasis.
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B.1.1 Designing and developing multifuctional nanosystems with defined chemical
structures, by functionalization of PEG with GE11 peptides.
A series of nanosystems, based on PEG multifuctional conjugates characterized by a different
molecular complexity was designed. First single PEG chains and PEG dendron were
synthesized by general linker strategies for dual labelling using a heterobifunctional PEG as
starting material. Then PEG chains and dendron derivatives (BOC-PEG-NHS) were reacted
with GE11 to obtain one or multiple GE11 targeting nanosystems. Finally these intermediate
were functionalized with one Cy5.5 molecule to allow the assessment of the multivalency
approach.

RK

B.1.2 Cell lines
Flow cytometry analysis were performed using three different colorectal cancer cell lines,
two expressing high levels of EGFR receptors, CACO-2 and SW-480 cells, and one EGFRnegative, SW-620 cell line, that was used as negative control.
CACO-2 cells were grown in EMEM medium, SW-480 in DMEM-F12 medium and SW-620 in
DMEM medium. All mediums were supplemented with 10% heat-inactivated FBS, 10 mM
HEPES buffer, 2 mM L-Glutamine, 100 U/ml Streptomycin, and 100 U/ml Penicillin.

WO

B.1.3 Assessment of EGFR expression on human colon cancer cell lines
The expression of EGFR by all three cell lines was assessed by flow cytometry analysis.
Briefly, 3×105 cells were incubated with a mouse anti-human EGFR PE-conjugated mAb
(clone: EGFR.1) for 30 min at 4 oC, according to the manufacturer’s instruction . Cells were
then washed and resuspended in ice cold PBS. Cells were analysed using FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and FlowJo software (TreeStar Inc.,
Olten, Switzerland).
B.1.4 Flow cytometry analysis
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Interaction of the C11-functionalized PEG chains and dendron with EGFR receptor was
evaluated by flow cytometry. Cells (3×105 cell/sample) were incubated in 50 µl of EMEM
(CACO-2 cells) or DMEM-F12 medium (SW-480 cells) with two different concentrations
(0.026 mM and 0.0052 mM) of Cy5.5-labeled GE11 peptide (positive control) or the Cy5.5labeled nanosystems, calculated in terms of Cy5.5. Samples were incubated at different time
points (10, 30, 60, or 120 min) at 37°C, then washed and resuspended in ice cold PBS.
Samples were analysed by FACSCalibur flow cytometer and FlowJo software. Results were
expressed as Geometric mean (Geom. Mean).
B.1.5 Assessment of cytotoxic activity of nanosize delivery systems
To assess the ability of the nanosystems to specifically interact with EGFR-positive cell lines,
C11-functionalized PEG chains and dendron were conjugated with the antineoplastic drug
SN-38, and their cytotoxic activity was assessed.
Cells were seeded (8 x 103 cells/well) in triplicates in 96-well flat-bottomed plates
(Viewplates, PerkinElmer Life Science, Boston, MA). After 24 h, media containing different
scalar concentrations of C11-functionalized PEG-SN38 were added and incubated for 72 h.
Then supernatants were eliminated and cell viability was estimated by ATP dosing, using the
ATPlite kit (PerkinElmer Life Science) and an automated luminometer (TopCount NXT,
PerkinElmer Life Science), according to manufacter’s instructions. Cell viability was
calculated as follows: % viability = (cps sample – cps blank)/(cps control – cps blank), where
cps sample is the experimental value, cps blank is the value of medium alone and cps control
is the value of untreated cells. Three independent experiments were performed for each cell
line. Finally, semi-logarithmic dose-response curves were construted to calculate the IC50
value of each nanosystem by linear interpolation.
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B.2 Results
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B.2.1 Designing and developing multifuctional nanosystems
The different mono and multifunctional nanosystems synthetized are show in figure 1.

Figure 1. Schematic draw of PEG conjugates; A) monofunctional GE11-PEG-Cy5.5; B)
bifunctional (GE11)2-PEG-Cy5.5 and C) multifunctional (GE11)4-PEG-Cy5.5
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B.2.2 Assessment of EGFR expression on human colon cancer cell lines
Flow cytometry analysis confirmed the high expression of EGFR on CACO-2 and SW480 cell
lines and the minimal expression of EGFR on SW-620 cells.

Figure 2. Flow cytometry analysis of CACO-2, SW480, and SW-620 cell lines. Grey histograms
represent the autofluorescence, wheeblack line histograms the EGFR-stained cells.
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B.2.3 Flow cytometry analysis
Positive control GE11-Cy5.5 showed high affinity for EGFR receptors even just 10 min after
incubation (see figure 3). However, it was found that PEG conjugation to the GE11 peptide
decrease notably the nanosystems receptor affinity. Multifunctional (GE11) 4-PEG-Cy5.5
nanosystems show the highest affinity for the receptors followed by the bifunctional
(GE11)2-PEG-Cy5.5 and the monofunctional GE11-PEG-Cy5.5 (see figures 3 and 4). Flow
cytometry analysis carried out on SW-480 cells using a 0.0052 mM concentration showed no
differences between the histograms of C11-functionalized PEG labeled with Cy5.5 and the
auto-fluorescence histograms. Compounds did not interact with the EGFR-negative SW-620
cell line (data not shown).
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Figure 3. Interaction of tumour cells with different concentration of stained nanosize delivery
systems at different incubation times of A) positive control GE11-Cy5.5 and B) multifunctional
(GE11)4-PEG-Cy5.5.
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Figure 4. Interaction of tumour cells with different concentration of stained nanosize delivery
systems at different incubation times of C) bifunctional (GE11)2-PEG-Cy5.5 and D)
monofunctional GE11-PEG-Cy5.5.

B.2.4 Assessment of cytotoxic activity of nanosize delivery systems
Cytotoxic test were carried out using CACO-2 and SW480 cell lines. In both cases it was
found that cytotoxicity decrease when the number of GE11 conjugated to the PEG system
decrease (see figures 5 and 6).
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Figure 5. Assessment of nanosystems cytotoxicity using CACO-2 cell line.
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Dose-response curves obtained with the SW-480 cell line shows that multifunctional
(GE11)4-PEG-Cy5.5 cytotoxicity is one magnitude order higher than PEG-SN38 cytotoxicity,
which indicates that the multi-conjugation of GE11 peptide increase the internalization the
PEG dendron (see figure 5). Cytotoxicity against SW-620 cell line is under evaluation.
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Figure 6. Assessment of nanosystems cytotoxicity using SW-480 cell line.

B.3 Conclusions

Novel GE11-targeted multifunctional polymeric nanostructures with different molecular
complexity have been synthesized. It was found that PEG conjugation to the GE11 peptide
decrease notably the receptor affinity of these nanosystems. However it was prove that these
polymeric nanostructures preserve the GE11 specific internalization ability and therefore
could be used as nanosize systems to delivery specifically therapeutic radionuclides into the
EGFR-expressing tumour cells.
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Abstract

This second interim report covers the research activities carried out during the last fifteen months and related to the development of
nanogel carriers able to conjugate targeting ligands and chelating agents for their labelling with radioactive ions.
The research has been focused on the followings:
- Consolidation of the production process of poly(N-vinyl pyrrolidone)-based nanogels (NGs) by assessing batch-to-batch
variability and exploring the influence of selected process parameters.
- Optimisation of targeting ligand and chelating agent conjugation protocols to selected nanogels, physico-chemical
characterisation of the nanoconstructs and supply of samples to CRP project partners.
- Evaluation colloidal stability of NGs under conditions relevant to storage, loading with radioactive ions and administration.
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1. INTRODUCTION
It is widely recognised that nanoparticle-based therapeutics and diagnostics can overcome
biological barriers, can effectively deliver hydrophobic drugs and biomolecules, and preferentially
target specific cells, tissues and organs. Despite of all these advantages, only very few nanoparticlebased medicines or contrast agents have been accepted for clinical use. The complexity brought
about their size and size-controlled properties, their high surface to volume ratio, functionality
(hence reactivity) and interaction modalities with biological systems calls for careful design and
engineering of their structure and manufacturing processes. Furthermore, their colloidal stability
under storage, handling and administration conditions is of paramount importance in order to
achieve a consistent product with the intended physicochemical characteristics, biological
behaviour and therapeutic or diagnostic effects.
From the research activities carried out during a previous CRP and the first part of the present
CRP, a family of nanogels amenable of decoration with targeting moieties, such as folic acid or
antibodies, therapeutic molecules and biomolecules (doxorubicin, insulin, siRNA and antimiR) and
chelating agents for paramagnetic ions (DTPA) have been synthetized and characterised [1-8].
Nanogels were selected as substrate due to their high colloidal stability in aqueous media in a wide
pH range, owing to the very small density mismatch with the solvent and steric stabilization exerted
by dangling chains stretching out in the solvent, and their soft consistency, when the crosslinking
density is not too high. When nanogels are used as drug carriers, their flexibility and shape
changing ability can facilitate the bypass of biological barriers, ensure protection of the payload and
enable interaction of any attached ligand with its receptors.
The nanogels have been produced by pulsed electron beam irradiation of aqueous solutions of
poly(N-vinyl pyrrolidone) (PVP NGs) or PVP in the presence of a small concentration of acrylic
acid (PVP-co-AA NGs). The delivered dose was selected to be within the typical sterilisation dose
range, i.e. between 20 and 80 kGy, so that the produced nanoparticles are expected to be as-born
sterile. The details of the synthetic approach, the reactions constituting the basis for nanogel
formation and the approaches to control particle size and functionality have been discussed in the
previous RCM reports and in scientific publications. [9-15]
The functional groups generated by the ionising radiation process on the crosslinked PVP chains as
well as those attached onto them through the grafted monomers have been identified by means of
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various spectroscopic techniques. In particular, carboxyl groups and primary amino groups have
been quantified by means of colorimetric titration and fluorescence spectroscopy upon incubation
with Nickel ions and conjugation with fluorescent labels, respectively. [15-17] These groups have
been used for the conjugation reactions with the targeting ligands or therapeutic molecules and
fluorescent labels.
In the prospect of developing suitable nanocarriers for radio-pharmaceutics, we have
conjugated a specific targeting ligand that carries also a chelating agent (DOTA-BBN) to the
nanogel.
The specific objectives of this last fifteen months activity have been:
- To assess the robustness of the “bare” nanogels production process (e-beam processing using
industrial-type accelerators) by tracking batch-to-batch variability, mainly in terms of particle
size distribution, and by investigating the influence of the selected process parameters on the
NGs physico-chemical characteristics.
- To develop suitable DOTA-BBN conjugation protocols to selected nanogel formulations,
perform physico-chemical characterisation of the nanoconstructs and supply samples to CRP
project partners.
- To evaluate the colloidal stability of NGs under conditions relevant to storage, labelling with
radioactive ions and administration.

2. EXPERIMENTALS
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2.1 Materials. Poly(N-vinyl pyrrolidone)-co-acrylic acid nanogels (NG) were synthesized
from PVP aqueous solution with concentrations varying from 1 to 5 mg/ml and also by small
additions of acrylic acid (AA). Two PVPs were used, both from Aldrich, PVP k60 and PVP 1300P,
the first supplied in the form of aqueous solution, the second as a dry powder.
Solutions were always prepared by overnight stirring using milli-Q water, filtered with 0.22 μm
pore size syringe filters, purged with N2 and sealed in 12ml vials. Saturation with N2O (N2O
≥99.99%) was performed prior to irradiation. Electron beam irradiation was performed using a 10
MeV linear accelerator at the ICHTJ of Warsaw (Poland). Samples were horizontally placed in a
box on an ice bed and conveyed under the beam via a transporting belt. Irradiation conditions were
selected to provide either an integrated dose of 40 kGy or 20 kGy with a single pass. Higher doses
were obtained by multiple passes. Dosimetry was performed using a graphite calorimeter; the
measuring error is ±4%. After irradiation and prior to physico-chemical characterization, nanogels
were dialyzed (MWCO 100kDa) against distilled water for 48 h in order to remove eventual
oligomers and re-equilibrate pH.
PVP nanogels were coded as P*(X)_Y, where X is the weight percentage of polymer in
water and Y is the total absorbed dose in kGy.
PVP-co-AA nanogels were coded as P*(X)AA(Y), where X is the weight percentage of
polymer in water and Y is the molar ratio between PVP repeating units and AA in the irradiated
solution. Irradiation dose for these systems was invariably 40 kGy.
The DOTA-BBN, kindly supplied by IAEA, was conjugated to a selected NG
(P*(0.5)AA50) by a 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/ NHydroxysulfosuccinimide (Sulfo-NHS) conjugation protocol, as reported in the previous
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report. The concentration of DOTA-BBN in the system after purification and the
conjugation degree (molecules of DOTA-BBN per nanoparticle) were estimated by UV-VIS
fluorescence spectroscopy (λexc= 280 nm and λem= 350 nm).

ING

2.2
Physico-chemical characterisation. The hydrodynamic dimensions of the bare and
conjugated NGs variants were measured by dynamic light scattering at 20±0.1 °C and at 90°
scattering angle, as described in detail in ref. 10, on as prepared samples, after dialysis against water
and after filtration (pore size 0.45 μm).
Weight average molecular weight (Mw) of nanogels were determined from multi-angle
static light scattering (SLS) measurements, as described in ref 10.
Ζ-potential measurements were acquired at 25 °C using a Malvern Zetasizer Nano-ZS (Malvern
instrument Ltd., Malvern, UK). Prior to zeta-potential measurements, systems were always dialysed
against water.
Gel permeation chromatography analysis (GPC) was performed on bare and conjugated
NGs, both in milliQ water and in PBS, using two Shodex SB HQ columns in series (806 and 804)
thermostated at 20 °C with an Knauer oven, connected to a HPLC device (LC-2010 AT
Prominence, Shimadzu, Kyoto, Japan) equipped with a 50 ml sample loop. All samples were eluted
with 0.02 wt% sodium azide solution at 0.5 ml min-1; the refractive index was recorded with a
Smartline RI detector 2300 Knauer.
Nanogels were also titrated to measure the concentration of carboxyl groups present due to
radiation-induced oxidation of PVP and grafted acrylic acid, when present. In particular, their
concentration was measured by determining the amount of Ni2+ ions complexed by carboxyl
groups. Since two to three carboxyl groups in favourable positions are required to complex a single
cation, this method may underestimate the actual content of carboxyl groups, especially for pure
PVP NGs. A detailed description of the procedure is reported in the previous report as well as in
reference [15].
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2.3
Colloidal stability measurements. The storage stability of the colloidal dispersions
of bare NGs in water and in isotonic PBS buffer at 4°C and 25°C was investigated by performing
DLS and ζ-potential characterizations analysis.
Nanogel conjugates were also freeze-dried, after adding saccharose (6 % wt) as cryoprotector, and
stored up to one month at room temperature, redispersed in PBS buffer and tested for particle size
distribution.
The colloidal stability of DOTA-BBN conjugated NGs was also investigated in the conditions
applied for radiolabeling. In particular, they were subjected to a thermal treatment at 80° C for 50
minutes. After, they were visually inspected and characterised by DLS at 20°C.
Colloidal stability was also investigated upon incubation with Fetal Bovine Serum (10% v/v) for 24
h.
3. RESULTS AND DISCUSSION

3.1 Synthesis and characterisation of nanogel carriers
Polymeric crosslinked nanoparticles were produced by e-beam pulsed irradiation of pure PVP
aqueous solutions and of PVP in the presence of acrylic acid (AA) [6, 12]. Variants with different
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size and surface charge density were obtained from PVP aqueous solutions with polymer
concentration in the 0.1-0.5 wt% range, and also in the presence AA.
The hydrodynamic diameters and weight average molecular weight, determined by dynamic
laser scattering measurements and Zimm plot analysis, respectively, are shown in Table 1.
TABLE 1. FIRST GENERATION OF PVP AND PVP-CO-AA NGS. PRODUCTION LOT: MAY
2013. PVP K60. PURGED WITH N2 AND SATURATED WITH N2O. 40 KGY IN ONE PASS.
System

MW (MDa)

Dh(nm)

Z-potential

Mean Width Mean Width Mean

Width

Linear PVP

0.41

0.015

40

16

-6; -21

P*0.1

0.73

0.11

34

10

-6; -20 5.5; 7.8

P*0.1AA 50

0.65

0.07

14

5

-21.9

8.40

P*0.25

2.3

0.024

50

14

-30.2

9.45

P*0.25AA 50

0.8

0.025

26

10

-40

9.26

P*0.25 AA25

0.78

0.056

31

10

-48.8

7.57

P*0.5

7.5

0.34

150

45.7

-10.8

3.8

P*0.5AA 50

4.5

0.24

65

20

-32

5.68

7; 7.5
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NGs with average hydrodynamic diameters in the 14 – 150 nm range with PDI<0.3 were
obtained. Both particle size and mass average molecular weight increase at the increase of polymer
concentration, while are little affected by the increase of acrylic acid content for the same polymer
concentration (0.25 wt%). The NG system selected for the conjugation with BBN-DOTA was
P*0.5AA50, since from previous studies, lead to the highest yield of conjugation reactions both
with small molecules (folic acid) and proteins (insulin). For this reason, the robustness of the
production process in terms of ability to generate nanogels with the same particle size distribution
was investigated using this formulation. Samples from different batches and from different vials of
the same batch were investigated. Vials belonging to the same batch are irradiated simultaneously.
Table 2 and 3 report the hydrodynamic size of NGs samples from vials of different production
batches and of the same batch. We observe a batch-to-batch variability up to about 30%. The
variability within each production batch is generally very low, although a small fraction of the vials
(10-20%) may present a larger size. Changes of size from batch to batch lead also to changes in
average molecular weight and surface charge density: in general, the bigger are the particles the
higher is their molecular weight and the lower is the surface electric charge (less anionic).
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TABLE 2. COMPARISON OF HYDRODYNAMIC SIZE OF P*0.5AA50 (40 KGY) NGS FROM
BATCHES PRODUCED IN YEARS 2013 AND 2015.
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Lot date
May 2013
May 2015
Sept 2015

Vial

#1
#2
#15

Dh(nm)
Mean
65
76
76
84

Width
20
24
27
34
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TABLE 3. COMPARISON OF HYDRODYNAMIC SIZE AND SURFACE CHARGE DENSITY
OF P*0.5AA50 NANOGELS FROM DIFFERENT VIALS PRODUCED IN SEPT 2015.
As produced
DH (nm)
Pot ζ (mV)

After dialisys and
0.22 µm filtration
DH (nm)
Pot ζ (mV)

#15 #18 #11

84±34

-13.5 ±4.31

88±34

-14.8 ±4.31

#21 #6 #3

85±34

-11.9 ±4.06

84±32

-15.4 ±7.93

#24 #10

109±47

-22.3±4.73

95±37

-9±5.27(56%)
-20.2±7.8(44%)

Sample
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In order to assess if the observed batch-to-batch variability was caused by N2 purging or the
N2O saturation processes, some vials were either not purged with N2 or not saturated with N2O and
irradiated simultaneously to the others. The second order autocorrelation function measured by DLS
analysis and used for size determination for samples taken from the different vials are shown in
figure 1. No significant changes in the autocorrelation function are caused by the lack of N 2O
saturation prior to irradiation, while a slight difference is observed for the system that was not
subjected to the N2 purge. We can speculate that flushing N2 through the bottled solution may cause
water stripping, thus uncontrolled increase of polymer concentration, hence an increase of NGs
particle size. This would explain why the system that is not subjected to N2 purge (oxygen-free
since is N2O saturated) is characterised by smaller average hydrodynamic size (faster decay of the
autocorrelation function).

1,2

#10
#15
#21
#24
#16 (no N2O)
#25 (no N2)

1,0

0,6

0,4
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(g1)2

0,8

0,2

0,0

-0,2
1e-1

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5

s)

WO

FIG. 1. Intensity autocorrelation function from DLS for samples taken from vials of the Sept 2015
batch: #16 and 25 were flushed with N2 only and N2O only, respectively. All the other samples are
taken from vials flushed with N2 first (before being sealed in their vials) and with N2O before
irradiation.
Batch-to-batch variability in terms of particle size was also investigated for pure PVP NGs
produced from a commercial PVP1300P supplied as a solid powder. Results reported in Table 4
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refer to two production batches where the same dose per pass (20 kGy) was delivered by adjusting
the speed of the conveyor, but with approx. 25% variations in beam current and pulse frequency
values. While the effect of polymer concentration and irradiation dose is the same for the two
production batches, differences in terms of product particle size are significant, especially for the
higher polymer concentrations and for the higher doses. In particular, the solutions at 5 mg/ml
irradiated in November 2016 resulted all cloudy with some trace of macroscopic aggregates.
These results underline the need of a systematic investigation of the influence of electron beam
accelerator irradiation conditions (dose per pulse, pulse length and pulse frequency) on the reaction
kinetics and product properties.
TABLE 4. COMPARISON OF HYDRODYNAMIC SIZE FOR PVP NANOGELS PRODUCED
IN SEPT 2014 AND NOV 2016.

PVP non-irr

Dh
(nm)
33.4±10.5

Dh
(nm)
35±8

NG(0.1) 20

21.2±6.7

21±6.2

NG(0.1) 40

16.7±5.9

20±6

NG(0.1) 60

15.0±5.8

24±5

NG(0.1) 80

18.3±5.0

24±5

NG(0.5) 20

115.6±39.8

>>150

NG(0.5) 40

115.6±34.4

>>150

NG(0.5) 60

115.6±34.4

>>150

NG(0.5) 80
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System

136.6±48.1

>>150
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3.2 Decoration of nanogels with bombesin
The P*(0.5)AA50 NG system was used as substrate for the covalent attachment of
Bombesin-DOTA. In particular, an amide bond between the carboxyl groups of the NG and the
terminal amino-group of the ligand was promoted. The conjugation degree was determined by UVvis fluorescence spectroscopy. In order to increase the yield of conjugation, the influence of a predialysis step on the NG before the conjugation with B-DOTA, to remove low molecular weight byproducts (probably acrylic acid oligomers), was investigated. A significant increase in the yield of
conjugation with a pre-dialysis step can be appreciated. It seems that the low molecular weight byproducts interact with the peptide and cause a decrease of the conjugation reaction efficiency.
No change of hydrodynamic size with respect to the corresponding bare nanogel system was
observed. A good reproducibility of the conjugation reaction yield was obtained (as shown in table
5).
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TABLE 5. DOTA-BBN-NG SYSTEMS AND THEIR PARENT SUBSTRATES: WEIGHT
AVERAGE MOLECULAR WEIGHT FROM SLS, HYDRODYNAMIC SIZE BY DLS,
CONCENTRATION OF NG IN THE SYSTEM AFTER PURIFICATION, MEASURED
CONCENTRATION OF DOTA-BBN IN THE SYSTEM AFTER PURIFICATION BY UV-VIS
FLUORESCENCE SPECTROSCOPY, ESTIMATED NUMBER OF DOTA-BBN MOLECULES
PER NANOGEL.
System

MW
(MDa)

NG(1)/water

4.5

NG(1)-BBN/PBS

4.5

NG(1)-BBN-DOTA/PBS

4.5

NG(2)/water

6.2

NG(2)pd-BBN-DOTA/PBS

6.2

NG(2)pd-BBN-DOTA/water

=

NG(3)/water

6.3

NG(3)pd-BBN-DOTA/PBS

6.3

Dh
(nm)

NG
(mg/ml)
5

DOTA-BBNNG
µmol/g
-

DOTA-BBNNG
mol/mol
-

65±20
68±22

2.85

1.1

5

69±21

n.a.

n.a.

7

76±24

5

-

-

78±21

2.6

5.7

35

=

1.6

=

=

76±27

5

-

-

80±24

2.5

6.0

37
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NG(1): Lot Sept 2014; NG(2) and NG(3): Lot May 2015 *pd: dialysis before conjugation.
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3.2 Colloidal stability studies on nanogel carriers
Further investigations on the colloidal stability of the nanogel carriers have been carried out.
We had previously demonstrated that the bare nanogels are stable colloids in the 3-10 pH range
(1mM ionic strength) and when stored as aqueous dispersions up to three month, both at 25 °C and
4 °C, they maintain their hydrodynamic dimensions and surface electric charge. We have now
extended the observation of storage stability up to two years, for the storage temperature of 4°C,
and no change of hydrodynamic size and surface electric charge density has been observed.
Conversely, we had observed that freeze-drying and redispersion in water of the “bare” nanogels
leads to a twofold size increase and decrease of surface charge density (e.g. from Dh=65±21 nm
and Z-pot=-32±5.6 mV to Dh=120±24mV and Z-pot=-20±10 mV for T=25°C) after three
months storage at both 4°C and 25°C, probably to carboxyl groups association. Recent
measurements carried out on insulin-conjugated or oligonucleotide-conjugated variants of the same
nanogels have shown an improved capability of these modified variants to reconstitute the original
dispersion. This is probably due to depletion of the carboxyl groups and increase of branching.
The storage stability of the DOTA-BBN-NG systems at 4°C was tested up to 6 months.
Colloidal stability in serum was also investigated. The hydrodynamic dimensions of the systems did
not change after their incubation with Fetal Bovine Serum (10% v/v) for 24 h.
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The influence of the nature of the suspending medium, either water or isotonic PBS, on the
hydrodynamic volume distributions was aslo investigated by GFC. No modifications in the
chromatograms were observed.
Samples of NG(2)/water, DOTA-BBN-NG(2)pd/PBS, DOTA-BBN-NG(2)pd/water were supplied
to POLATOM (Poland) for radiolabeling and in vitro/in vivo tests.

ING

CONCLUSIONS
The main objective of this work is to synthetize nanocarriers that can be conjugated with bombesin
or other receptor-specific ligands and with chelating agents for labelling with radioisotopes,
relevant in cancer diagnosis or therapy. A synthetic strategy employing ionizing radiation enables
manufacturing of polymer nanoparticles at a large scale and grants simultaneous sterilization.
Product purification via ultrafiltration is straightforward since catalysts, initiators, organic solvents
or surfactants are not used. The engineered nanogel systems display relatively narrow
hydrodynamic size and negative surface charge density. They are stable upon storage as a colloidal
dispersion, under conditions used for radiolabeling, and in serum.
A comparative product analysis of different batches of the same formulation, produced from year
2013 to date show that the batch-to-batch variability - in terms of particle size - can be up to 30%.
From the results of trials carried out using different gas purges (N2 and N2O, only N2 and only
N2O), polymer solution compositions and using different PVPs we can exclude that the cause of
this variability is related to the composition of the system but is mainly caused by the lack of
reproducibility of the ebeam irradiation conditions.
Protocols for conjugation with DOTA-BBN peptides have been optimised and samples of DOTABBN conjugated nanogels and their parent “bare” nanogels sent to POLATOM (Poland) for
radiolabeling and biological evaluation.
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Improving global efforts to detect cancer at an early stage is one of the most important
strategies to reduce morbidity and mortality of cancer worldwide. Detecting and treatment
of cancer before metastasis improves the odds of survival, when detected late cancer
treatment is less effective has greater morbidity and is more expensive. Thus there is a
substantial room for improvement in the specificity of imaging for detecting small primary
lesions and for identifying minimal metastatic disease.
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A variety of receptors and antigens play important roles in the development and
progression of human cancers. As such targeting and imaging these biomarkers hold much
promise for tumor detection and treatment, monitoring disease progression and evaluating
treatment response. One that has generated much interest is the gastrin-releasing peptide
receptors (GRPR), a member of the bombesin receptor family that is found to be
overexpressed in several cancers such as prostate, breast, lung and gastrointestinal cancers.
For the purpose of tumor receptor targeting we propose to employ molecular imaging
techniques, specifically positron emission tomography (PET) to develop and evaluate new
targeting strategies against GRPR.
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The aim of this project is to provide significant improvement in the delivery of
radiopharmaceuticals through the use of nanotechnology. The ability of nanosized,
radioactive and targeted nanomaterials to deliver optimum therapeutic payloads at tumor
sites, addresses the most important 'unmet clinical need' in nuclear medicine. Such
radioactive nanoceuticals will advance the field of oncology because targeted
nanoconstructs could potentially be capable of reaching the tumor sites selectively and to
penetrate tumor vasculature due to their unique intrinsic physical and chemical properties
dictated by their nanoscale dimensions, thus affording highly effective molecular imaging
and therapeutic tools to combat various forms of human cancers.
To achieve this aim, the following research objectives are proposed:
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1) To synthesize nanosized constructs endowed with tumor homing peptide
2) To perform radiolabelling, stability study and quality control on labelled nanoparticles
A. Approach and study design

Rationale:
The objective of this study is to provide significant improvement in the delivery of
radiopharmaceuticals through the use of nanotechnology. Nanoparticulate probes coupled
with cancer specific targeting ligands e.g. against the gastrin releasing peptide receptor
(GRPr) and an imaging probe can be used to simultaneously image and treat tumors and
peripheral metastases.
1. Preparation of synthetic precursor for radiolabelling experiments (Nanyang
Technological University, Singapore)
As part of the international collaborative project, nanoparticles will be synthesized by
our CRP collaborators from Nanyang Technological University, Singapore.
2. Radiolabelling of synthetic precursors with gallium-68 (Nuklear Malaysia)

Subtask 2A Ga-68-labeling of bombesin functionalized diagnostic probe
The functionalize precursors will be labelled with gallium-68 (T1/2: 68min) via the chelating
agent DOTA. Gallium will be chelated to probes that are covalently modified with the DOTA
moiety, and its stability will be determined using chromatography.

Results
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Subtask 2B Determination of labelling efficiency and stability in physiological conditions
Quality control tests like labelling yields, radiochemical purity, as well as evaluation of the
physico-chemical properties of the radiolabelled products will be performed.

Ga-68 was eluted from an organic-matrix based column 68Ge/68Ga generator manufactured
by ITG, Germany. The elution was carried out with 0.05M hydrochloric acid and no more
further processing is required as the eluate is in the form of metal-free GaCl3.
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The radiolabelling of the nanoparticle was assessed under two different buffers that are
0.05M Acetate Buffer and 0.1M HEPES buffer but no significant difference notified. The
study proceeded with acetate buffer only as the HEPES buffer are less favorable for human
use. The radiochemical purity was conducted using ITLC-SG with a 0.1M Sodium Acetate:
Methanol (1:1 v/v). Unlabelled Gallium-68 is at the application part (Rf=0) while the labelled
compound is at the solvent front (Rf=1).
It was ascertained that ~pH 3 yielded the best results and as such subsequent reaction was
performed at this pH. It has previously been reported that labelling and conjugations was
maintained as close to pH 3.0 as possible to reduce gallium colloid formation. A more acidic
environment can inhibit the reaction due to protonation of donor atoms and a more basic
milieu will favour hydrolysis and lead to gallium hydroxide (gallium colloid) formation.
Gallium-68 colloid accumulates in tissues of the reticuloendothelial system (liver, spleen and
bone marrow), leading to the deterioration in image quality.
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Radiolabelling yields were followed by radio-thin layer chromatography (TLC). TLC strips
were spotted and placed in a 1:1 mixture of 1M ammonium acetate and methanol as the
developing solvent system. In this system free gallium remains at the application point
(Rf=0), while the radiolabelled product for follows the solvent front (Rf=1.0).

PLGA-BBN_S
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DOTA-BBN

PLGA-BBN-NM

PLGA-DOTA
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Figure 1. Preparation of MBq of 68Ga-labeled constructs. Representative instant thin
layer chromatography (ITLC) chromatograms of A) DOTA-BBN; B) PLGA-BBN-NTU; C) PLGABBN-NM; D) PLGA-DOTA. The mobile phase was 1M ammonium acetate:methanol and in
A, C and D the constructs were labeled with high radioactivity over 98%. In this analysis
the free, unreacted gallium-68 remained at the origin (Rf=0) whilst the 68Ga-DOTA-BBN,
68
Ga-PLGA-BBN-NM and 68Ga PLGA-DOTA migrated with the solvent from (Rf=1.0).

A stability assay was performed to confirm that 68Ga remains associated with the PLGA over
a time specified period and that the biodistribution patterns observed are not from
dissociated, free 68Ga. The PBS solution tests the stability of the chelator to retain the
radioisotope, while the serum solution mimics the proteinaceous environment during
circulation.
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Figure 2. In vitro stability of 68GA-labeled products (a) DOTA-BBN, (b) PLGA-BBN-NM, (c)
PLGA-DOTA, in PBS and demonstrated that the radiolabelled product remained stable,
with radiolabelling efficiency of >97% for up to 4h.
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The in vitro stability of 68Ga-labelled products were analysed in PBS and fetal bovine serum
at different time intervals (0h, 0.5h, 1h, 2h, and 4h). The stability is presented as the
percentage of intact 68Ga-labeled products according to radio-TLC analysis and the result is
shown in Figure 2. After 4h of incubation, more than 90% of 68Ga-DOTA-BBN, 68GA-PLGABBN and 68 PLGA-DOTA remained intact, indicating it has excellent stability. However, a
significant decrease in activity remaining is observable with both DOTA-BBN and PLGA –BBN
over time. It is speculated that the presence of proteases in serum may accelerate the
degradation process of the peptide and thus the observed decrease in stability.

Once the labelling and stability of the construct has been established, microPET imaging was
used to investigate the influence of each construct on biodistribution and blood circulation.
To this end 68Ga-labeled constructs were administered intravenously to normal rats and the
blood retention and sequestration in the major excretory organs (liver, kidneys) was
observed. Subsequent images were constructed using 2D OSEM with random and
attenuation correction.

Perhaps unsurprisingly 68Ga DOTA-BBN, exhibited minimal signal in the heart and can be
seen to be rapidly accumulated in the kidneys and bladder (Figure 3). This behaviour is
consistent with relatively rapid renal clearance expected for small peptides.
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Figure 3. MicroPET imaging of 68Ga DOTA-BBN in normal rats. Images were taken 30min
post injection. Two major pools of blood were observed in the kidneys and bladder,
indicated by the arrows.
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NANOSIZED DELIVERY SYSTEMS FOR RADIOPHARMACEUTICALS:
NANOSIZED RADIOLABELED POLYAMIDOAMINE DENDRIMERS FOR
TUMOR IMAGING AND TARGETED THERAPY
Ocampo-García Blanca E.
Ferro-Flores G.
Main Additional Scientific Staff: Héctor Mendoza-Nava, Flor de María Ramírez, Abraham
González- Ruiz, Brenda Gibbens-Bandala, Enrique Morales Avila, Clara Santos-Cuevas,
Liliana Aranda-Lara, Enrique Morales Avila and Erika Azorín Vega Keila Isaac Olivé
Mexico


Summary

177
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Lu-labeled nanoparticles conjugated to biomolecules have been proposed as a new class of theranostic
radiopharmaceuticals. The aim of this research was to synthesize 177Lu-dendrimer(PAMAM-G4)-folatebombesin with gold nanoparticles (AuNPs) in the dendritic cavity and to evaluate the radiopharmaceutical
potential for targeted radiotherapy and the simultaneous detection of folate receptors (FRs) and gastrin-releasing
peptide receptors (GRPRs) overexpressed in breast cancer cells. p-SCN-Benzyl-DOTA was conjugated in
aqueous-basic medium to the dendrimer.The carboxylate groups of Lys 1Lys3(DOTA)-bombesin and folic acid
were activated with HATU and also conjugated to the dendrimer. The conjugate was mixed with 1%HAuCl 4
followed by the addition of NaBH4 and purified by ultrafiltration. Elemental analysis (EDS), particle size
distribution (DLS), TEM analysis, UV-Vis, and infrared and fluorescence spectroscopies were performed. The
conjugate was radiolabeled using 177LuCl3 or 68GaCl3 and analysed by radio-HPLC. Studies confirmed the
dendrimer functionalization with high radiochemical purity (>95%). Fluorescence results
demonstrated that the presence ofAuNPs in the dendritic cavity confers useful photophysical properties to the
radiopharmaceutical for optical imaging. Preliminary binding studies in T47D breast cancer cells showed a
specific cell uptake (41.15±2.72%). 177Lu-dendrimer(AuNP)-folate-bombesin may be useful as an optical and
nuclear imaging agent for breast tumors overexpressing GRPR and FRs, as well as for targeted radiotherapy.
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The second aim of this research was to synthesize and characterize the physicochemical properties of 177LuAuNP-NLS-RGD-Aptamer molecule and to evaluate the in vitro potential for cancer-specific dual targeting.
The receptors overexpressed on the surface of cancer cells as α(v)β(3) integrin and the principal angiogenesis
factor (VEGF) are the main targets of the synthetized molecule for cancer diagnosis. In the NLS-RGD molecule
design, the sequence RGD acted as the active biological site and the Cys (C) was the spacer and active group
used to interact with the gold nanoparticle surface. The NLS sequence acted as the nuclear internalization
promoter, both were chemical characterized by Maldi-TOF and HPLC. The oligonucleotide sequence (Aptamer)
that bind the VEFG with high affinity, speciﬁcity, and stability were designed analogous to Pegaptanib Aptamer.
The aptamer was functionalized with gold nanoparticles (AuNP) by instant reactions of the thiol group with
AuNP surface.
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Polymer-based nanoparticles as drug-delivery systems offer new therapeutic opportunities. Among them, ligandmediated targeting, which increases selectivity, efficacy and allows controllable drug delivery. The third aim of
the this research was to prepare and characterize poly(methyl methacrylate) (PMMA) nanoparticles grafted with
the –Arginine, Glycine, Aspartic Acid (RGD)– peptide sequence as a promising smart drug delivery system for
Paclitaxel (PTX), directed at sites of integrin receptor overexpression. Methods: Nanoparticles were
characterized by FT-IR and Raman spectroscopy, dynamic light scattering, zeta potential and transmission
electron microscopy. Results: RGD-PMMA-PTX size distribution was 17.58 ± 7.45 nm with a zeta potential of 38.73 ± 5.62 mV. According to the boxLucas Model, PTX was incorporated into nanoparticles with an
entrapment efficiency of 100% (evaluated by HPLC analysis). In vitro sustained release was determined, with
maximum release of 55% and 40% after 21 days at pH 5.3 and 7.4, respectively. The highest inhibition on cell
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proliferation was found with RGD-PMMA-PTX nanoparticles (90 %). Conclusion: The obtained results showed
that RGD-PMMA-PTX represents an attractive and suitable therapeutic approach for targeting overexpressed
integrins in cancer cells
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Dendrimers are hyperbranched polymeric structures varying in their initiator core, repeating
units, terminal functionality, charge, and solubility profile. Polyamidoamine (PAMAM)
dendrimers are spherical macromolecules composed of repeating polyamidoamine units
which are known to have low biological toxicity, good biocompatibility, and in vivo stability
[1, 2].
Gold nanoparticles (AuNPs) conjugated to peptides or biomolecules with target-specific
recognition produce stable multimeric systems with target-specific molecular recognition.
Plasmonic AuNPs can be fluorescent when they are prepared by thermal reduction procedures
or when they are designed to absorb in the near infrared region; therefore, AuNPs can also
function as optical imaging agents [3, 4]. Overexpression of gastrin-releasing peptide
receptors (GRPR) is present in 96% of breast cancer tissues [6]. In particular, the GRPR is
highly expressed in T47D human breast cells, and that is the reason why these cells have been
used as tumor models to evaluate new bombesin probes [6, 11–13]. Folate receptor-𝛼 (FR𝛼)
is a membrane-bound protein with high affinity for binding and transporting folate into cells.
Folate is a basic component of cell metabolism and DNA synthesis and repair. Cancer cells,
which rapidly divide, have an increased requirement for folate to maintain DNA synthesis, an
observation supported by the widespread use of antifolates in cancer chemotherapy [14, 15].
The overexpression of FR𝛼 protein has been confirmed in all clinical breast cancer subtypes,
comprised of estrogen receptor-positive (ER+), progesterone receptor-positive (PR+), human
epidermal growth factor receptor-positive (HER2+), and triple negative (ER−, HER2−, and
PR−) tumors [16–18]. Recent polymerase chain reaction studies confirmed that FR𝛼 is highly
expressed in T47D cells [19]. An in vivo theranostic approach combines the potential of both
diagnosis and therapy in the same targeting molecule by labeling with either a diagnostic or a
suitable therapeutic radionuclide. Theranostic radiotracers provide patients with targeted and
personalized treatment options, thereby improving the current clinical treatment options at the
same time. In the field of nuclear medicine, 177Lu labeled AuNPs conjugated to different
peptides have been proposed as a new class of theranostic radiopharmaceuticals [20]. These
multifunctional systems contain the chelator DOTA, able to complex both 68Ga and 177Lu,
which could be useful for the identification of malignant tumors, and monitoring of treatment
(SPECT/NIR fluorescence optical imaging), for targeted radiotherapy (𝛽-particle-energy
delivered per unit of targeted mass), and for photothermal therapy (localized heating).
Therefore, a multifunctional system of DOTA-dendrimer-AuNP conjugated to bombesin and
folate is expected to improve both the recognition of breast cancer cells positive to FR and
GRPR and its theranostic properties when labeled with 68Ga and 177Lu. The aim of this work
was to synthesize 177Lu-DOTA-dendrimer- folate-bombesin with gold nanoparticles in the
dendritic cavity (177Lu-DenAuNP-folate-bombesin) and to evaluate the radiopharmaceutical
potential for targeted radiotherapy and the simultaneous detection of FRs and GRPRs
overexpressed in T47D breast cancer cells. In order to probe the theranostic potential, the
labeling of DenAuNP-folatebombesin with 68Ga was also accomplished.
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Improvements in research and development of polymer-based nanoparticles as drug- delivery
systems, offer new therapeutic opportunities, allowing selective and controlled drug delivery
to specific locations, increasing therapeutic benefits, while minimizing side effects [4,5].
Additionally, it offers the possibilities of encapsulating poorly-soluble drugs, protecting
therapeutic molecules, and modifying the pharmacokinetic profile of nanoparticleincorporated drugs including a significant improvement in pharmacokinetic behaviour [6,7].
Moreover, polymeric nanoparticles are also appealing because they can facilitate the
combination of drug regimens which are commonly practiced in cancer therapy [8].
The angiogenic process plays a critical role in controlling tumor growth and metastasis. The
integrin ανβ3 binds naturally to the peptide sequence arginine-glycine-aspartic acid (RGD),
and is overexpressed on endothelial cells lining tumors and some tumor cells during tumor
growth, invasion, and metastasis, but poorly expressed in resting endothelial cells and most
normal organs. Based on this fact, integrin ανβ3 represents a potential target for an antiangiogenic strategy useful in early detection and treatment of rapidly-growing solid tumors
[12–14].
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Paclitaxel (PTX) is one of the most effective chemotherapeutic drugs ever developed, with
antineoplastic activity against a broad spectrum of solid tumors including breast cancer,
ovarian carcinoma, lung cancer, acute leukemias, and most recently discovered, against
malignant glioblastomas and brain metastases. PTX is poorly soluble in water and many other
pharmaceutically-suitable solvents.
Poly (methyl methacrylate) (PMMA) is one of the most widely-explored biomedical materials
due to its biocompatibility, and current publications have shown an increasing interest in its
applications as a particle carrier in drug delivery [20].
The aim of the this research was to prepare and characterize poly(methyl methacrylate)
nanoparticles grafted with the –RGD– peptide sequence as a promising smart drug- delivery
system for paclitaxel, directed to sites overexpressing integrin receptors.
2. Synthesis and Chemical Characterization
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2.1. Conjugation of DOTA to the Dendrimer. Fifty microliters of dendrimer (0.3 𝜇mol) in
methanol was dried under vacuum and redissolved in 0.5mL of 0.2M sodium bicarbonate
buffer, pH9.5.The above solution was then incubated with DOTA (5.38 𝜇mol; 3.7mg in
0.5mL of 0.2M sodium bicarbonate buffer, pH 9.5) at 37∘C during 1 h (DOTA/dendrimer
molar ratio of 18/1). The final reaction mixture was washed three times with type I water by
ultrafiltration to remove bicarbonate buffer (Ultrafree-PFL Filters, MWCO 10,000,
polysulfone membrane, Millipore) and finally lyophilized.
2.2. Activation of Carboxylate Groups of Folic Acid and Bombesin. Folic acid (2.27 𝜇mol; 1mg)
and bombesin (0.55 𝜇mol, 1.1mg) were dissolved in 200 𝜇L of dimethylformamide (DMF)
and were added to a mixture containing 100 𝜇L of 0.2M diisopropylethylamine (DIPEA, to
provide a basic medium) (114.83 𝜇mol; 14.84mg in 300 𝜇L of DMF) and 100 𝜇L of the
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carboxylate
activating
agent
HATU
(O-(7-azabenzotriazol-1-yl)-N,N,N’,N’tetramethyluronium-hexafluoro phosphate), (15.78 𝜇mol, 6mg in 100 𝜇L of DMF). The
reaction mixture was incubated for 15min at room temperature (20∘C).

2.3. Conjugation of Bombesin and Folic Acid to the Amine Groups on the Dendrimer.
ThelyophilizedDOTA-dendrimer (0.35 𝜇mol) was dissolved in 100 𝜇L of DMF and added to
the above activated carboxylate folate-bombesin solution. The mixture was incubated during
1.5 h at roomtemperature.The obtained precipitate was washed with DMF and dried under
vacuum. The molar ratio of dendrimer to folate was 1 : 6.5 and 1 : 1.5 for dendrimer to
bombesin.

2.4. Synthesis of DenAuNP-Folate-Bombesin. To an aqueous solution of Den-folate-bombesin
(1.4mg/mL, 0.1 𝜇mol) 1% HAuCl4 (170 𝜇L, 5 𝜇mol) was added under vigorous stirring. After
60min, 0.56mL of an ice-cold NaBH4 solution (1mg/mL, 15 𝜇mol) was added to the gold
dendrimer mixture under stirring. Within a few seconds, the reaction mixture turned deep-red
and the stirring process was continued for 2 h to complete the reaction.The final product was
purified by ultrafiltration (Ultrafree-PFL Filters,MWCO10,000, polysulfone membrane,
Millipore) and finally lyophilized to obtain DenAuNP-folate-bombesin. For comparative
purposes the DenAuNP compound was also prepared under the same procedure.
2.2. Chemical Characterization
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2.2.1. IR Spectroscopy. IR spectra of dendrimer, folate, Lys1Lys3(DOTA)bombesin (1–14), pSCN-Bn-DOTA, Denfolate- bombesin, and Den(AuNP)-folate-bombesin, in solid state, were
obtained on a Perkin-Elmer System spectrometer (Spectrum 400) (Waltham, MA, USA) with
an attenuated total reflection platform(Diamond GLADIATOR, Pike Technologies;
Madison,WI, USA), from 500 to 4000 cm−1.
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2.3.2. Transmission Electron Microscopy (TEM). TEM was performed using a JEOLEMDSC-U10A instrument (JEOL, Japan) operating at 200 kV. The samples of each
compound (DenAuNP or DenAuNP-folate-bombesin) were analysed stained and unstained.
The samples were dropped onto a carbon-coated copper grid and allowed to evaporate under
vacuum before measurements. Some samples of both compounds were then stained with an
aqueous solution of phosphotungstic acid (2% w/w) and dried.

WO

2.3.3. Dynamic Light Scattering (DLS) and Zeta Potential
Measurement. The DLS and Zeta potential measurement were performed using a Nanotrac
Wave (Model MN401, Microtract, FL, USA). The temperature of the cell housing was set to
22.6∘C. The data was acquired fromDenAuNP and DenAuNP-folate-bombesin samples
diluted in MilliQ water (𝑛 = 3). The hydrodynamic diameter and Zeta potential were obtained
for each sample.
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2.3.4. Scanning Electron Microscopy (SEM) and X-Ray Analysis.
The multifunctional DenAuNP-folate-bombesin was visualized by scanning electron
microscopy (SEM). The sample was mounted on an aluminum stub using double sided
tape.The coated sample was examined using an electron acceleration voltage of 20–25 keV
(JEOL JSM-5900 Low Vacuum, USA). The X-ray analysis was obtained from a selected area
of the sample using the above system.

2.3.5. Fluorescence Spectroscopy.
Emission fluorescence spectra ofDenAuNP-folate-bombesin,Den-folate-bombesin, and
dendrimer samples in solid state (powder) at 291K were recorded on a Perkin-Elmer LS-55
low-resolution luminescence spectrometer, from 200 to 900 nm. The best results were
obtained using an excitation wavelength (𝜆exc) of 222 nm, emission filter of 290 nm, and
excitation and emission slits of 5nm for the three samples.

2.4. Preparation of 68Ga-/177Lu-DenAuNP-Folate-Bombesin.
Radiolabeling with 177Lu was carried out by adding 177LuCl3 solution (20 𝜇L, 1.1GBq,
3TBq/mg, ITG, Germany) to the DenAuNP orDenAuNP-folate-bombesin conjugate (50 𝜇g in
a solution of 200𝜇L of 0.25M acetate buffer, pH 5.5) and incubating it at 37.5∘C for 20min.
For 68Ga labeling, 68GaCl3
was obtained from a 68Ge/68Ga-Generator (ITG, Germany) eluted with 0.5M HCl to which
(1 mL) 50 𝜇g of DenAuNPfolate-bombesin conjugate was added in a solution of 1mL of
0.5M acetate buffer, pH 4.0, incubating it at 90∘C for 10min.
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The radiochemical purity was determined using a radio-HPLC size-exclusion system
(ProteinPak 300SW, Waters, 1 mL/min, NaHCO3 0.2M, pH 9.5). Chromatographic profiles
were obtained using two different detectors, the UV-Vis detector and a radiometric detector.
The sample first passed through the UV-Vis detector (photodiode array) and after 0.5min (0.5
mL, 1 mL/min), it passed through the radioactivity detector. The retention times in this
system were 𝑡 𝑅 = 7.80 and 8.31min in the chromatogram and radiochromatogram,
respectively. Correspondence in retention times of the peaks of interest in the chromatogram
is commonly accepted as a proof of the chemical identity of the radiopharmaceutical.
For comparative studies, 177Lu-folate-bombesin was also prepared as previously reported by
Aranda-Lara et al. [21].
2.5. In Vitro Studies
2.5.1. Stability in Human Serum. To determine the stability of 177Lu-DenAuNP-folatebombesin in serum, 200 𝜇L of radiotracer was diluted at a ratio of 1 : 10 with fresh human
serum and incubated at 37∘C. Radiochemical stability was determined with a 100 𝜇L sample
taken at 24 h for radio-HPLC size-exclusion analysis (ProteinPak 300SW, Waters, 1 mL/min,
PBS).
2.5.2. Cell Culture. A T47D human breast cancer cell line (obtained fromATCC,USA) was
grown at 37∘Cwith 5%CO2 and 85% humidity in folate-free RPMI-1640 culture medium
supplemented with 10% fetal bovine serumand 1% antibiotics (streptomycin and penicillin).
2.5.3. Cell Uptake Studies. T47D cancer cells suspended in fresh medium were diluted to 4 ×
106 cells/tube with PBS at pH 7.4 or pH 5.3 (mimicking the acidic conditions within tumors)
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and incubated with 20 𝜇L (0.9MBq) of 177Lu-DenAuNP-folate-bombesin, 177Lu-DenAuNP,
or 177Lu-folate-bombesin in triplicate at 37∘C for 1h. The test tubes were centrifuged at 2500
rpm for 5min and washed with phosphate-buffered saline. Radioactivity in the cell pellet
represents both membrane-bound and internalized radiopharmaceutical and was measured in a
crystal scintillation well-type detector (Auto In-v-tron 4010, NML, Inc.).The membranebound activity was removed with 1mL of 0.2M acetic acid/0.5M NaCl solution added to the
cell pellet. The test tubes were centrifuged and the pellet activity, which was considered as
internalization, wasmeasured. Blocking studies were carried out in parallel.The cells were
preincubated with 100 𝜇L of folic acid in 0.01M NaOH (0.5mM) or 100 𝜇L of Lys3bombesin (0.5mM) for 5min before addition of the radiopharmaceutical.
2.6. In Vivo Uptake
2.6.1. Tumor Induction. Athymic female mice (6-7 weeks old, 𝑛 = 4) were inoculated
subcutaneously in the upper back with 2 × 106 T47D cancer cells suspended in 0.1mL of
phosphate-buffered saline. Injection sites were observed at regular intervals for tumor
formation and progression.
2.6.3. 177Lu-DenAuNP-Folate-Bombesin Imaging. To verify the in vivo radionano conjugate
retention in tumors, optical images were acquired at 1 h and 96 h after 177Lu-DenAuNPfolatebombesin intratumoral administration (37MBq) in T47D tumor-bearing mice using a
preclinical optical/X-ray imaging system (in vivo X-Treme, Bruker BioSpin Corp.
USA).Mice under 2% isoflurane anesthesia were placed in the prone position and whole
imaging was performed. Counts in the tumor were quantified at 1 and 48 h after injections.

WO

RK

ING

3. Results and Discussion
3.1. Synthesis and Chemical Characterization
Synthesis. The overall scheme of the theranostic radiopharmaceutical 177Lu-DenAuNP-folatebombesin is shown in Figure 1. The DenAuNP-folate-bombesin conjugate was obtained as a
black solid with an overall yield of 72%.

Fig.1. The overall scheme of the theranostic radiopharmaceutical
bombesin

177

Lu-DenAuNP-folate-

IR Spectroscopy.The IR spectra of the dendrimer, bombesin, DOTA, folic acid, DenAuNP,
Den-folate-bombesin, and DenAuNP-folate-bombesin are presented in Figure 2.The
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IRspectrum of Den-folate-bombesin reveals some characteristic bands from the dendrimer,
bombesin, DOTA, and folic acid, which change in intensity and positions or disappear
because of the conjugation to the dendrimer. In agreement with the IR spectra of bombesin
and folic acid described by Aranda-Lara et al. [22], the strong bands in the 1646–1533 cm−1
region from the bombesin spectrum (Figure 2(b)) and 1687 cm−1 and 1637 cm−1 from folic
acid (Figure 2(d)) which correspond to amide I and amide II vibrations disappeared or
decreased in intensity in the Den-folate-bombesin. A change of symmetry occurs in this
supramolecule and bands associated with the formation of new secondary amides increase the
absorbance of bands at 839 and 555 cm−1, which correspond to a symmetrical C-N-C
stretching vibration and to the bendingmotion ofO=C-N group, respectively [23]. In the
dendrimer spectrum (Figure 2(a)), three weak well-defined bands at 1152, 1130, and 1032
cm−1 are observed. After conjugation (Den-folate-bombesin), the spectrum(Figure 2(f))
revealed two red-shifted bands (7 cm−1 and 5 cm−1) at 1171 and 1123 cm−1, from bombesin:
one band at 1033 cm−1 from the dendrimer and two semi shoulders at 1100 and 1065 cm−1,
from DOTA (Figure 2(c)) and folic acid (Figure 2(d)). In the DenAuNP spectrum, two bands
at 1146 and 1031 cm−1, from the dendrimer, are observed and the pattern of the spectrum
changed (Figure 2(e)), which indicates the encapsulation of the AuNPs with effect on the
molecular symmetry of the dendrimer. Structured new regions between 3900 and 3600 cm−1
(centered at 3747 cm−1), and between 2250 and 1700 cm−1 (centered at 2011 cm−1), are
observed and seem to correspond to weak hydrogen bonding between the dendrimer amides
as the result of the entrapped AuNPs. The change in the spectrum of Den-folate-bombesin
after the encapsulation of AuNPs (DenAuNP-folate-bombesin) (Figure 2(g)) suggests a new
molecule with particular physicochemical properties. The weak bands between 1200 and 900
cm−1 observed in Den-folate-bombesin spectrum are the most strong in that of DenAuNPfolate-bombesin. The bands at 1157 and 1029 cm−1 are from the dendrimer and those at 1102
and 1051 cm−1 (14 cm−1 red-shifted) are from the molecules conjugated to the dendrimer
(Figure 2(g)). Their increase in absorbance seems to be the result of the encapsulation of
AuNPs in the dendritic cavity. The bands observed between 1200 and 1000 cm−1 correspond
to CN stretching vibrations from primary amides, secondary amides, and tertiary aliphatic
amines [23]. In particular, CN vibrations fromtertiary aliphatic amines are located between
1040 and 1020 cm−1 [23]. In the DenAuNP-folate-bombesin spectrum, two new structured
regions with two maximum bands at 3753 and 2015 cm−1 slightly blue shifted with respect to
those of the DenAuNP are observed, which demonstrates that the entrapped AuNPs favoured
weak interactions in the dendrimer cavity.
IR suggests that AuNPs are entrapped in the dendritic cavity inDen-AuNPs and inDen-AuNPfolate-bombesin, but in the former the bands of the dendrimer are not strong. In contrast, the
conjugation of bombesin, folic acid, and DOTA to the dendrimer induces a particular
structural arrangement which allows the encapsulation of the AuNPs in the dendritic cavity
and affords a larger stability and an adequate symmetry to the supramolecule, which is
revealed in the particular feature of the spectrum and the very strong bands associated with
the -C-N- groups.
Transmission Electron Microscopy. TEM images ofDenAuNPfolate-bombesin (Figure 3(a))
show single units of the compounds as grayish round objectswith a mean diameter of
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5.6±0.4nm, whichis slightlygreater than that of DenAuNP(4.53±1.33 nm, Figure 3(b))
because of the conjugation with folate and bombesin.
The increase in the hydrodynamic diameter of DenAuNP-folate-bombesin by the conjugation
effect was observed by TEM as a halo around the compound due to the poor interaction of the
electron beam with the folate and bombesin molecules (low electron density), in contrast to
the strong scattering of the electron beam when it interacted with the metallic nanoparticles
[24]. Each compound shows small black dots that correspond to the gold nanoparticles with
approximate average diameter of 2.5±0.4 nm.According to the previous studies, the black dots
indicate that gold nanoparticles are in the dendritic cavity [25].
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Fig. 2: IR-spectrum of (a) dendrimer, (b) bombesin, (c) DOTA, (d) folic acid, (e) DenAuNPs,
(f) Den-folate-bombesin, and (g) DenAuNP-folate-bombesin.

Fig. 3: TEM image and size distribution (DLS) of (a) DenAuNP-folate-bombesin and (b)
DenAuNP

Particle Size and Zeta Potential. The hydrodynamic diameter of DenAuNPs and DenAuNPfolate-bombesin by DLS was 5.00 ± 1.47nm and 18.60 ± 8.00 nm, respectively (Figure 3).The
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𝑍 potential of the DenAuNP-folate-bombesin was 86.3± 3.8 mV, versus 28.6 ± 2.7mV for the
DenAuNPs, indicating that the folate and bombesin conjugation confers a high colloidal
stability to the multifunctional system.
Scanning Electron Microscopy. The SEM image (Figure 4(a)) showed that the DenAuNPfolate-bombesin conjugate has a granular and homogeneous structure. The qualitative
elemental content determined by X-ray analysis for DenAuNPfolate-bombesin (Figure 4(b))
shows the presence of Au and S as well as C, N, and O.
UV-Vis. The Den-folate-bombesin spectrum showed bands associated with DOTA (shoulder
at 258 nm), bombesin 278 nm), and folate (284 nmand a shoulder at 340 nm) (Figure
5(a)),whichweremasked in thepresenceof the entrapped AuNPs (Figure 5(b)). The DenAuNPfolate-bombesin spectrum exhibited a surface plasmon resonance as a shoulder at
approximately 510 nm (Figure 5(b)). The plasmon band is associated with the average
contribution of the entire AuNP population, but only the AuNPs with diameters larger than
2.5 nm significantly contribute to the plasmon band absorption at 510 nm [25, 26]. Several
groups have reported the presence of intradendrimer encapsulated nanoparticles, in which the
nanoparticle resides within the interior void space of the dendrimer, as well as interdendrimerstabilized nanoparticles, in which the nanoparticle surface is stabilized by multiple dendrimers
through their terminal amine groups. Intradendrimer nanoparticles are usually smaller than 4.5
nm; in contrast, interdendrimer particles are always larger than 5 nm [26]. In this research, the
encapsulation of 2.1–2.9 nm diameter nanoparticles within single dendrimers observed in
TEM images suggests that formation of gold interdendrimer particles did not occur, possibly
due to the steric effect of bombesin, folate, andDOTA on the dendrimer surface. The band at
290 nm is reproducibly observed during the syntheses of AuNPs through the use of
dendrimers as templates [27]. This band and the plasmon band absorption are also observed in
the DenAuNPs spectrum (Figure 5(c)).

Fig. 5: UV-Vis spectra in aqueous media of (a) Den-folate-bombesin, (b) DenAuNP-folatebombesin, and (c) DenAuNP.
Thesurface plasmon resonance observed at 510 nm opens the possibility for further studies
related to plasmonic photothermal therapy [28]. Several trials have demonstrated a significant
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improvement in the clinical outcome when radiotherapy was conducted under hyperthermic
conditions in patients [29]. Hyperthermia increases the efficacy of radiotherapy by improving
tumor oxygenation and interfering with the DNA repair mechanisms. By exposing 177LuDenAuNP-folate-bombesin to laser irradiation, it could be possible to heat a localized area in
the tumor without any harmful heating of the surrounding healthy tissues.
Fluorescence Spectroscopy. Figure 6 shows the selected fluorescence emission spectra of the
dendrimer, Den-folatebombesin,and Den-AuNP-folate-bombesin from the luminescence
studies. Two important aspects are observed, the enhanced luminescence of the DenAuNPfolate-bombesin (Figure 6(A)) with respect to the dendrimer and Denfolate-bombesin, and the
presence of new peaks at 761 and 843 nm. The high luminescence intensity is caused by the
encapsulated small AuNPs that induce the stabilization of the molecule and the NIR
emissions. This fact pointed to the presence of NIR-emitting gold nanoclusters (NCs),
possibly in the form of (Au0)50-dendrimer-G4. Recent developments in the NC field have
demonstrated that metal NCs are excellent luminescent materials [3, 30]. The luminescent
properties of the DenAuNP-folate-bombesin conjugate a rrelevant because it could be used in
animal imaging. Recently, Wu et al. investigated tumor targeting of NIR-emitting BSA
stabilized AuNCs, and the NIR fluorescence significantly improved tissue penetration depth
up to few millimeters [31].
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Fig. 6: Emission fluorescence spectra in powder at 291K of (A) DenAuNP-folate-bombesin,
(B) Den-folate-bombesin (𝜆emi = 311, 347, 383, 421, 444, 485, and 529 nm), and dendrimer
(𝜆emi =308, 345, 384, 419, 445, 484, and 520 nm).The three spectra were measured at 𝜆exc
= 222 nm, slitexc = 5.0 nm, slitemi = 5.0 nm, and filter = 290 nm.
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Radiolabeling. The size-exclusion HPLC chromatogram and radiochromatogram of the
purified multifunctional system (Figure 7) show that both 68Ga- or 177Lu-DenAuNPfolatebombesin were obtained with a radiochemical purity of 97 ±2%, without postlabeling
purification (𝑛 = 20). After incubation of the 177Lu-DenAuNP-folate-bombesin
radiopharmaceutical in human serum (24 h at 37∘C), the radio-HPLC chromatogram showed
a radiochemical purity of >90%, which demonstrates its high stability in serum.
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Fig.7: Size-exclusionHPLCchromatogram(220 nm; continuous line) and HPLC
radiochromatogram (dotted line) of the 177Lu- DenAuNP-folate-bombesin theranostic
radiopharmaceutical (flow rate 1 mL/min). 68Ga-DenAuNP-folate-bombesin showed the
sameretention time (7.8± 0.2 min).
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T47D Cancer Cell Studies. Preliminary cell studies showed an important uptake of 177LuDenAuNP-folatebombesin in T47D cancer cells, which was significantly (𝑡- student, 𝑝 <
0.05) inhibited by preincubation with cold Lys3-bombesin peptide or folic acid alone,
indicating that the multifunctional system has specific recognition for GRPRs and FRs
(Figure 8). The T47D cell uptake of 177Lu-DenAuNP was 9.84 ± 1.14%, mainly attributed to
a passive uptake mechanism [24], and significantly (𝑡-student, 𝑝 < 0.05) lower than that of
177Lu-DenAuNP-folate-bombesin (41.15±2.72%). At pH 7.4, the preincubation with cold
Lys3-bombesin showed greater blocking effect on themultifunctional system (62.14% less
uptake) compared with that of the cold folic acid (36.53% less uptake) (Figure 8). This
difference in blocking effect is consistent with the GRP and folate receptors’ expression levels
in T47D breast cancer cells [21, 22], which suggest that the specific targeting of the 177LuDenAuNPfolate-bombesin in T47D ismainly dominated by the specific recognition of the
bombesin moiety through GRP receptors. It is important tomentionthat, at pH=5.3
andinthepresence of cold bombesin or cold folic acid in blocking studies, the observed effect
is an increase in the 177Lu-DenAuNP-folatebombesin cell uptake (77.6 ±9.5%) possibly
related to the dendrimer cellular adsorption [32].

Fig. 8: In vitro uptake of 177Lu-DenAuNP-folate-bombesin in T47D breast cancer cells at 1
h. (A) Unblocked, (B) blocked with folic acid, and (C) blocked with Lys3-bombesin.
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The in vitro T47D cell uptake was higher for 177Lu-DenAuNP-folate-bombesin (41.15 ±
2.72%) than that reported for the 177Lu-folate-bombesin conjugate (33.27 ±2.52%) [22].This
effect could be associated with the multivalent ligand-receptor binding of the 177LuDenAuNPfolate-bombesin, since the peptide-nanoparticle conjugate provides a surface for
simultaneous interactions with the cell surface, giving rise to multivalent effects (defined as
an affinity enhancement) [24], as well as to the contribution of dendrimer passive uptake [24].
Nevertheless, further studies related to cell internalization and affinity must be carried out.
Preliminary in vivo imaging studies demonstrated that 177Lu-DenAuNP-folate-bombesin
remained in the T47D
tumor up to 96 h after intratumoral radiopharmaceutical administration, since in all mice the
tumor intensity in the optical imaging correlated with the radionuclide decay (e.g.,at 1 h =
11354 photons/s/mm2; at 96 h = 6830 photons/s/mm2) with only 9 ±5% of biological
elimination (Figure 9).
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Fig. 9: Optical imaging of 177Lu-DenAuNP-folate-bombesin at 1 h and 96 h after
intratumoral administration
4. Conclusions

RK

Elemental analysis and spectroscopy techniques showed that folic acid, bombesin, and DOTA
molecules were successfully conjugated to one molecule of the PAMAM dendrimer.
Chromatographic studies showed that the 68Ga- and 177Lu-DenAuNP-folate-bombesin
conjugate were obtained with high radiochemical purity (>95%). Preliminary binding studies
in T47D breast cancer cells indicated a specific cell uptake and high retention in T47Dinduced tumors in mice.Luminescence results show that AuNPs in the conjugate increase the
fluorescence intensity, resulting in a multifunctional system that may be useful as an optical
and nuclear imaging agent for breast tumors overexpressing GRPRs and FRs, as well as for
targeted radiotherapy.
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Introduction

In this country report, the work performed after 2nd RCM (held on 5-9 October 2015) is being
presented. The contents of report include:
 Radiolabeling, and Quality Control of 198Au-Glucoxylan (GX)

 Radiolabeling (with Tc-99m), Quality Control, and Imaging studies of Papain NP’s received
from Brazil
 Radiolabeling (with Lu-177), Quality Control, and Imaging studies of WSSF-DOTA-BBN and
WSCS-DOTA-BBN received from Thailand

ING

 Radiolabeling (with Lu-177), Quality Control, and Imaging studies of PLGA-DOTA-BBN
received from Singapore
 Radiolabeling (with Lu-177) of PEGMA-DCWSCS-DOTA-BBN received from Thailand is in
process
 Cell culture including MTT toxicity assay with 3T3 cells, tumor binding affinity with MCF-7
and Hela cells
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As it is clear from above, Pakistan is mostly involved in that experimental part of work which is
based on receiving samples from other partner labs. Being Chief Scientific Investigator (CSI) of this
CRP from Pakistan, I am working in close collaboration with partner groups working on development of
nanoconstructs, e.g., the lab in Brazil has synthesized/ characterized Papain NP’s, coupled with DOTABombesin and sent the final product, e.g., Papain-NP’s-DOTA-Bombesin to Pakistan for radiolabeling
with Tc-99m and complete bioevaluation analysis. Similarly, lab in Thailand has synthesized/
characterized WSSF-DOTA-BBN, WSCS-DOTA-BBN and PEGMA-DCWSCS-DOTA-BBN, and lab
from Singapore has synthesized/ characterized PLGA-DOTA-BBN and sent me samples in Pakistan for
radiolabeling with Lu-177.
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In Pakistan, as also already reported in country report of 2nd RCM, my lab has been investigating
several synthetic methods for preparation of NP’s. These include physical, chemical and biochemical
techniques. The particles produced by these methods usually are unstable and as such require a
stabilizing agent to be included in the process of synthesis. With increasing awareness about
environmental impact of synthetic methods, it is always desirable to use the so-called green chemistry
approach. Therefore, methods have been developed where the additional use of reducing and stabilizing
agents can be avoided1,2. For application of NPs in medicine, it is more important that all the materials
used as aids in synthesis should be biocompatible. Keeping in view these requirements, we previously
used Arabinoxylan (AX) isolated from ispaghula seed husk as the reducing and dispersing agent. AXs
are gel-forming food components that are not hydrolyzed by enzymes of the upper gastrointestinal tract,
and coagulate at an acidic pH. Thus, they can deliver the encapsulated material into the last part of the
large intestine (colon). AXs from isphagula (Plantagoovata) seed husk are abundantly available and
well-characterized materials with potential use as drug carriers3,4. The AXs are composed of reducing
sugars which can reduce gold or silver ions to particles and at the same time, having a hydrogel-like
network, can disperse the particles in themselves. They have also been proved to be non-toxic for drug
delivery5. Therefore, the use of AX from ispaghula for green synthesis of gold and silver NPs shows
exceptional high stability, which may find their use in medicine.
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During this period, we completed experiments on synthesis of gold NP’s of glucoxylan fraction
from Mimosa pudica which is a highly sensitive plant, and widely found in tropical regions of Pakistan,
India and other parts of the world. Its seeds produce a mucilage when soaked in water. The mucilage is
mainly composed of d-xylose and d-glucuronic acid and as such can be classified as a glucoxylan (GX).
The seeds are commercially available at very low price in Asian markets. Like arabinoxylans, the GX
mucilage is expected to produce metal NPs without the additional use of any reducing or stabilizing
agents. Being a natural biomaterial, the mucilage is highly biocompatible and non-toxic. The objective
of present work was to evaluate the potential of this material in synthesis of gold and silver NPs for
biomedical applications.
2. Methods and Results

WO
RK

2.1. Materials
As already described in report of 2nd RCM, materials included chloroauric acid, HAuCl4·3H2O,
silver nitrate, sodium hydroxide, and hydrochloric acid of analytical grade and purchased from Merck,
Germany. They were used without further purification. Ispaghula (P. ovata) seed husk was obtained
from local market. Nanopure® water was used in this work.
Glucoxylan (Gx)-mediated synthesis of gold and silver nanoparticles with high stability
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We have synthesized highly stable gold and silver nanoparticles (NPs) using GX. The NPs were
synthesized by stirring a mixture of GX and HAuCl4·H2O or AgNO3, separately, below 100◦C for less
than an hour, where GX worked as the reducing and the stabilizing agent.
The NPs were synthesized by stirring a mixture of AX and HAuCl4·H2O or AgNO3, separately,
below 100◦C for less than an hour, where GX worked as the reducing and the stabilizing agent.
2.2 Synthesis of AuNP’s
Radioactive gold nanoparticles (198AuNPs) were synthesized at INMOL by adding varying
amounts (1-20 ml) of the mucilage to 20 ml solutions of 1.0 mM HAuCl4·3H2O and AgNO3 separately,
and total volume was made up to 40 ml with water under constant stirring. Synthesis of NPs was marked
by a change in color, e.g., a change in color (yellow to brown to purple in case of AuNPs and colorless
to yellow to brown in case of AgNPs) was observed in 15-180 min (in case of AuNPs) and 60-240 min
(in case of AgNPs) depending upon the amount of the mucilage added, pH and temperature. The
optimum conditions were determined by varying the amount of mucilage, pH (3-12), temperature (25100◦C) and time. The NP suspensions thus obtained were washed several times with Nanopure® water in
order to remove any unreacted gold or silver salts.
2.3 Synthesis of Papain NP’s
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Papain nano particles were manufactured by desolvation using ethanol followed by crosslinking with
gamma irradiation. There were two types of samples,i) Native papain in buffer and ii) Papain in buffer
irradiated at 10 kGy.
2.4 Materials used for Radiolabeling with Tc-99m
Solution of Papain

•

SnCl2 Solution

•

NaBH4 Solution

•

pH strips
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•

•

99m

Tc elute from 99Mo/ 99mTc generator

•

Gamma Counter

2.5 Labeling Protocol of Papain NP’s with Tc-99m
• 15µL of papain solution was taken in a glass vial
•

20µL of SnCl2 solution was added
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•

20µL of NaBH4 solution was added

•

pH of mixture was 7

•

99m

Tc was added followed by incubation for 20 min

2.6 Quality control of 99mTc-Papain NP’s

Stationary Phase was Whatman paper and Mobile Phases were Acetone (For Free 99mTc) and Saline (For
hydrolyzed/colloid). Compound was 90% labeled with no free and only 10% hydrolyzed fraction.
2.7 Materials used for Radiolabeling with 177Lu

The following materials were used to start the procedure:
• 20µg of Nano construct-DOTA-bombesin

40µl of Ammonium acetate buffer solution(0.4mol/L, pH-5)

•

100µl of Ascorbic acid solution(100mg/L)

•

50µl of Ammonium acetate buffer solution(0.4mol/L, pH-5)

•

10µl of 177Lu
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•

2.8 Labeling Procedure with 177Lu
As an experimental procedure, whole material described in above was vortexed in a sealed glass
vial, incubated at 85◦c in water bath for 25 min, and cooled the mixture to room temperature, checked
pH that should be 5.
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2.9 Quality Control of 177Lu-DOTA-BBN-Biomolecules
For quality control, ITLC-SG strips were used as stationery phase. For mobile phase, we tried
various solvents, e.g., citrate buffer (pH 4), ammonium acetate buffer (pH 5) and NH4OH/EtOH/H2O =
1/5/10. In first two solvents, there was no separation and activity was spread on whole strip but in third
solvent system, there was good separation and we got radiochemical purity (RCP) more than 91.12 %.
Following compounds were used for labeling with Lu-177
 DOTA-BBN

 PLGA-DOTA-BBN

 WSSF-DOTA-BBN
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 WSCS-DOTA-BBN

 PEGMA-DCWSCS-DOTA-BBN

2.10

Imaging Equipment
Images were recorded by using a large field-of-view (LFOV) dual head gamma camera Infinia®
GE Free-Geometry Dual-Detector Cameras 6/2006 Optional Hawkeye® Hybrid NM/CT) fitted with a
high resolution and high energy collimator. Data processing was done on ECAM workstation using
ESOFT by SYNGO™ software.
2.11

Animal Preparation
Healthy local Lahore breed rabbits (aged 12-16 weak; 900 ± 50g) were used. Before injecting to
animals, compounds were tested in in vitro assays in Hela cells. All the animals were anesthetized by
intramuscular ketamine injection (50mg/Kg). A suspension of 198AuNPs (140 µg ml-1: 1 mCi ml-1) was
injected (in 1 ml volume) intravenously into the ear vein of rabbits (n = 2). The accuracy of the dose was
controlled using both the volume injected and the radioactivity of 198Au. Any activity remaining in the
syringe was measured and used to calculate the exact dose injected.
2.11.1 Imaging Studies with 177Lu-WSCS-DOTA-BBN - Imaging of Rabbit

WO
RK

ING

DYNAMIC study acquisition comprised of 10 frames of 60 sec each. It was followed by
Anterior and posterior whole body. STATIC images acquired at 1h, 2h, and 24h, and beyond for Lu177, post injection. To obtain clear visualization, images were acquired from various (additional)
positions, e.g., anterior, posterior, left lateral, right and lateral, etc. Imaging results with 99mTc-Papain
are given below:

Fig. 1 A) Dynamic study 15 min post inj (Ant)

B) Dynamic study 15 min post inj (Post)
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Post 20 min
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Ant 20 min

Ant 1h

Post 3h

Post 1h

Ant 4h

Post 4h

Ant 2h

Ant 24h

Post 2h

Ant 24h

Fig. 2 Static images with 99mTc-Papain at various time points

Dynamic study 10 min post inj (Ant)
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Fig. 3
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Results with Lu-177 Labeling

Ant 2d

Post 2d

Ant 3d

Dynamic study 10 min post inj (Post)

Post 3d

Ant 4d

Fig. 4 Static views with Lu-177 at various time points
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2.12 Cell Culture
MTT assay is a rapid and quantitative assay capable of measuring the surviving or proliferating
cells. It is based on the reduction of tetrazolium salt MTT (3-(4,5-dimethylthiazol-yl)-2,5diphenyl tetrazolium bromide) by various dehydrogenase enzymes present in living cells. The
tetrazolium ring present in MTT is cleaved in active mitochondria, which results in production of
purple colored formazan crystals. These crystals are dissolved in DMSO and optical density of
the color produced is taken by spectrophotometer (ELISA reader), with high efficiency and
accuracy. This assay was optimized and slightly modified according to our cell lines, i.e. MCF-7
and MDA-MB-231 breast cancer cell lines.
MCF-7 cell lines were cultured in Dulbecco’s modified Eagle medium (containing 10% fetal
bovine serum) in 75 cc flasks, and kept in 5% CO2 incubator at 37 oC.
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Protocol for MCF-7 cells
Upon confluency, cells were harvested and plated in 96-well tissue culture treated flat bottom
plates (seeding density 8,000 cells/well for MCF-7 in 100 µL medium.
Next day, compounds were added in triplicate at 50 µM concentration, and incubated for 48
hours. For natural extracts, the concentration was 50 µg/mL.
After 48 hrs incubation, the compounds were removed and 200 µL MTT at 0.5 mg/mL was
added to each well and incubated at 37oC for 3 hours.
Formazan crystals, formed by reduction of MTT were dissolved in 100 µL DMSO and
absorbance was taken at 570 nm using micro-plate reader (Spectra Max plus, Molecular Devices,
CA, USA).
The percent inhibition or decrease in viable cells was calculated by following formula:
% Inhibition = 100 - (mean of O.D. of test compound - mean of O.D. of negative
control) / (mean of O.D. of positive control - mean of O.D. of negative control) x 100)
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If compounds showed 50% of more inhibition, they were further processed for IC50 calculation.
Twenty (20) mM stock concentration of compounds were diluted to working concentration of 50
µM, and then further serial dilutions were made in order to get less than 50% inhibition. The
IC50 was then calculated by using EZ-fit5 software.
Standard Drug for MCF-7 cells
Standard drug used in the MTT assay was doxorubicin
Protocol for Hela cells
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Cytotoxic activity of compounds was evaluated in 96-well flat-bottomed micro plates by using
the standard MTT (3-[4, 5-dimethylthiazole-2-yl]-2, 5-diphenyl-tetrazolium bromide)
colorimetric assay40. For this purpose, HeLa cells (Cervical Cancer) were cultured in Minimum
Essential Medium Eagle, supplemented with 5% of fetal bovine serum (FBS), 100 IU/ml of
penicillin and 100 µg/ml of streptomycin in 75 cm2 flasks, and kept in 5% CO2 incubator at
37oC. Exponentially growing cells were harvested, counted with haemocytometer and diluted
with a particular medium. Cell culture with the concentration of 6x104 cells/ml was prepared and
introduced (100 µL/well) into 96-well plates. After overnight incubation, medium was removed
and 200 µL of fresh medium was added with different concentrations of compounds (1-30µM).
After 48 hrs, 200 µL MTT (0.5 mg/ml) was added to each well and incubated further for 4 hrs.
Subsequently, 100µL of DMSO was added to each well. The extent of MTT reduction to
formazan within cells was calculated by measuring the absorbance at 570 nm, using a micro
plate reader (Spectra Max plus, Molecular Devices, CA, USA). The cytotoxicity was recorded as
concentration causing 50% growth inhibition (IC50) for HeLa. The percent inhibition was
calculated by using the following formula:
% inhibition = 100-((mean of O.D of test compound – mean of O.D of negative control)/ (mean
of O.D of positive control – mean of O.D of negative control)*100)
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The results (% inhibition) were processed by using Soft- Max Pro software (Molecular Device,
USA).
HeLa cells were cultured in DMEM (Gibco) high glucose with 10% FBS and 1% Pen/Strep (Gibco) in
10,000 cells per cm2 and incubated for 24 h at 5% CO2 and 90% humidity. After 24h medium was
freshed and cells were incubated again for 24h without any additive of NP or even gel and after
incubation, cells had characteristic morphology for HeLa. All cells were happily growing and no sign of
cell stress was observed.
Protocol for 3T3 cells
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Cytotoxic activity of compounds was evaluated in 96-well flat-bottomed micro plates by using
the standard MTT (3-[4, 5-dimethylthiazole-2-yl]-2, 5-diphenyl-tetrazolium bromide)
colorimetric assay40. For this purpose, 3T3 ( mouse fibroblast)cells were cultured in Dulbecco’s
Modified Eagle Medium, supplemented with 5% of fetal bovine serum (FBS), 100 IU/ml of
penicillin and 100 µg/ml of streptomycin in 75 cm2 flasks, and kept in 5% CO2 incubator at
37oC. Exponentially growing cells were harvested, counted with haemocytometer and diluted
with a particular medium. Cell culture with the concentration of 5x104cells/ml was prepared and
introduced (100 µL/well) into 96-well plates. After overnight incubation, medium was removed
and 200 µL of fresh medium was added with different concentrations of compounds (1-30µM).
After 48 hrs, 200 µL MTT (0.5 mg/ml) was added to each well and incubated further for 4 hrs.
Subsequently, 100µL of DMSO was added to each well. The extent of MTT reduction to
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formazan within cells was calculated by measuring the absorbance at 540 nm, using a micro
plate reader (Spectra Max plus, Molecular Devices, CA, USA). The cytotoxicity was recorded as
concentration causing 50% growth inhibition (IC50) for 3T3 cells. The percent inhibition was
calculated by using the following formula:
% inhibition = 100-((mean of O.D of test compound – mean of O.D of negative control)/ (mean
of O.D of positive control – mean of O.D of negative control)*100).

The results (% inhibition) were processed by using Soft- Max Pro software (Molecular Device, USA).
2.13 Imaging Scintigraphy of 177Lu-DOTA-BBN-Biomoceluces NPs in Rabbit

Healthy local Lahore breed rabbits (aged 12-16 weak; 900 ± 50g) were used. All the animals
were anesthetized by intramuscular ketamine injection (50mg/Kg). A solution of 177Lu-polymer-NPsDOTA-Bombesin (2 mCi ml-1) was injected intravenously into the ear vein of rabbits (n = 2). The
accuracy of the dose was controlled using both the volume injected and the radioactivity of 177Lu. Any
activity remaining in the syringe was measured and used to calculate the exact dose injected.
DYNAMIC study acquisition comprised of 10 frames of 60 sec each. It was followed by Anterior and
posterior whole body STATIC images acquired at 15 min, 24h, 48h, 72h, and 96h, post injection. To
obtain clear visualization, images were acquired from various (additional) positions, e.g., anterior,
posterior, left lateral, right and lateral, etc. Data are shown below:
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Results of cell culture showed that only compounds (DOTA-BOMBESIN), and
Water Soluble Silk Fibroin showed cell cyctoxicity against 3T3 cells. There was no binding with
Hela and MCF-7 cells.
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Conclusion
Silver and gold NPs synthesized by use of GX, from ispaghula seed husk, were successfully
radiolabeled and quality control procedures established. Cell cytoxicity with 3T3 cells and cells binding
affinity with MCF-7 and Hela cells was established. Radiolabeling and quality control was established
with 99mTc-Papain which was further used to get imaging studies. Similarly, radiolabeling and quality
control was established for various 177Lu-NPs-DOTA-Bombesin were done. Imaging studies performed
with 177Lu-NPs-DOTA-Bombesin demonstrate its ideal therapeutic potential to be further developed as a
feasible theranostic agent.
References

KORA, A. J., SASHIDHAR, R. B., &ARUNACHALAM, J. (2010). Gum kondagogu (Cochlosper-mum
gossypium): A template for the green synthesis and stabilization of silver nanoparticles with
antibacterial application. Carbohydrate Polymers, 82, 670-679.

95

MA
TE R
IAL

RAVEENDRAN, P., FU, J., &WALLEN, S. L. (2003). Completely green synthesis and stabilization of
metal nanoparticles. Journal of the American Chemical Society, 125, 13940-13941.
AKBAR, J., IQBAL, M. S., CHAUDHARY, M. T., YASIN, T., & MASSEY, S. (2012). A QSPR study
of drug release from an arabinoxylan using ab initio optimization and neural networks. Carbohydrate
Polymers, 88(4), 1348-1357.
SAGHIR, S., IQBAL, M. S., HUSSAIN, M. A., KOSCHELLA, A., &HEINZE, T. (2008). Structure
char-acterization and carboxymethylation of arabinoxylan isolated from ispaghula (plantagoovata) seed
husk. Carbohydrate Polymers, 74, 309-317.

WO
RK

ING

IQBAL, M. S., AKBAR, J., HUSSAIN, M. A., SAGHIR, S., & SHER, M. (2011). Evaluation of hotwater extracted arabinoxylans from ispaghula seeds as drug carriers. Carbohydrate Polymers, 83(3),
1218-1225.
.

96

MA
TE R
IAL
POLAND

POLYMER-BASED NANOCARRIERS FOR RADIOPHARMACEUTICALS
MAŁGORZATA MATUSIAK, JĘDRZEJ WINCZEWSKI, AGNIESZKA ADAMUS,

RENATA CZECHOWSKA-BISKUP, BOŻENA ROKITA, BEATA KOLESIŃSKA*,
SŁAWOMIR KADŁUBOWSKI, PIOTR ULAŃSKI

Institute of Applied Radiation Chemistry, Lodz University of Technology, Poland
*Institute of Organic Chemistry, Lodz University of Technology, Poland

Abstract

This report sums up the studies at the Institute of Applied Radiation Chemistry (IARC), Lodz University
of Technology, within the framework of the CRP Project. This report consists of two parts: part I
describes radiation synthesis of poly(acrylic acid) (PAA) nanogels and two methods of conjugation these

nanogels with bombesin derivative. First method consists of PAA nanogels conjugation with bombesin

derivative, which contains ion binding moiety – 1,4,5,10-tetraazocyclododecane-1,4,7,10-tetraacetic acid
(DOTA). The second one is complete synthesis of bombesin from single amino acids with addition of
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DOTA, and then its conjugation with nanogels. Part II reports progress in radiation synthesis of gold
nanoparticles stabilized with various ligands.

PART I.

Synthesis of polymer nanocarriers for bombesin-DOTA conjugate
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1. Introduction

In this part of the Project we have been synthesizing polymeric nanogels as potential
nanocarriers for radiopharmaceuticals. nanogel is at least a two-component system with a
diameter of several tens of nanometers, comprising internally cross-linked macromolecule and a
solvent filling the space between the polymer segments [1]. One of the methods to synthesize
nanogels is radiation-induced intramolecular cross-linking of linear polymer chains, developed
by Rosiak and co-workers [2–5]. Nanogels obtained with this technique may be sterile and do
not require further purification. Nanogels are being tested for biomedical applications at many
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leading radiation laboratories – Hacettepe University [6, 7], University of Maryland [8], Dresden
University of Technology [9, 10] and University of Palermo [11–14].

We have chosen poly(acrylic acid) as the substrate for nanogel synthesis in this project, because

it is highly hydrophilic polymer, which contain carboxylic groups than can be used for

conjunction with coupling agent or amino groups of bombesin-DOTA molecules. This choice
was also based on previous experience of our team in the synthesis of PAA nanogels by radiation
method.

PAA nanogels have been synthesized as described below. Their physicochemical properties were
described and appropriate nanogels were selected and synthesized in quantity sufficient for

further research. Since IAEA provided targeting moiety (bombesin) coupled to the chelating

moiety (DOTA) our aim was coupling this molecule to nPAA. We proposed two methods to

perform the derivatization. First one – method A consist in nanogels coupling with bombesin-

DOTA by adding a 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium toluene-4sulfonate (DMT/NMM/TsO-) as a coupling agent [15, 16]. This compound activates carboxylic

groups, which can easy react with the amino groups on bombesin. The second method – method
B is to build the bombesin-DOTA molecule from the single amino acids, building peptide one by

ING

one by solid-state peptide synthesis and subsequent coupling to nPAA. This is due to the fact that
bombesin has a number of amino groups which can react with coupling agents if they are not
blocked. Improper attachment of the amino groups to the activated carboxyl group will reduce
the peptide selectivity. Improperly connected bombesin cannot be recognized by the tumor cell
receptors. Construction of the bombesin-DOTA molecule from the beginning, and blocking
groups which should be uncoupled is expected to result in greater process efficiency and
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selectivity of such polymer carrier.

2. Radiation synthesis of poly(acrylic acid) nanogels
In this work we focused on radiation-induced synthesis PAA nanogels as a carrier of peptidederived drugs. Background and basic experimental data on this synthesis has been presented in
the previous report. By adjusting the polymer concentration and absorbed dose during synthesis
we investigated the influence of these parameters on the physicochemical properties of nanogels
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by determination of weight-average molecular weight and dimensions (radius of gyration,

hydrodynamic radius). Figs. 1 and 2 illustrate the changes in weight-average molecular weight
and size, respectively. The parameters vary depending on the absorbed dose and PAA
concentration. Experimental conditions are given in the legend to Fig. 1.
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Fig. 1. Weight-average molecular weight of PAA as a function absorbed dose of ionizing radiation in the
course of nanogel synthesis [17]. Ar-saturated aqueous PAA solution (pH = 2) was circulating at 1 cm3 s1
in a gas tight, closed-loop system, passing through a quartz cell (0.7 cm3) that was subjected to short
(2µs) pulses of 6 MeV electrons (pulse frequency: 0.5 Hz, dose per pulse 0.9 kGy), generated by an ELU6 linear accelerator (Eksma, Russia). Static multi-angle laser light scattering (SLS) measurements
(Brookhaven Instruments BI-200SM goniometer with a Innova 90C Ar-ion laser, λ = 514.5 nm) were
performed at 25.0+ 0.1 oC, in aqueous solution. Prior to the SLS measurement, each sample was filtered
through a 0.45 µm-pore-size filter (Minisart, Sartorius). Data were analyzed according to the Zimm
algorithm [18] assuming dn/dc = 0.30 cm3 g-1 [19] PAA concentrations (in milimol of monomer units per
dm3) are given in the legend.

Weight-average molecular weight of the substrate, i.e. non-irradiated linear PAA, was found to
be 0.93 MDa. In the conditions chosen for light-scattering analysis (pH=10; 0.5 mol/dm3
NaClO4), radius of gyration was 120 nm and hydrodynamic radius 44 nm. Mw initially decreases
for all samples except the one of the highest PAA concentration. However, for samples of
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intermediate concentration (17.5 - 22.5 mmol/dm3) already after having accumulated 1-2 pulses
this initial tendency is reversed and during further irradiation the molecular weight rise. For the

lowest concentration a decrease in Mw is observed for the whole studied dose range. For medium

concentrations the balance between intermolecular crosslinking and chain scission is initially
shifted towards the latter reaction, however for higher doses intermolecular crosslinking starts to
prevail.
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Fig. 2. Hydrodynamic radius and radius of gyration of PAA as a function of absorbed dose for electron
beam irradiation at various PAA concentrations in Ar-saturated aqueous solutions, pH 2. Single pulse
corresponds to 0.9 kGy. Radii determined at 25.0oC, in aqueous solution of 0.5 M NaClO4, pH 10 [17].

The values of hydrodynamic radius (Rh) decrease for all concentrations of PAA nanogels to

certain dose and then stabilize, while for the whole dose range a pronounced decrease in R g is
observed. Intramolecular crosslinking is most effective at the lowest concentration, because there
is highest number of radicals per chain at given dose per pulse and probably at some

100

MA
TE R
IAL

accumulated dose a stage of tightly crosslinked structure is reached. At highest doses
intermolecular crosslinking starts to play a more significant role and some fraction of nanogels

becomes subsequently linked together. Fig. 3 illustrates changes in density of polymer coils

depended on absorbed dose. Almost for all concentrations the density increases steadily. These
results confirm the dominant role of intramolecular crosslinking.
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Fig. 3. Polymer coil density of PAA as a function of absorbed dose for electron beam irradiation at
various PAA concentrations in Ar-saturated aqueous solutions, pH 2. Single pulse corresponds to 0.9
kGy. Coil density calculated as the ratio of Mw/Rg3, where Mw and Rg have been determined at 25.0oC, in
aqueous solution containing 0.5 M NaClO4, pH 10 [17].
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From all analysed PAA nanogels solutions one type of nanogels, obtained at concentration 22.5
mmol/dm3 and absorbed dose 5,3 kGy has been chosen as the substrate for further work. Weightaverage molecular weight of these nanogels was found to be 1.3 MDa, radius of gyration 94 nm,
and hydrodynamic radius 45 nm. This material was used for further conjugation with bombesinDOTA molecules.

3. Nanogels coupling with bombesin-DOTA molecules – method A

The first coupling method described in this work indicated as method A, involves the activation
of carboxyl groups of PAA using a 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
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toluene-4-sulfonate (DMT/NMM/TsO-). This salt is a coupling agent proposed by Kaminski

group from the Institute of Organic Chemistry of the Lodz University of Technology [15, 16].
This salt activates carboxylic groups (Fig. 4), which can easily react with the amino groups on

bombesin-DOTA molecules (Fig. 5). Low-molecular-weight compounds formed in the coupling
process are removed during dialysis in water at room temperature.
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Fig. 4. Scheme of activation carboxylic groups of PAA nanogels by adding a 4-(4,6-dimethoxy-1,3,5triazin-2-yl)-4-methylmorpholinium toluene-4-sulfonate (DMT/NMM/TsO-).

Fig. 5. Reaction activated carboxylic groups of PAA nanogel with bombesin-DOTA molecule.

Due to the fact that the molecule of bombesin-DOTA contains 6 free amino groups, the
derivative molecules can attach themselves to nanogels via different positions. Thus, the product
may exhibits some structural heterogeneity in terms of the spatial connection of the bombesin
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derivative to the nanogel, and that is why in the next step we decided to couple nanogels also
using method B, which is described below.

By mean of method A three solutions were prepared in which all carboxyl groups of PAA

nanogels were activated and the bombesin derivative was added in a very small molar ratio, the
theoretical molar ratios are given in Table 1.

TABLE 1. EXPECTED COMPOSITIONS OF COUPLED PAA NANOGELS WITH BOMBESINDOTA SOLUTIONS.
Sample
1
2
3

Molar ratio (for PAA in terms of monomer
units)
PAA nanogels
Bombesin-DOTA
100
1
500
1
1000
1

Average number of Bombesin-DOTA
substituents for nPAA particle
175
35
17.5

In order to confirm the coupling of nanogels with bombesin-DOTA, the products were analyzed

by UV-VIS spectrophotometry, infrared spectroscopy FT-IR, dynamic light scattering
measurements DLS and nuclear magnetic resonance spectroscopy 1H NMR.

Fig. 6 compares UV-Vis spectra of PAA nanogels and nanogels coupled with bombesin-DOTA.

ING

For both for PAA nanogels as well as for nanogels coupled with bombesin-DOTA bands ranging
from 190 nm to 350 nm are visible so there is no possibility to assess the amount of coupled
product. The UV absorption maximum for proteins is at 280 nm, for the nanogels coupled with
bombesin-DOTA at 100:1, there is a band that could correspond to bombesin (protein band); for
samples where the amount of bombesin derivative is lower, the band is shifted more toward 300
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nm.
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Fig. 6. The spectra of PAA nanogels and nanogels coupled with bombesin-DOTA (three different molar
ratios).

FR-IR spectra of the substrate nPAA and the coupling products are shown in Figs. 7 and 8. Fig.
9. shows the bombesin spectrum from literature [20], which contain two characteristic bombesin
bands at 3299 cm-1 (free amino groups) and 1647 cm-1 (carbonyl group of peptide bond). These
bands are also present in Figs. 7 and 8. The amide bond formed between nanogels and bombesin-
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DOTA is visible at 1646 cm-1 and 1566 cm-1.
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Fig. 7. FT-IR spectrum of PAA nanogels without coupling and PAA nanogels coupled with bombesinDOTA in different molar ratio.
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Fig. 8. FT-IR spectrum of PAA nanogels without coupling and PAA nanogels coupled with bombesinDOTA in different molar ratio, in the range 1000-2000 cm-1.
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Fig. 9. FT-IR spectrum of bombesin [20].

Another method describing coupling products is dynamic light scattering (DLS). The values of
hydrodynamic radius and polydispersity index were measured for PAA nanogels after dialysis

(dialysis was performed to change pH from acetic to neutral) and PAA nanogels coupled with
bombesin-DOTA after dialysis. The solutions with nanogels and bombesin-DOTA were
lyophilized and then re-dissolved to investigate whether the product can be stored in a solid

form. The results are presented in Table 2. Please note that these values were determined in
water, and therefore they are different from values shown in Fig. 2.

WO
RK

ING

TABLE 2. MEAN VALUES OF Z-MEAN HYDRODYNAMIC RADIUS AND POLYDISPERSITY
INDEX OF PAA NANOGELS AND NANOGELS COUPLED WITH BOMBESIN DERIVATIVE
BEFORE LYOPHILIZATION AND AFTER LYOPHILIZATION. MEASUREMENTS MADE IN
WATER.
SD
Sample
Z-średni Rh [nm] [nm]
PDI [-]
SD [-]
Sample before freeze-drying
185
0.707
0.061
19
PAA nanogels
212
36
0.652
0.219
PAA:bombesin 100:1
176
19
0.502
0.050
PAA: bombesin 500:1
217
25
0.437
0.076
PAA: bombesin 1000:1
Sample after freeze-drying and re-solubilization
PAA: bombesin 500:1
PAA: bombesin 1000:1

167
231

2
4

0.536
0.563

0.001
0.044

The DLS results showed that coupling product can be stored in solid state because lyophilization
and re-dissolution do not change the size of nanoparticle in significant level.
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The last method used to describe the product of nanogels and peptide coupling was nuclear

magnetic resonance spectroscopy 1H NMR. Spectra of poly(acrylic acid) are available in
literature [21, 22]. Figure 10 shows the PAA spectrum with signals from the backbone of
polymer chain: -CH2 group (a) and –CH group (b).

Fig. 10. 1H NMR spectrum (400 MHz, D2O) of poly(acrylic acid) [21].

For comparison, in Fig. 11, a spectrum of PAA nanogels is shown. High intensity signals A

(triple), corresponding to the group -CH2 (1.7 ppm) and B (doublet) corresponding to the group CH (2.3 ppm) poly(acrylic acid) are visible in the spectrum. Small intensity signals which are
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insignificant are also present on spectrum; probably they correspond to chain fragmentation
products obtained during irradiation and also possibly to the cross-linking junctions. The highest
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signal (5 ppm) is from water and it is visible on each spectrum.
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Fig. 11. Spectrum 1H NMR of poly(acrylic acid) nanogels.

Fig. 12 illustrates the literature spectrum of bombesin molecule without DOTA [23]. Figures
2.13 – 2.15 illustrate the spectra of PAA nanogels coupled with bombesin-DOTA molecules.
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Determining the position of the individual amino acids signals is not possible on the obtained
one-dimensional spectra. The PAA nanogels spectrum was compared with nanogels coupled
with bombesin-DOTA molecules spectra and the differences were assigned to the characteristic
amino acids. Bombesin derivative has 14 amino acids in its structure. The amino acid sequence
of the bombesin is as follows:

N - lysine - glutamine - lysine - leucine - glycine - asparagine - glutamine - tryptophan - alanine -
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valine - glycine - histidine - leucine - methionine – C
1,4,5,10-tetraazocyclododecane-1,4,7,10-tetraacetic acid (DOTA) is attached to bombesin via
lysine.
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Fig. 12. 1H NMR spectrum of bombesin without DOTA and two lysines [23].

The most visible signals on coupled products spectra (Figs. 13-15) result from poly (acrylic acid)
(as in PAA spectrum) and they are marked as signals E and F. Poly(acrylic acid) partially
overlap with signals from the aliphatic chains of amino acids. Bombesin is most clearly visible in

Fig. 13, where the molar ratio PAA nanogels to bombesin-DOTA molecules is 100: 1, but the
signals are still relativelyweak. Small signals are visible for characteristic amino acids:
histidine - doublet at 8.4 ppm and doublet at 7.2 ppm



tryptophan - triplet at 7.5 ppm and triplet at 7.1 ppm



leucine and valine two doublets side by side at 0.9 ppm



alanine - doublet at 1.27 ppm



methionine - at 1.3 ppm
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Fig. 13. 1H NMR spectra of PAA nanogels coupled with bombesin-DOTA molecule in molar ratio 100:1.

Fig. 14. 1H NMR spectra of PAA nanogels coupled with bombesin-DOTA molecule in molar ratio 500:1.
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Fig. 15. 1H NMR spectra of PAA nanogels coupled with bombesin-DOTA molecule in molar ratio 1000:1.

The results in this section confirm that PAA nanogels were coupled with bombesin-DOTA
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molecules. A further step will allow quantifying the efficiency of coupling (e.g. by
spectrofluorimetry).

4. Coupling nanogels with bombesin-DOTA molecules – method B
The second method – method B is focused on building the bombesin-DOTA molecule from the
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single amino acids, building peptide one by one, using solid-phase peptide synthesis. This
approach is attempted due to the fact that bombesin has functional groups which could react with
coupling agents if they are not blocked. Our bombesin-DOTA molecule does not have blocks on
free amino groups. Improper attachment of the amino groups to the activated carboxyl group will
reduce the selectivity. Improperly connected bombesin probably cannot be recognized by the
tumor cell receptors and does not fulfill its role as guide vector for polymeric carrier.
Construction of the bombesin-DOTA molecule from the beginning, and blocking groups which
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should be uncoupled is expected to result in greater process efficiency and selectivity of such
polymer carrier.

During solid-phase peptide synthesis first amino acid on C-terminal amino acid – methionine is
covalently bound to the amine group on Rink-amide resin by carboxylic group. The choice of

resin used for peptide synthesis depends on the structure of the synthesized peptide (e.g., whether
the synthesized peptide should have free carboxyl group on the C-terminal amino acid or amide
group) and whether the peptides have a short or long chain. The α-amino group of the amino acid

is blocked by protective group like 9-Fluorenylmethyloxycarbonyl group (-Fmoc). Next amino
acid can be coupled to methionine when the α-amino group of methionine on the resin will be

unblocked, that why deprotection is necessary (Fig. 16, removal of protecting group is marked

with red arrow). The next α-amino blocked amino acid – leucine is coupled with methionine
using

4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
-

toluene-4-sulfonate

(DMT/NMM/TsO - it is the same salt used in method A), which activates carboxyl groups of
leucine and they can react with amine group of methionine (Fig. 16, coupling is marked black

arrow). After coupling methionine with leucine, the protective groups are removed from amine

group of leucine (figure 2.16., red arrow) and all procedure is repeated until a suitable amino
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acid sequence is obtained. We repeated this process until leucine was coupled. To this part of
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bombesin a lysine-DOTA block was added, which had been prepared separately (Fig. 17).
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Fig. 16. Scheme of coupling amino acids according solid-phase peptide synthesis.

DOTA has three free carboxylic groups which are protected. The amine group from lysine is
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unblocked and then these two blocks can be coupled. This will be followed by addition of the
two last amino acids and then bombesin with protective groups is ready to be coupled with PAA
nanogels like in method A and protective groups and resin can be removed.
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Fig. 17. Scheme of coupling two parts of bombesin, one from methionine to leucine and second – lizyne
with DOTA. Protecting groups marked in blue block amine groups, brown protecting groups block
carboxylic groups.

5. Final remarks

PAA nanogels can be easily synthesized by intramolecular crosslinking of polymer chains using
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radiation technique. Selected type of nanogels was used for coupling with bombesine-DOTA
molecules. Subsequent analysis confirmed successful coupling of nanogels with bombesinDOTA molecules. Products have been sent to Polatom for further studies. To improve selectivity
of bombesin attachment another coupling approach has been proposed and work on this
synthesis is ongoing.
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PART II.

Radiation- and sonochemical synthesis of gold nanoparticles

General considerations regarding the mechanisms and procedures of gold nanoparticle synthesis
using either ionizing radiation or ultrasound have been presented in the previous report. It also

contains details on the radiation synthesis of gold nanoparticles stabilized by chitosan. In order to
broaden our knowledge and experience in these simple, single-step processes, and also to build a
library of procedures regarding synthesis and stabilization of gold nanoparticles, in the reported

period we have tested and optimized four procedures for radiation- and sonochemical synthesis
of gold nanoparticles stabilized by -lipoic acid and oligo(acrylic acid). Since these studies are

ongoing, we present here only basic description of the optimized procedures and general data on
the obtained products (Table 3). Detailed results will be presented in the final report.

TABLE 3. SYNTHESIS PROCEDURES AND GENERAL PRODUCT PROPERTIES IN RADIATIONAND SONOCHEMICAL SYNTHESIS OF GOLD NANOPARTICLES STABILIZED BY -LIPOIC
ACID (LA) AND OLIGO(ACRYLIC ACID) (OAA).
Stabilizer

Substrate

Reaction
conditions

ING

Synthesis
method

Gold core
diameter
(approx.)

Hydrodynamic
radius

Zeta
potential /
Stability
at R.T.

0.5 mM LA

2 mM
HAuCl4

pH 7, Ar,
pulsed EB,
6 MeV,
20 Hz, 4 μs,
2-10 kGy

n.d.

6-70 nm
depending on
the dose

-41 ÷ -31
mV
depending
on the dose
/ good for >
4 weeks

Radiation

20 mM OAA
(1.8 kDa)

10 mM
HAuCl4

pH 7, Ar,
pulsed EB,
6 MeV,
20 Hz, 4 μs,
0.5-5 kGy,
with 0.2 M
isopropanol

10 nm

117 nm

-48 mV /
good for >
19 days

pH 7, Ar,
620.2 kHz,
50 W, 20°C,
71 W/kg,
20-120 min.

n.d.

19-24 nm

-34 mV /
good for >
28 days
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Radiation

Ultrasound

0.5 mM LA

2 mM
HAuCl4
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10 mM
HAuCl4
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20 mM OAA
(1.8 kDa)

pH 7, Ar,
620.2 kHz,
50 W, 20°C,
74 W/kg,
5-240 min.
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ING

Ultrasound
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9 nm

28 nm

-42 mV /
good for >
15 weeks
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NANOSIZED DELIVERY SYSTEMS OF RADIOPHARMACEUTICALS REPORT OF POLISH EXPERIENCE POLAND

M. Maurin, U. Karczmarczyk, E. Laszuk, P. Garnuszek, P.Ochniewicz, R. Mikolajczak
National Centre for Nuclear Research, Radioisotope Centre POLATOM, Otwock,
Poland

1. INTRODUCTION

In this report we summarize our results of the radiolabeling and purification of nanogels

which were obtained from partners of this CRP. The nanogels were radiolabeled with

luttetium-177 and ittrium-90 which were further eveluated per-clinically. In particular this
report presents the comparative biological evaluation of
90

177

Lu-DOTA-bombesine-nanogels in

normal rats and Y-DOTA-bombesine-nanogels in tumour-bearing mice.

2. MATERIALS AND METHODS
2.1. Nanoparticles

ING

Carboxyl functionalised PVP nanogel particles (by e-beam radiation processing) with Dh in
the 20 -150 nm diameter range (PDI=0.2-0.3), negative surface charge density (-20 - -40 mV),
colloidal stability in aqueous solutions upon storage at 5°C and 37°C up to three months
conjugated with DOTA-BBN (table 1).
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TABLE 1: CHARACTERISTIC OF NANOGEL-BOMBESIN-DOTA.
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177

Lu – LutaPol; radioactive concentration - 200GBq/ml ; specific activity > 500 MBq/mg; in

0.04M HCl.
90
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2.2. Radioizotopes

Y – ItraPol: radioactive concentration - 140GBq/ml; specific activity - n.c.a.; in 0.04M HCl.

ING

2.3. Radiolabelling
For the radiolabeling 300 MBq of [177Lu]LuCl3 or 90YCl3, 1 mL of ascorbic acid buffer (50mg
/ mL) were added to the 0.25mL of DOTA-bombesini-nanogel. The resulting solution was
incubated for 30 min at 800C.

Radiolabeling yield and radiochemical purity were checked by size exclusion chromatography
SE-HPLC (Phenomenex BioSep Sec 3000; 300 x7.5 mm

column, eluted with 0,1M
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phosphate buffer pH 5.6; 1mL/min; UV detection at 220 and 280 nm, and on-line radiometric
detection; sample volume: 20 μL) and thin layer chromatography (2x12cm ITLC-SG plates;
0.2M KCl pH 2.4 as a mobile phase).
The radiochemical purity and stability of radiolabeled evaluated in the presence of a
competitor (10 mM DTPA) in excess. Because of not sufficient radiolabeling yields (ca 60%)
radiolabeled nanoparticles were purified by size exlusion chromatography (PD10 end mini
PD10 columns eluted with PBS) or by ultrafioltration (Amicon ultra centrifugal filters; 2mL
3kDa, 2 times filtration with addition of ascorbic acid buffer) .

2.4. Biological evaluation
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2.4.1. Binding and internalization study
The specificity of

177

Lu-DOTA-bombesine-nanogels was evaluated by carrying out in vitro

binding and internalization studies in AR42J cells (rat pancreac) which express insulin,
glucocorticoid, GRP receptors on their surface. The AR42J cells are easy to cultivate in
suspension and are commercially available.

The cells were grown in RPMI 1640 culture medium

supplemented with 10% heat

inactivated fetal bovine serum (ThermoScientific), 1% L-glutamine (Gibko), 1% antibiotics
(penicillin and streptomycin, ATCC) at 370C. Medium was changed every two days and cells

were passaged until the confluent was about 80%. Then they were seeded on 6-well plates in
concentration of 106 per well and pre-incubated for 24h. 177Lu-DOTA-bombesin-nanogels and
177

Lu-bombesin were added to the cells (in RPMI 1640 with 1% FBS) in amount of 16.25 - 35

μg and 4-8 ng, respectively. The plates were incubated at 37˚C for 1 h.

The binding was determined by measurement of radioactivity of 1mL of glycine buffer used
for rinsing the cells. The internalization was determined by measurement of radioactivity of

1mL of 1M NaOH used for the lysis. The total binding is expressed as a sum of surface
binding and internalization.

2.5.2. Biodistribution studies

ING

The animal experiments were performed after approval by The Ist Local Animal Ethics
Committee in Warsaw (authorization number 104/2016) and were carried out in accordance
with the national legislation regarding laboratory animals protection and the principles of
good laboratory practice. The animals used in this trial were permitted to food and water ad
libitum. The biodistribution of

177

Lu-DOTA-bombesine-nanogels and

177

Lu-nanogels were

compared in normal Wistar rats in order to determine tissue localization and excretion. The
90

Y-DOTA-bombesine-nanogels and
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biodistribution of

90

Y-nanogels were compared in

BALB/c Nude (CAnN.Cg-Foxn1nu/Crl) mice in order to determine tissue localization and
excretion.

Biodistribution in normal Wistar rats
Groups of 4-5 rats were injected, i.v. (tail vein), with 6.8-8 MBq of radionanoparticles (24 or
27 μg in 200 μL), then sacrificed by overdose of isoflurane at 1 h post-injection (p.i.).
Samples of blood and selected tissues were collected, weighed and then measured for
radioactivity: in case of the

177

Lu - in the NaI gamma counter supplied with adapter for the

whole body measurement. Tissue radioactivity was measured and expressed as the percent
injected dose per organ (%ID) and per gram (%ID/g).
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Biodistribution in immunodeficient mice model

For the preparation of the tumor model, female BALB/c Nude (CAnN.Cg-Foxn1nu/Crl) were

used. Mice were inoculated on the left or right shoulder with 106 rat pancreatic AR42J cells in
200 μL PBS. Biodistribution studies were initiated when tumors reached a volume 100–300
mm. Groups of 5 mice were injected via the tail vein with 13.5 MBq (31μg) of

90

Y-DOTA-

90

bombesin-nanogej and 12.8 MBq (0.74μg) of Y-bombesin. At 1 h post-injection (p.i.) mice
were euthanized by isofluorane overdose, dissected and organs isolated. Tissue radioactivity
was measured and expressed as the percent injected dose per organ (%ID) and per gram
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ING

(%ID/g).
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2.5.3. Optical imaging studies

Based on the detection of Cerenkov radiation, to noninvasively image of the biodistribution of
beta-emitting radionuclides in small animals, the PhotonIMAGER TM System (Biospace LAB)

was applied. The tumor-bearing BALB/c Nude (CAnN.Cg-Foxn1nu/Crl) mice were
intravenously injected with

90

Y-DOTA-bombesin-nanogel and

imaged after 1 h p.i.

90

Y-bombesin and optically

3. RESULTS AND DISCUSSION

3.1. Radiolabeling of DOTA-bombesin-nanogels
Study on

177

Lu and 90Y labelling of DOTA-bombesin conjugated nanogels resulted in > 95%

RCP pure stable nanoparticles. Because of low molar concentration of DOTA in particles
purification step was necessary. The first batch of particles that have been studied was

purified after labelling step by size exclusion chromatography. This purification method
allowed to purify the labelling mixture from the unbound

177

Lu but still in HPLC as well in

TLC chromatography methods some smaller labelled species (not corresponding with free

ING

isotope or labelled bombazine were observed) (figure 1).

Lu-bombesin-nanogel
impurities
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177

Fig. 1. TLC radiochromatogram of PD10 purified 177Lu-DOTA-bombesin-nanogel

Because of that the two fractions from purification on mini PD10 columns were studied on
animals. The further in report described study have not revealed any significant differences in
biodistribution route suggesting that observed impurities probably can be assumed as labelled
nanogel. We also observed that quantitative growth of amount of nanogels for radiolabeling
with lutetium-177 impact the radiolabeling yield (table 2).
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TABLE 2: RADIOLABELING YIELD OBTAINED FOR DIFFERENT AMOUNTS OF
NANOGELS.
Volume [mL]

Amount [nmol]

Labelling yield

250

0.10

40%

400

0.17

64%

600

0.25

72%

The

90

Y labelling study resulted in comparable initial RCP of radiolabeled nanogels. The

ING

changed to ultrafiltration purification resulted in 99% pure RCP nanogels (figure 2).

Fig. 2. TLC radiochromatogram of amicon ultara purified 90Y-DOTA-bombesin-anogel.

The differences in TLC and HPLC profile before and after purification may suggest that the
first batch of nanoparticles labelled with lutetium-177 (that have been transported to

WO
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laboratory for very long period due to holidays) could been affected by some stability issue
due to improper storage.

3.2. In vitro studies

In the in vitro cell binding studies carried out with AR42J cells,
nanogel and

177

177

Lu-DOTA-bombesin-

Lu-bombesin were used in different amount of compounds (table 3).
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TABLE 3: AMOUNT OF COMPOUNDS USED FOR IN VIVO EXPERIMENS.
Amount of [µg/well]:
177

177

Lu-bombesin-nanogel

experiment 1

16.25

experiment 2

30.0

experiment 3

35.0

Lu-bombesin
8.0
4.0
8.0

Higher total binding was observed for
bombesin conjugates (table 4).

177

Lu-DOTA-bombesin-nanogel than for

177

Lu-

TABLE 4. COMPARISON OF TOTAL BINDING FOR RADIOLABELED NANOGEL
AND BOMBESIN.
177

177

Lu-bombesin-nanogel
No.

total binding internalisation

177

Lu-bombesin

total
binding

internalisation

25.4 ± 6.1%

31.0 ± 0.6%

2.6 ± 0.6%

40.5 ± 4.4%

2

10.5 ± 0.3%

37.8 ± 2.5%

2.4 ± 0.4%

19.7 ± 3.5%

3

7.5 ± 0.7%

60.7 ± 3.8%

2.0 ± 0.1%

54.4 ± 7.1%

ING

1

However, the total binding of

177

Free

Lu

total
binding

internalisation

1.3 ± 0.3%

0.2±0.2%

Lu-DOTA-bombesin-nanogels were determined by the used
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amount of nanogels for experiment (figure 1) and the relation had linear character.

Fig.3.: Relation of total binding and amount of 177Lu-DOTA-bombesin-nanogels.
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3.3. Biodistribution study

Lu-DOTA-bombesin-nanogels was evaluated Wistar rats in order to

determine tissue localization and excretion route. Radiolabeled nanogels revealed a high

concentration in liver for both collected fractions number 2 and 3 (12.5 ± 1.6 %ID/g and
12.04 ± 0.99 %ID/g respectively) with slow radioactivity clearance (1.1 ± 0.03 %ID and 4.2 ±

0.4 %ID respectively) after 1 h p.i.v. No statistically significant differences between the

fraction 2 and 3 were observed (table 5) and accumulation of both fractions showed a similar
pattern in all examined tissues

TABLE 5: BIODISTRIBUTION OF THE

177

LU-DOTA-BOMBESIN-NANOGELS FR. 2

AND 3 IN TISSUE/ORGANS COLLECTED AT 1 H P.I.V. FROM WISTAR RATS (N=5).
177

177

Lu-bombesin-nanogel fr 2

%ID±SD
blood

liver

88.63 ± 0.98%

kidneys

0.35 ± 0.06%

stomach
colon

muscle
femur
urine [%ID]

%ID/g±SD

0.29 ± 0.09%

0.17 ± 0.05%

0.21 ± 0.06%

0.16 ± 0.04%

12.49 ± 1.60%

84.11 ± 1.66%

12.04 ± 0.99%

0.20 ± 0.04%

0.69 ± 0.26%

0.39 ± 0.16%

0.04 ± 0.01%

0.02 ± 0.01%

0.06 ± 0.02%

0.04 ± 0.01%

0.18 ± 0.08%

0.02 ± 0.01%

0.20 ± 0.15%

0.02 ± 0.01%

0.26 ± 0.09%

0.04 ± 0.02%

0.27 ± 0.10%

0.04 ± 0.02%

0.04 ± 0.01%

0.06 ± 0.02%

0.04 ± 0.02%

0.05 ± 0.03%

0.01 ± 0.01%

0.01 ± 0.01%

0.20 ± 0.05%

0.21 ± 0.06%

1.06 ± 0.03%

4.20 ± 0.40%

27 µg (4.3 pmol), 7.4 MBq in 200 µL

27 µg (4.3 pmol), 7.4 MBq in 200 µL
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injection

%ID±SD

ING

0.21 ± 0.04%

pancreatic

%ID/g±SD

0.26 ± 0.03%

lung

small intestine

Lu-bombesin-nanogel fr 3

The significant difference was noted between

177

Lu-DOTA-bombesin-nanogels and

DOTA-bombesin as a control. The urinary elimination for
35 times faster than for

177

177

177

Lu-

Lu-DOTA-bombesin was almost

Lu-DOTA-bombesin-nanogels and the liver uptake was 165 times

lower (table 6).
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TABLE 6: BIODISTRIBUTION OF THE
177

LU-DOTA-BOMBESIN-NANOGELS AND

LU-DOTA-BOMBESIN AS A CONTROL IN TISSUE/ORGANS COLLECTED AT 1 H

P.I.V. FROM WISTAR RATS (N=5).
177

177

Lu-bombesin-nanogell
%ID±SD

%ID/g±SD

blood

%ID±SD

%ID±SD

0.34±0.06%

lung

0.31±0.07%

liver

84.84±2.53%

kidneys

0.37±0.07%

stomach

0.06±0.06%

colon

0.12±0.06%

small intestine

0.35±0.13%

pancreatic

0.06±0.05%

muscle

0.17±0.02%

0.22±0.04%

0.16±0.03%

0.11±0.02%

13.16±1.28%

0.66±0.18%

0.08±0.02%

0.20±0.03%

6.48±0.25%

3.91±0.54%

0.03±0.01%

0.23±0.04%

0.17±0.02%

0.02±0.01%

1.12±0.30%

0.16±0.02%

0.05±0.01%

2.17±0.54%

0.28±0.04%

0.08±0.07%

0.88±0.20%

1.33±0.22%

0.00±0.00%

femur

0.07±0.02%

urine [%ID]

2.44±0.77%

Injection

Lu-bombesin

0.13±0.04%

0.03±0.02%

0.06±0.04%

77.20±2.37%

24 µg (3,8 pmol), 6.8 MBq in 200 µL

Consequently, the in vivo behavior of

0.04±0.02%

90

0.15 µg (37 pmol), 8 MBq in 200 µL

Y-DOTA-bombesin-nanogels and

90

Y-DOTA-

ING

bombesin in tumor-bearing BALB/c Nude mice was evaluated (table 7).

TABLE 6: BIODISTRIBUTION OF THE

90

Y-DOTA-BOMBESIN-NANOGELS AND

90

Y-

DOTA-BOMBESIN AS A CONTROL IN TISSUE/ORGANS COLLECTED AT 1 H P.I.V.
IN IN TUMOR-BEARING BALB/C NUDE MICE (N=5).
90
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blood

Y-bombesin-nanogel
%ID ±SD
%ID/g ±SD
52.67±8.44%

90

%ID±SD

Y-bombesin
%ID/g±SD
0.24±0.09%

lung

3.82±0.73%

18.77±2.18%

0.16±0.19%

0.36±0.08%

liver

22.79±7.15%

18.00±7.11%

0.60±0.60%

0.26±0.10%

spleen

2.91±0.09%

21.44±1.85%

0.15±0.14%

0.37±0.39%

pancreatic

0.70±0.17%

3.68±0.72%

2.01±1.29%

11.02±2.36%

kidneys

3.50±0.32%

9.06±0.91%

1.97±1.70%

3.06±0.46%

GIT

4.32±1.31%

1.65±0.71%

4.40±2.89%

0.93±0.09%

stomach

0.32±0.03%

1.04±0.05%

0.33±0.32%

0.77±0.14%

femur

0.31±0.07%

5.01±1.01%

0.04±0.03%

0.33±0.10%

tumour

8.35±3.69%

8.60±3.85%

3.87±3.86%

0.93±0.30%

muscle

1.95±1.27%

0.25±0.16%
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urine [%ID]

31 µg (5 pmol), 13.5 MBq in 100 µL

The tissue distribution of

90

Y-DOTA-bombesin-nanogels and

73.83±29.97%

0.74 µg (362 pmol), 12.8 MBq in 100 µL

90

Y-DOTA-bombesin wasn’t

comparable in tumor bearing mice. The tumor uptake observed for nanogels was relatively
high, reaching a value of 8.6 ± 3.8 %ID/g at 1 h. The study in xenografted mice revealed that

blood-rich organs are critical for radiolabeled nanogels. The blood, lung, liver and spleen
uptake were 52.7 ± 8.4 %ID/g, 18.8 ± 2.2 %ID/g, 18.0 ± 7.1 %ID/g and 21.4 ± 1.9 %ID/g

respectively. In this study a high tumour to muscle ratio (T/M) was observed 4.5 at 1 h and at
the same time very low tumour to blood ratio (T/B) equal 0.16. However, this situation could
be change for long time examination.

3.4. Optical imaging
The mice injected with

90

Y-DOTA-bombesin-nanogels and

90

Y-DOTA-bombesin were

optically imaged at 1 h p.i.. Accumulation of 90Y-DOTA-bombesin-nanogels in tumour tissue
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was visualized as well as in the liver and spleen (figure 2).

Fig. 4: In vivo Cerenkov optical imaging of mouse bearing AR42J cells xenograft following
injection of 90Y-DOTA-bombesin-nanogels (31 µg, 0.4 GBq/mg) at 1 h after i.v. injection.

Optical imaging of 90Y-DOTA-bombesin confirmed the biodistribution study concerning fast
elimination form the body. No accumulation in any tissue was observed (figure 3).
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Fig. 5.: In vivo Cerenkov optical imaging of mouse bearing AR42J cells xenograft following
injection of 90Y-DOTA-bombesin (0.74 µg, 16.7 GBq/mg) at 1 h after i.v. injection.

CONCLUSION

The radiolabelled nanogels required purification to remove unbound radiometal and an

optimisation of radiolabelling conditions is still required. Nanogels without conjugated
DOTA-bombesin could not be radiolabelled. The radiolabelled nanogels presented high

ING

receptor affinity to the rat pancreatic AR42J cells in vitro. In vivo biodistribution revealed
that liver is a critical organ. Kidney elimination of radiolabelled nanogels was slower than for
radiolabelled DOTA-bombesin. The size of nanogel determines the in vivo distribution. It
would be recommended to modify the surface of particles (e.g. PEG-3000 used in liposomes)
or to change the administration route. The in vivo evaluation should be continued to assess the
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pharmacokinetic profile of radiolabelled nanogels.

129

MA
TER
IAL
SINGAPORE

The Singapore team has synthesized nano-sized particles that are made from poly(lactide-coglycolide) (PLGA). The molecular weight of PLGA is about 50–100kDa. PLGA is a biodegradable
polymer and is metabolized in the human body into carbon dioxide and water. (LYS1, LYS
(DOTA)3)-Bombesin (BBN) peptide conjugated polymeric nanoparticles was developed.
Amine-functionalized poly (lactic-co-glycolic) acid (PLGA-NH2) was used to conjugate with BBN

by EDC/NHS reaction. Firstly, PLGA-amine nanoparticles were prepared by a modified solvent-

evaporation method. PLGA-amine solution (30 mg/ml in DCM) was quickly dispersed in 3 mL
of 2 % (w/v) PVA solution. The solution was sonicated for 1 min in an ice bath and poured in

distilled water (5 mL) under stirring. After 4 hours, the nanoparticle solution was centrifuged

(15,000 rpm) for 10 min to settle down the nanoparticles. Nanoparticles were washed thrice

with distilled water and freeze-dried. The freeze-dried PLGA-amine nanoparticles (20 mg)

were dispersed in 10 mL of MES buffer (0.1 M, pH 6.0) and incubated with BBN (2 mg), 40 mg
N-hydroxysuccinimide (NHS, 40 mg) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC, 60 mg) for 6 hours at room temperature. The BBN-PLGA nanoparticles
were dialyzed in distilled water using dialysis membrane (MWCO 35 kDa) to remove
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unreacted molecules. The physicochemical properties of the obtained nanoparticles were
characterized by dynamic light-scattering analysis for their mean size, size distribution, and
zeta potential; scanning electron microscopy for surface morphology. The SEM images
revealed that the prepared nanoparticles were spherical in shape (Figure 1). As a control,
amine-PLGA nanoparticles were prepared and the particle size was 134.5 nm with 0.103 of
PDI value. The BBN-PLGA nanoparticles showed slightly increased particle size (188.5 nm)
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with 0.263 of PDI value. The zeta potential of BBN-PLGA was -17.6 mV, indicating successful
conjugation of BBN onto surface of the nanoparticles, while amine-PLGA nanoparticles
exhibited positive zeta potential (1.44 mV).

Table 1. Particle size, PDI, and zeta potential of amine-PLGA nanoparticles and amine-PLGADOTA-BBN nanoparticles.
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Figure 1. Scanning electron microscopy (SEM) and DLS measurement of (a, c) PLGA-amine
nanoparticles and (b, d) PLGA-amine-BBN nanoparticles.

The successful conjugation of amine-PLGA and BBN was confirmed by Fourier transform
infrared spectroscopy (FT-IR) and Energy-dispersive X-ray spectroscopy (EDX). FTIR analysis
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was conducted to confirm the conjugation between single bond (-NH2 group) of amine-PLGA
and single bond (-COOH group) of BBN (Figure 2). FTIR spectra of amine-PLGA nanoparticles
showed two characteristic peaks at 1587 cm−1 (amide II of BBN-amine conjugation) and 1750
cm−1 (ester group of amine-PLGA). Unconjugated amine-PLGA nanoparticles showed lower
intensity ratio of amide II and ester (0.04) while BBN-amine-PLGA nanoparticles exhibited 0.2.
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Figure 2. FTIR spectra of (a) amine-PLGA nanoparticles and (b) BBN-amine-PLGA
nanoparticles.

EDX assay was further evaluated to confirm the successful conjugation of BBN and amine-

PLGA nanoparticles. As shown in Figure 3, DOTA-BBN have sulfate elements. The BBN-aminePLGA nanoparticles showed stronger intensity of sulfate than that of amine-PLGA
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nanoparticles, indicating the conjugation of BBN and amine-PLGA nanoparticles.

Figure 3. EDX of (a) BBN-amine-PLGA nanoparticles, (b) DOTA-BBN, and (c) Amine-PLGA
nanoparticles.
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GREEN SYNTHESIS OF POLYSACCHARIDE AND POLYPEPTIDE-BASED NANOPARTICLE TOWARD
THE CREATION OF STABLE AND FUNCTIONALIZED RADIOPHARMACEUTICS FOR DIAGNOSIS
AND THERAPY
W. PASANPHAN, T. T. TANGTHONG, S.WONGKRONGSAK, RATTANAWONGWIBOON,
T.PIROONPAN

Center of Radiation Processing for Polymer Modification and Nanotechnology (CRPN), Department of
Materials Science, Faculty of Science, Kasetsart University, Bangkok 10900, Thailand
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Progress in two models of polymeric nanoparticles (NPs) conjugated DOTA-BBN as radiopharmaceutical
st
and targeting nanocarriers is proposed. The 1 model is the development of DOTA-BBN peptide
198
nd
conjugated natural polymers that ready to be used for green synthesis of radioactive AuNPs. The 2
model is to develop the DOTA-BBN peptide conjugated polymeric NPs for radiolabelling onto the DOTA
nd
moieties otherwise labeling also inside the functional NPs. Continuously from the 2 CRM, the overall
developing works includes i) developed protocol for DOTA-BBN conjugation and characterization
particularly quantitative analysis, ii) observed change of NPs properties and kinetic stability in biological
media after DOTA-BBN conjugation and iii) challenged problem bringing to some additional
st
development of NPs. For the 1 model, it is possible to be a prototype of simple radiopharmaceuticals
kit. In this model, chitosan (CS) and silk fibroin (SF) were gamma-irradiated with the doses of 80 and 10
kGy, respectively to prepare water-soluble polysaccharide and polypeptide as reducing and stabilizing
st
nd
nanoparticles (NPs) and their preparation and characterization were proposed in the 1 and 2 CRM. In
addition, water-soluble chitosan (WSCS) was also conjugated with gallic acid (GA) to obtain WSCS-GA
NPs that exhibiting more reducing power when it would be used for green synthesis of more stable
198
AuNPs. The protocol for the quantitative analysis of the conjugated DOTA-BBN amount in sample was
developed using SEM-EDX including sulfur (S) standard addition technique. The WSCS-DOTA-BBN,
WSCS-GA-DOTA-BBN and WSSF-DOTA-BBN NPs contain the DOTA-BBN moieties of 34.4, 28.5 and
7.7%w/w in the samples, respectively. The stabilities of AuNPs-WSCS-DOTA-BBN (DH = 86 nm), AuNPsWSCS-GA-DOTA-BBN (DH = 257 nm) and AuNPs-WSSF-DOTA-BBN (DH = 202 nm) were studied in PBS
buffer, Saline (SAL), Cysteine (Cys) and Histidine (His). It was found that conjugated DOTA-BBN moieties
significantly affect the properties of AuNPs formation and their stabilities. The AuNPs prepared in a
prototype WSCS-DOTA-BBN are not stable in all types of biological media; on the other hand, the AuNPs
prepared in the newest developed WSCS-GA-DOTA-BBN are more stable particularly in Cys within a
nd
period of 1 week. For the 2 model, the newest polyacrylic acid (PAA) and polyethylene oxide (PEO)
inter-polymer complex (IPC) nanogel was also developed using irradiation technique. The PAA-PEO IPC
nanogels are expected to be more efficient for conjugating with DOTA-BBN and more radiolabelling
because of the carboxylic acid (-COOH) group. By SEM-EDX quantitative analysis, the DOTA-BBN could
be conjugated onto IPC nanogel as high as 50%w/w in the NPs sample. The WSCS NPs, WSCS-DOTA-BBN
NPs and WSSF-DOTA-BBN NPs were delivered to USA, Egypt, Pakistan and Mexico for cellular
internalization study, radiolabeling and biological test.

1. INTRODUCTION

Synthesis of gold nanoparticles (AuNPs) is one of the expanding research areas in
nanotechnology. With their novel properties, they have been applied in many applications particularly
biomedicine and other bio-related applications, such as drug delivery [29], photothermal therapy [30],
diagnosis [31] and biosensor [32]. Several methods such as chemical reduction [33], sonochemical [34],
and photochemical reduction [35] have been developed to synthesize metal NPs including AuNPs. In the
past decade, with some hazardous chemicals remaining in the products, the alternative green synthesis
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has been emerged. The green synthesis of AuNPs has been performed using natural reducing and
stabilizing agents. Biomolecules from plant extracts have been widely proposed as green synthesis of
AuNPs [36] as a result of their antioxidant and reducing properties. However, small molecular natural
products still lack of the stability including chelating and stabilizing efficiencies. Biomacromolecules,
e.g., starch, chitosan, gelatin and alginate, have been the most widely used as capping agents for the
synthesis of metal NPs. Unlike the small molecular reducing agents, the biopolymers themselves exhibit
low reactivity to reduce metal ion to metal atom because of their inherent high molecular weight, low
solubility or lack of reducing power function.
Chitosan (CS), a deacetylated form of chitin, makes up the second-most naturally abundant
copolysaccharides next to cellulose. It is one of the biodegradable carbohydrate polymers consisting of
pyranose ring of β-(1,4)-2-acetamido-2-deoxy-β-D- glucose (chitin) and β-(1,4)-2-amino-2-deoxy-β-Dglucose (chitosan) linked with a glycosidic linkage. It dictates numerous advantage properties, such as
biodegradability, biocompatibility, bioactivity and non-toxicity. The amino (–NH2) and hydroxyl (–OH)
groups of CS at C-2 and C-6 positions not only provide reactive sites for functionalization but also
exhibit strong metal ion chelation, oil absorption, antimicrobial, and antioxidant activities. Regarding
to the antioxidants, many researchers have focused on the extraction, identification, modification and
application of alternative natural antioxidants to use in numerous purposes in order to avoid
pathogenic risk of the synthetic antioxidants [37]. It is also known that the most common chemical
species, which act as antioxidant or reducing agents are hydroxyl, –OH (e.g. phenolics), sulfhydryl, –SH
(e.g. cysteine and glutathione) and amino, –NH2 groups (e.g. uric acid, spermine and proteins) [38].
Therefore, CS has attracted much attention to develop as natural antioxidant and reducing agent since
it has plenty of –OH and –NH2 groups as H-atom donation [39] have concluded that the –OH group in
the saccharide units can react with free radicals by the H-abstraction reaction and the –NH2 group of
CS can react with free radicals to form additional stable macroradicals. Although the –OH and –NH2
groups of CS exhibit many unique properties including antioxidant and reducing power, CS has its
inherent drawback of non-reactivity and insolubility because of strong inter- and intra-molecular
hydrogen bonding. The –NH2 group (pKa~6.2-7.0) is completely protonated in acids with pKa less than
6.2 making CS soluble. Thus, CS is insoluble in water, aqueous bases and organic solvents [40]. This is a
vastest limitation to use CS in aqueous solution at neutral pH to apply in a wide range of applications
particularly biological media. Although several water- soluble CS (WSCS) derivatives and radiationinduced degradation of CS have been proposed, to the best of our knowledge the strategies to prepare
WSCS-NPs via irradiation in order to be applied as a green antioxidant and reducing agent for green
synthesis of AuNPs have not yet been demonstrated.
Silk waste (SF) is a part of the cocoons of silkworms (Bombyxmori). The composition of such silk
waste is similar to that of good silk. It composes of fibroin core polymer (75–83%) and sericin glue-like
protein (17–25%), as a coating. Primary structure of silk fibroin (SF) polymers mainly consists of amino
acid sequence of [Gly-Ala-Gly-Ala-Gly-Ser]n. existing in glycine (Gly, 43%), alanine (Ala, 30%) and
serine (Ser, 12%) units [41]. SF forms an arrangment of repetitive protein layers of antiparallel β-sheet
strength. SF protein from the Bombyxmori silkworm is FDA approved and it has been used in
biomedical applications. Particularly, SF has been the most widely developed as scaffold materials and
successfully used in wound healing and in tissue engineering of bone, cartilage, tendon and ligament
tissues [42]. Although the chemical structure of SF is similar to collagen, SF exhibits a less inflammatory
response than the collagen including poly (lactic acid) [43]. More recently, it has been reported that SF
produced from Bombyxmori harbor antioxidant and hypolipidemic properties [44]. Due to plenty of
hydroxyl, amine and carboxyl groups, SF protein is also of great interest as a natural antioxidant for
applying in food, cosmetic, pharmaceutical and biomedicine [45]. Up to date, SF has been developed in
micro- and nanoparticles for drug delivery applications. It is the most widely used methods for SF
nanoparticles production, such as emulsion-solvent evaporation/ extraction methods, phase
separation or coacervation, self-assembly, solvent displacement, rapid expansion of supercritical
solution, and spray-drying [46]; however, less known aspects of radiation-induced degradation and
nanostructure formation of SF.
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In this work, nanocarriers for radiopharmaceuticals can be divided in to two models of
development. The first one is the development of DOTA-BBN peptide conjugated natural polymers
that readily to be used for green synthesis of radioactive AuNPs. We aim to develop multifunctional
natural polymer containing reducing, stabilizing and targeting abilities that ready to be used for green
synthesis of radioactive AuNPs. By just adding the multifunctional polymer nanoparticles into
radioactive Au precursor, AuNPs are then formed with an appropriate time. In this way, it can be
developed as a practical radiopharmaceutical kit. In addition, there are also the other possible routes
for the synthesis. Another model is to develop DOTA-BBN peptide conjugated polymeric NPs for
radiolabeling. The 1st type of NPs, i.e., amphiphilic core-shell NPs containing -OH groups was
continuously developed from previous CRP (2009-2013) was then conjugated with -COOH group of
DOTA. This model of NPs could be applied for both drug loading and radio-labeling. Therefore, if it is
work very well, it can be used as targeting chemotherapy and radio-imaging for diagnosis. The new
type of interpolymer complex (IPC) nanogel has been developed in order to provide more functional
groups (i.e., -COOH) for DOTA-BBN conjugation at –NH2 of BBN. Beside DOTA moieties, the COOH
group in the nanogel can also be used for radiolabeling. In this way, it is expected to improve radiolabeling efficiency. The main issues of the progress of the report include developed protocol for DOTABBN conjugation and characterization including quantitative analysis, observed change of NPs
property and stability after DOTA-BBN conjugation and challenged problems that bring to some
additional development in order to meet the need of radiolabeling.
Under this project, water-soluble chitosan (WSCS NPs) and silk-fibroin (WSFS NPs) were
developed using irradiation technique and well characterized. DOTA-BBN peptide was then conjugated
onto WSCS NPs and WSSF to obtain WSCS-DOTA-BBN NPs and WSSF-DOTA-BBN NPs, The obtained
products were developed as reducing, stabilizing and targeting polymeric NPs not only for 198AuNPs
production/labeling but also for Ga-68 and Lu-177 labeling. In addition, a new polyacrylic acid and
polyethylene oxide inter-polymer complex (PAA-PEO IPC) nanogels was also developed using
irradiation process were prepared and characterized. The conjugation and characterization of DOTABBN on all NPs were confirmed by FT-IR, 1H-NMR, XPS, TEM, DLS and SEM-EDX were completed. The
quantitative analysis of DOTA-BBN on NPs was also determined from the developed protocol by
external standard addition technique using SEM-EDX. Based on non-radioactive data, WSCS-DOTABBN NPs and SF-DOTA-BBN NPs can be further used for radioactive 198AuNPs.

2. EXPERIMENTAL SECTION
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2.1. Preparation of NPs [47, 20, 21]
Amphiphilic core-shell nanoparticles was synthesized according to Pasanphan et al. [19].
Deoxylcholic acid was conjugated onto water-soluble chitosan (WSCS) using conjugating agent
(EDC/NSH). PEGMA-shell was decorated onto the hydrophobic WSCS by radiation-induced grafting.
The mixtures were irradiated with the doses of 2, 10, 20 and 30 kGy. The samples was transferred
into a dialysis bag (MWCO = 12,00014,000 Da), which was enclosed into 2 L of distilled water and
dialyzed with renewed water for 48 h. The product was frozen and then lyophilized to obtain PEGMADCWSCS. Degree of grafting (DG) of PEGMA onto DCWSCS was calculated according to the following
relationship: [(WgWo)/Wo]×100, where Wo and Wg represent the initial weight of DCWSCS and the
grafted weight of PEGMA-DCWSCS, respectively. The samples were characterized by FTIR, EA, TGA,
XRD, TEM, AFM, SEM, GPC and DLS.
Water-soluble chitosan (WSCS NPs) was prepared according to Pasanphan et al. [20]. Briefly, CS
in aqueous acetic solution was gamma-rays irradiated in air. The sample was neutralized using NaOH
and separated by dialysis membrane for 24 h. Water-soluble silk fibroin (WSSF NPs) was simply
prepared according to Wongkrongsak et al. [21]. Briefly, silk fibroin was dissolved in water and
irradiated with the doses of 10 and 25 kGy. The samples were characterized by FTIR, TGA, XRD, TEM,
GPC and DLS.
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PAAPEO inter-polymer complexes (IPC)Aqueous solution of PAA (0.5 mg/ml) and PEO (0.5
mg/ml) was mixed at room temperature overnight to obtain the homogeneous solutions. PAA solution
was mixed with PEO solution by molar stoichiometric ratio of 1:1 under continuous magnetic stirring
for 24 h to achieve the complete complex formation as a PAA-PEO IPC. Acetone/water co-solvents
(25%v/v) were added into PAA-PEO IPC solution to obtain the final polymer concentration of 0.375
mg/ml. The samples were deoxygenated by N2O purging and exposed to gamma-ray. The solutions
were irradiated with dose of 10 kGy under ambient temperature to get PAA-PEO IPC nanogels. The
characterization was carried out by FT-IR and DLS.

2.2. DOTA-BBN conjugation onto NPs
WSCS and WSSF NPs: DOTA-BBN (1 mg/ml) solution of 200 µl was gently stirred and mixed with 2
ml of EDC (1 mol equivalent to WSCS, 22.6382 mg) and NHS (1 mol equivalent to WSCS, 13.5911 mg)
each solution. WSCS (20 mg) was dissolved in 5 ml of distilled water and added to the mixture
solution. The volume of solution was adjusted to 10 ml. The reaction was leaved for 6h at room
temperature. The sample was purified by dialysis membrane (MWCO = 3,500 Da) with renewed water
for 48 h. Similarly, conjugation of DOTA-BBN on WSSF (20 mg) was carried out by using EDC (1 mol
equivalent to WSSF, 9.9481 mg) and NHS (1 mol equivalent to WSSF, 5.9725 mg) as the same
procedure.
PEGMA-DCWSCS: DOTA-BBN (0.3 mg/ml, 100 µl) was added in 300 µl distilled water. Each of
EDC (3.5261 mg) and NHS (2.1169 mg) were dissolved in distilled water (800 µl). EDC and NHS
solution were added to DOTA-BBN solution and stirred for 15 min. 1 ml of PEGMA-DCWSCS (2 mg/ml)
was dropped in mixture solution. The mixture solution was kept on gentle stirring for 6 h at room
temperature. Unreacted DOTA-BBN was separated from product by dialysis membrane (MWCO =
1,000 Da). The conjugated NPs were characterized by FTIR, SEM-EDX, XPS, TEM and DLS.

ING

2.3 Quantitative analysis of DOTA-BBN conjugation by standard addition technique
Sulfur standard (500 ul) were dissolved in 1000 ml distilled water and dilute to be the
concentration of 6.25 × 10-3 ul/ml and adjust pH with NaOH to be 6.8. The samples were dissolved in
distilled water (0.3 mg/ml, 25 ul) and the sulfur standard (0, 5, 10, 15, 20 and 25 ul) was added into
the samples. The mixture solution was rigorously mixed for 5 min. The solution containing different
concentration was dropped onto stub and dried in vacuum oven at 50 0C overnight. The element in the
samples were collected and analyzed by SEM-EDX (QUANTA 450, FET, Netherlands) and data was
collected for 10-20 points by probe size in the area of 20 um.
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2.4 Green synthesis of non-radioactive 197AuNPs [20, 21]
WSCS-NPs (100 mg) were dissolved in distilled water (100 mL) and stirred overnight to obtain
homogeneous solution. The concentration at 0.0010, 0.02, 0.04, 0.10, 0.20, 0.40 and 0.60 mg/ml of 5
ml solution were mixed with HAuCl4 solution (0.2 M, 5 ml). The mixture was reacted at room
temperature for 24 h before collecting UV-vis spectra. The absorbance was measured in a 1-cm path
length quartz cuvette with a Libra S32 Spectrophot- ometer, Biochrom, UK in the range of visible light
(500–700 nm). Similarly, the formations of AuNP in CS-HOAc, SF, WSSF-NPs and Glu were carried out
with the same procedure. AuNPs formation was characterized by UV-vis, TEM, SAXS, AFM and DLS.
3. RESULTS AND DISCUSSION
3.1 Model 1: Development of DOTA-BBN conjugated natural polymers for green synthesis of
radioactive 198AuNPs [23, 24, 25].
3.1.1 Qualitative and quantitative analysis of the conjugated DOTA-BBN
In this case the DOTA-BBN peptide was conjugated onto natural polymers that ready to be used
for green synthesis of radioactive 198AuNPs. It is expected that WSCS-DOTA-BBN NPs and SF-DOTA BBN
NPs would be reducing, stabilizing and targeting agent for the green synthesis of AuNPs. The
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characterizations of the successful conjugation by FT-IR, XPS, TEM, Zetasizer and SEM-EDX were
reported in the 2nd CRM. The additional quantitative analysis of DOTA-BBN conjugation was carried
out using SEM-EDX accompanying with the sulfur (S) standard addition technique. The example of SEM-
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EDX spectra of DOTA-BBN, WSCS-GA and WSCS-GA-DOTA-BBN were shown in Fig. 1A(a-c). The characteristic K
X-ray of sulfur is indicated at 2.3 keV (Figure 1). It was significantly observed S in the WSCS-GA-DOTA-BBN
sample as also reveal in the S mapping image (Fig. 1B). It is known that 1 mole of DOTA-BBN contain 1 mole of S
atom. Therefore, the calculation of the %DOTA-BBN by weight in the overall sample is applicable. It was found
that %conjugation of DOTA-BBN onto WSCS NPs, WSCS-GA NPs and SF NPs were 32.95, 27.04 and 9.83%w/w as
summarized in Table 1.

FIG.1 (A) SEM-EDX spectra of (a) DOTA-BBN (b) WSCS-GA and (c) WSCS-GA-DOTA-BBN. (B) Sulfur mapping (red
spots) as in (c).
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TABLE 1. SUMMARY OF DOTA-BBN CONJUGATED NPS AND AUNPS FORMATION IN SUCH DOTA-BBN
CONJUGATED NPS.
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3.1.2 Stability of AuNPs in DOTA-BBN conjugated polymeric nanoparticles in biological media
The stability of non-radioactive AuNPs prepared in WSCSwas determined in WSCS, WSCS-DOTA-BBN,
WSCS-GA and WSCS-GA-DOTA-BBN in different media, i.e., DI water, PBS buffer, Saline, Cystedine
(Cys) and Histidine (His) are shown in Fig. 3. It was found that AuNPs-WSCS is stable in both Cys and
His for 24 and 48 h (Fig 3B(a)). AuNPs-WSCS-DOTA-BBN was not stable in any solutions (Fig 3 B(b)).
This might be due to the effect of DOTA-BBN conjugation. When AuNPs was

Green synthesis of AuNPs (The 1st Model)

DOTA-BBN conjugated polymeric NPs

WSCS-DOTA-BBN

WSCS-GA-DOTA-BBN

DH
(nm)

Surface
Charge
(mV)
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FIG.3 (A) UV-vis and (B) absorbance at maximum wavelength of (a) AuNPs-WSCS (b) AuNPs-WSCSDOTA-BBN (c) AuNPs-WSCS-GA and (d) AuNPs-WSCS-GA-DOTA-BBN in different media

MA
TER
IAL

produced in WSCS-modified-gallic acid (GA), i.e., WSCS-GA NPs, the stability of AuNPs was improved.
AuNPs-WSCS-GA is stable both His and Cys almost 48 h (Fig. 3B(c)). It is also important to note that
the AuNPs prepared in WSCS-GA that already conjugated with DOTA-BBN are still stable in Cys for 24 h
after dispersing in such biological media. Although AuNPs-WSCS-DOTA-BBN continuously reduced in
Cys, they still remained almost 50% even as long as almost 7 days (Fig. 3B(d)). The AuNPs in different
media are revealed in Fig. 4.

FIG.4 TEM images of AuNPs prepared in WSCS-GA-DOTA-BBN observed in different biological media:
(a) DI water, (b) PBS buffer, (c) Cysteine and (d) Histidine
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The stability of AuNPs prepared in WSSF NPs and WSSF-DOTA-BBN NPs was also observed in the
different biological media (Fig. 5). AuNPs-WSSF NPs and AuNPs-WSSF-DOTA-BBN are stable in all
solution even as long as 96 h.
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FIG.5 UV-vis and absorbance at maximum wavelength of (A) AuNPs-SF (b) AuNPs-SF-DOTA-BBN in
different biological media.
3.2. Model 2: Development of DOTA-BBN peptide conjugated polymeric NPs for radiolabelling
Another model NPs was also developed and conjugated with DOTA-BBN for radiolabeling as
presented in Fig. 6. Herein, the nanogel from interpolymer complex of polyacrylic acid (PAA) (electron
donating polymer) and polyethylene oxide (PEO) (electron accepting polymer) was developed using
radiation-induced crosslinking technique. The DOTA-BBN was then conjugated onto PAA-PEO IPC
nanogel.
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FIG. 6 Multifunctional PAA-PEO interpolymer complex (IPC) nanogel and its conjugation with DOTABBN as a radiopharmaceutical nanocarrier [22].
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Fig. 7 shows that the coil size of PAA-PEO IPC nanogels decreased with increasing the absorbed
dose. The decrease of coil size is due to radiation-induced crosslinking of the polymeric chains. The
particle size of PAA-PEO IPC nanogel was ~200 nm at 10 kGy. T
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FIG. 7 (A) Relationship between coil size of PAA-PEO IPC nanogel and irradiation doses, (B) TEM image
of PAA-PEO IPC and (C) TEM image of PAA-PEO nanogel after conjugating with DOTA-BBN and its
Zetasizer (inset).
4. CONCLUSIONS
The overall work proved that i) irradiation technology would be efficient to produce biopolymer
nanoparticles, i.e., WSCS-NPs and WSSF-NP including amphiphilic core-shell PEGMA-DCWSCS NPs, ii)
DOTA-BBN can be efficiently conjugated onto the NPs via –COOH group of DOTA and –NH2 group of
BBN, iii) the concentration of DOTA-BBN can be quantified by external standard addition technique
using K X-ray of sulur (S) spectrum at 2.3 keV observed in SEM-EDX, iv) WSCS-DOTA-BBN and WSSFDOTA-BBN NPs including a novel WSCS-GA-DOTA-BBN possible to be used for green synthesis of
radioactive 198AuNPs, v) WSCS NPs exhibited cellular internalization (the data as collaborated with USA
[26]), v) the AuNPs prepared in WSSF-DOTA-BBN NPs and WSCS-GA-DOTA-BBN NPs are stable in Cys
and His biological media for almost 48 h, vi) WSCS-DOTA-BBN and WSSF-DOTA-BBN NPs could be also
used for labeling Ga-68 and Lu-177 (the data as collaborated with Egypt and Pakistan). The
coordinated research project and data learned from the team initiated the other development of NPs
in order to approach the needs in terms of radiolabeling for diagnosis and therapy.
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Introduction: Development of a minimally invasive treatment regimen that controls the growth
and proliferation of advanced stages of prostate cancer is of profound importance in the overall
treatment and management of this debilitating, life-shortening, and pervasive disease. At present,
surgery, chemotherapy, and radiotherapy, alone or in various combinations, have fallen short of
effectively making tumors static and result in significant morbidity. We have developed a
fundamentally sound and original approach to achieve prostate cancer staticity through the utility
of nanoparticles derived from 198Au which are inherently therapeutic, possessing ideal beta
energy emission and half-life for effective destruction of tumors. Our approach of intratumoral
delivery of Gum Arabic (GA), epigallcatechin gallate (EGCG) and Mangiferin (MGF)
functionalized therapeutic gold-198 nanoparticles that penetrate tumor vasculature is innovative
because it utilizes a novel local therapy to manage bulky disease allowing complete destruction
of primary prostate tumors and thus providing a vitally important unmet clinical means of
stopping propagation of tumor cells to other organs. Our strategy to address treatment of
prostate tumors centers around keeping the prostate tumor disease static to eliminate expensive
treatment and surgeries that often result in severe side effects such as sexual dysfunction,
incontinence, difficulty urinating, and bowel dysfunction. The following discussions provide our
experimental results of our aims to reduce/stop metastases by stabilizing the primary tumor site,
particularly in patient populations where surgical resection is not an option such as in men with
large tumors or tumors with high risk for surgical morbidity.
We have developed a fundamentally sound and original approach to achieve prostate cancer
staticity through the utility of nanoparticles derived from 198Au which are inherently therapeutic,
possessing ideal beta energy emission and half-life for effective destruction of tumors. Our
approach of intratumoral delivery of Mangiferin (MGF) functionalized therapeutic gold-198
nanoparticles that penetrate tumor vasculature is innovative because it utilizes a novel local
therapy to manage bulky disease allowing complete destruction of primary prostate tumors and
thus providing a vitally important unmet clinical means of stopping propagation of tumor cells to
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other organs. Our strategy to address treatment of prostate tumors centers around keeping the
prostate tumor disease static to eliminate expensive treatment and surgeries that often result in
severe side effects such as sexual dysfunction, incontinence, difficulty urinating, and bowel
dysfunction. The following experimental details, pre-clinical studies and discussions provide
progress made to date in this CRP. These results demonstrate the ability of MGF-198_AuNPS to
reduce/stop metastases by stabilizing the primary tumor site, particularly in patient populations
where surgical resection is not an option such as in men with large tumors or tumors with high
risk for surgical morbidity.
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Innovation: Our approach embodies a non-brachytherapy (“non-seed”) modality with a
plethora of innovative advancements:
 Formulation of the Nanotherapeutic agents: Inherently therapeutic Gold nanoparticles, with
hydrodynamic sizes of 45-100 nm, are homogenously distributed within tumor vasculature
allowing uniform tumor dosimetry. 198Au possesses a desirable beta energy emission and
half-life for effective destruction of tumor cells/tissue (beta max = 0.96 MeV; half-life of 2.7
days). The range of the 198Au β-particle (up to 11 mm in tissue or up to 1100 cell diameters
(depends on energy)) is sufficiently long to provide cross-fire radiation dose to cells within
the prostate gland and short enough to minimize significant radiation dose to critical tissues
near the periphery of the capsule.
 Bioactive Nanoparticle Initiators and Stabilizing Agents: Formulation of these inherently
therapeutic and biocompatible 198AuNP utilizes the redox chemistry of the prostate tumorspecific phytochemical Mangiferin( MGF) abundantly available in mango peel. This
approach for the production of nanoparticles does not involve the intervention of any other
toxic chemical. Surface conjugation of 198Au nanoparticles with MGF-98AuNP affords
optimum in vivo stabilities.
 Tumor Uptake and retention though receptor mediated endocytosis: We have shown that the
MGF-98AuNP also target laminin receptors of prostate tumor cells thus allowing excellent
retention within tumor sites (see sections below). Their natural internalization within
prostate tumor cells makes our approach innovative as it allows optimal dose delivery and
distribution to the primary prostate tumor while minimizing damage to neighboring tissue
(fully corroborated with preliminary data). Localization of this dose allows systemic
chemotherapy to radiosensitize the prostate tumor, but not increase damage to normal
tissues.
Results and Experimental Details:
Production of Radioactive Gold Nanoparticles: Au-198 was produced by direct irradiation of
natural gold foil or metal Au-197(n, g). In this process, only a small fraction of the gold atoms
are converted to Au-198, which leaves the majority of the target material comprised mostly of
nonradioactive gold. Radioactive gold and other radionuclides are produced by indirect methods
such as neutron capture followed by beta decay of the parent radioisotope to the desired daughter
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radioisotope. For example, neutron activation of enriched Pt-198 produces Pt-199 (t½= 30.8 m),
which is followed by beta decay to Au-199, Pt-198(n, b) Au-199. When the indirect method of
production is used, separation of the daughter material from the parent is possible, with the
distinct advantage that nearly all of the gold atoms produced are radioactive. A higher specific
activity, i.e. higher percentage of radioactive atoms to cold atoms will enable the incorporation
of more radioisotopes on each targeting molecule and thereby will increase radionuclide delivery
and dose to the tumor. Lower specific activity radionuclides such as Au-198 contain a high
percentage of cold atoms and therefore deliver a lower dose to tumor cells. Optimized process
for the production of Au-198: Gold foil 5-30 mgs was irradiated at a flux of 8 x 1013n/cm2/s.
The radioactive foil was dissolved with aqua regia, dried down and reconstituted in 0.05 –1 mL
of 0.05 N HCL to form HAuCl4. The radioactive gold (50-100 mL) was added to aqueous
solutions (6mL) containing reducing agents. For example, we have extensively used a reducing
agent consisting of a trimeric alanine conjugate, THPAL (P(CH2NHCH(CH3)COOH)3)—
referred to as ‘Katti Peptide’ for reducing gold to form radioactive nanoparticles of well-defined
particle sizes (15-20 nm) in the presence of nanoparticles stabilizing agents such as
arabinogalacatan (Gum Arabic, GA). Our experiments have involved addition of THPAL
(P(CH2NHCH(CH3)COOH)3), (20 mL of a solution containing 0.0337 g of THPAL per 1.00 mL
of water) for reducing gold-198 to form radioactive nanoparticles of well-defined particle sizes
(15-20 nm). Solutions were evaluated by spectrophotometry to confirm the formation of AuNPs.
The change in color from pale yellow to purple is diagnostic of plasmon-plasmon transtion
present in nanoparticle gold. A number of separations have been investigated to provide high
specific activity separations of radioactive gold-198 nanoparticles.
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Our most recent studies have focused on the production of radioactive gold nanoparticles using
phytochemical-based reducing agents such as epigallocatechin gallate (EGCG) from tea or
mangiferin
(MGF)
from
mango. These phytochemicals
are electron rich and our
discoverers and extensive
research have shown that they
transform radioactive gold-198
precursors
into
the
corresponding
EGCG-198AuNPs
and
MGF-198AuNPs as shown in Figure 1:

Fig. 1 : Production of EGCG-198-AuNPs and MGF-198AuNPs
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Production of Radioactive Mangiferin-functionalized MGF-198AuNPs:

MGF-198AuNPs were synthesized by the addition of 1.55 mg of MGF to a glass vial (20 ml
scintillation vial), followed by the addition of 2 mL of milli-Q water. Next, the vial was placed
on a hot plate and stirred vigorously and continuously and brought to a rolling boil (99-100°C)
with vigorous stirring. At this temperature, Premix (198Au & NaAuCl4) solution with measured
amount of radioactivity was added to the Mangiferin solution which resulted in an immediate
color change from pale yellow to red-purple. The heating mantle was then removed, and stirring
was continued for an additional 1 hour.
198

Au which is used for the production of 198AuNPs was produced by direct irradiation of natural
gold foil or metal according to this nuclear equation Au-197(n,γ) Au-198. After the radioactive
gold solution (Au-198) was prepared, it was mixed with NaAuCl4 to form radioactive gold
precursor (Premix).
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Stability Studies of MGF-198AuNPs: In vitro stability measurements of MGF-198AuNPs were
conducted to evaluate the stability of nanoparticles. The stability study procedure of radioactive
mangiferin gold-198 nanoparticles was performed first by raising the PH of nanoparticles
solution to 7 by addition of NaOH and DPBS. Then, the nanoparticles solutions were subjected
to stability measurements over a period of 7 days by measuring λmax, as well as performing TLC.
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Therapeutic Efficacy studies of MGF-198AuNPs in treating prostate cancers in SCID mice:
In order to validate therapeutic targeting abilities of MGF-198AuNP, we have performed in vivo
therapeutic efficacy studies of MGF-AuNPs in SCID mice implanted with prostate tumor (PC-3)
xenografts. The therapeutic efficacy data of MGF-198-AuNPs, as shown in figure 2 corroborate
its ability to induce apoptosis because tumors harvested from the treatment group consisted
largely of apoptotic cells, indicating extensive programmed tumor cell death. The tolerability of
the MGF-198AuNP in vivo has been established by monitoring the body weight and blood
parameters in this SCID mouse study in both treated and control groups of animals. The
treatment group showed only transient weight loss with recovery to normal weight without any
early terminations. White and red blood cells, platelets, and lymphocyte levels within the
treatment group resembled those of the control mice without tumors. The overall health status
and blood measures of the MGF-198-AuNP-treated animals indicated that this new therapeutic
modality was not only effective, but also well tolerated. These findings support the effectiveness
of intralesional therapy of prostate cancer using MGF-198-AuNPs in managing the primary
tumor location.
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Fig.2.: Therapeutic Efficacy Data of Nanotherapeutic agent
MGF-198-AuNPs in SCID mice
(A) GA-198AuNP (B) EGCG-198AuNP
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Conclusions and Summary: In search of gold nanoparticles capable of targeting primary
prostate tumor, we have developed a large number of candidates encapsulated with various
proteins, peptides and small molecules. The tumor retention characteristics of these candidates
have been accurately quantified by pioneering the development of the corresponding Au-198
radioactive gold nanoparticulate analogs. The gamma emission of Au-198 nanoparticles allows
precise estimation of gold within tumor cells/tissues through scintigraphic counting techniques.
The presence of glucose in Mangiferin provides an ideal targeting ligand with excellent prostate
tumor-avidity through laminin receptor specificity. Development of the corresponding Au-198
radiolabeled MGF-198AuNPs, followed by in vivo prostate tumor xenograft retention studies,
have demonstrated that MGF encapsulation transforms these nanoparticles to be prostate tumor
specific with over 90% of the injected dose retained in the tumor for over 24 hours (Figure 3).
The tumor retention characteristics of MGF-198AuNPs are an order of magnitude higher as
compared to those of GA-198AuNPs and EGCG-198AuNPs. MGF-198AuNPs, because of their size
and charge, cross tumor vasculature, and accumulate within prostate tumors by EPR, while the
concomitant laminin receptor specificity, and the presence of glucose functionality—leads to
efficient endocytosis within prostate tumor cells, thus augmenting tumor uptake and retention
(Figure 3). We therefore, conclude here that the glucose unit in Mangiferin allows effective
tumor accumulation and retention of MGF-198AuNPs within prostate tumors and thus is an
important green-nanotechnology-based ‘Pharmaco Motif’ for the development of site specific
radiopharmaceuticals for applications in oncology.
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Fig. 3: Retention of therapeutic payloads of Gum Arabic (GA),
epigallocatechin gallage (EGCG) and mangiferin (MGF)
conjugated gold nanoparticles in prostate tumor bearing mice.
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