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FOREWORD
A recent IAEA coordinated research project (CRP), F22064; Nanosized Delivery
Systems of Radiopharmaceuticals’ was concluded in 2019. This CRP included the
interesting interactive work of scientists from twelve Member States, witht the idea of
boosting two rapidly evolving fields of scieince, i.e. nanomedicine (via radiation and/or
chemical techniques) and radiopharmaceutical chemistry. This CRP also involved the two
subprogramme activities of Radioistope Products and Radiation Technology (RPRT)
section at the Division of Physical and Chemical Sciences. The CRP initiated in June
2014 and conlcluded officially in late 2019. Though the output of the CRP will be
materialized in an upcoming IAEA Tec-Doc publication in near future, the participants
of the CRP agreed that the last research contract meeting report (present document) can
be shared online worldwide as a “working document”. We wish to thank all the
participants for their valuable contribution to the CRP and this report. The IAEA technical
officers, Ms Agnes Safrany and Mr Adriano Duatti initiated this CRP and the work
continued and completed with the support of two other technical officers Mr Amir R.
Jalilian and Mr Bum Soo Han from the Division of Physical and Chemical Sciences.
Special thanks to Ms J.S. Vera Araujo from the Division of Physical and Chemical
Sciences for her support in revising and editing.
Description: The aim of this CRP was to provide significant improvement in the delivery
of therapeutic radiopharmaceuticals using nanotechnology. It was expected to result in
new nanoparticles capable of forming stable bonds with diagnostic and therapeutic
radioisotopes, and with tumour specific biomolecules and proteins (including monoclonal
antibodies) leading to well-defined delivery devices. Such nano constructs built from
radiation-synthesized polymeric nano particles could be potentially capable of reaching
and selectively penetrating the tumour sites, thus affording highly effective molecular
imaging and therapeutic tools to combat various forms of human cancers.
Specific objectives:
(a) 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
tumor specific radiopharmaceuticals.
(b) To formulate tumor specific proteins (including monoclonal antibodies) and generate
well-defined nanoparticles, through radiation methods, for use in conjugation reactions
with diagnostics and therapeutic radioisotopes for the generation of nanosized tumor
specific radiopharmaceuticals.
(c) To formulate nanoparticles derived from inherently diagnostic/ therapeutic
radioisotopes and to conjugate them with tumor specific peptide(s)—in order to generate
radioactive nanoceuticals for diagnostic imaging and therapy.
(d) To develop a functional in vivo platform for efficient testing of various radiolabeled

nanoconstructs using animal models that mimic human tumors—all aimed at clinical
translation of diagnostic/therapeutic efficacy from animal for human applications.
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1. INTRODUCTION
1.1. Background
Over 85% of all cancers in human patients are solid tumurs. 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.
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 allow the highest accumulation of drugs on the peripheral walls of the tumor,
closest to vasculature, and to distribute to well-perfused areas, the inability of diagnostic and
therapeutic agents to reach most/all parts of tumors have remained to be an unmet clinical need
in chemoradiation therapy of most solid tumors. For example, the currently used brachytherapy
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 Au-198 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.
1.2. CRP objectives
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.
1.2.1. 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 a new generation of nanoparticles-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.
1.2.2. Expected research outputs
Polymeric (synthetic and natural) nanoparticles for the creation of a 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
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
The third RCM was held in Vienna, Austria, on 2-5 May 2017. The Meeting Report is available
as a Working Material. The Meeting Report is available as Working Material at: http://wwwnaweb.iaea.org/napc/iachem/working_materials/3rd%20RCMSUMMARYfinal.pdf
The 4th (last) RCM was held from 11-15 March 2019 in Vienna, Austria. The participants (see
List of Participants at the end of the document) discussed in detail the extensive progress made
over the 5 years cumulative period and, in more 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,
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and the most recent in vitro and vivo studies of tumor specific radioactive Au-198 nanoparticles;
individually and collectively were discussed and the best nanoconstructs were chosen as the
output of this CRP.
1.3. Summary
The CRP on Nanosized Delivery Systems of Radiopharmaceuticals which was initiated in 2014
has resulted in major discoveries, breakthroughs and the development of new chemical,
biomaterials and nanotechnological concepts, all with a focus on developing a new generation
of nanoradiopharmaceuticals. Various scientists from all member countries have contributed
constructively toward meeting and exceeding the following specific objectives as set forth for
this CRP:
The objective of this CRP was to exploit the unique properties of materials at the nanometer
scale for developing nanocarriers of radioactivity capable of selectively targeting and
penetrating cancerous cells. The individual and collective collaborative research efforts of CRP
members have produced the following deliverables/milestones during the four year CRP period:
1. Production of polymeric (synthetic and natural) nanoparticles for the development of new
generation of nanoparticle-based tumour specific radiopharmaceuticals.
2. Surface decoration of the new nanoparticle constructs with specific pharmacophore groups
to enhance target affinity and selectivity for tumour cells (for example, using receptorspecific peptides).
3. Labelling procedures with diagnostics and therapeutic radioisotopes (e.g., Tc-99m, Ga-68,
Lu-177, Au-198/199, etc.) for the generation of new nanosized tumour specific
radiopharmaceuticals.
4. Standardized experimental in vivo platform for efficient testing of the various
radiolabeled nanoconstructs in tumour-bearing animal models that mimic human cancers
and aimed at stimulating effective translation of the new nanosized diagnostic/therapeutic
agents from bench to clinics.
Full details of the above milestones and deliverables have been discussed and presented in
yearly reports of this CRP. The wenn diagram below provides a comprehensive picture of
various collaborative connectivity established during this CRP.

FIG 1 Venn Diagram showing connectivity, collaborative strengths, synergy and cohesive thematics of the CRP
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A snapshot of the various scientific accomplishments achieved from all member states during
the 2014-2019 timespan are summarized in the following flow chart in Fig 2.

FIG 2. Table of Nanoconstracts (Under 5 Year Collective Data)
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2. PROGRESS REVIEW PER INDIVIDUAL INSTITUTION
The following sections provide details of accomplishments from individual members of this
CRP:
Mariano Graselli from Argentina has produced Hybrid NPs (HNPs), containing a gold core
and a multilayer of albumin. These nanoconstructs have been prepared applying a novel
radiation-induced crosslinking method, under high proportion of ethanol. HNPs have been fully
characterized, having a size lower than 100 nm and similar surface characteristics than free
albumin. HNPs are decorated with a DOTA-Bombesin synthetic peptide in order to address
cancer cells, which overexpress GRP receptors. Flow cytometry analysis and confocal
microscopy were applied for study the in-vitro specific interaction and uptake of these
nanoconstructs to PC-3 and NCI-H460 cell lines. Basal interaction of non-decorated
nanostructures did not show significant cellular uptake. Meanwhile, the peptide decoration was
essential for HNPs’ uptake by energy-dependent internalisation process.
Ademar Luago from Brazil has focused research efforts on radio-induced crosslinking of
albumin nanoparticles for radiopharmaceuticals’ delivery system on the path to innovative
cancer specific nanocarrier. These investigations have included the radiolytic synthesis of
functionalized gold nanoparticles and protein-based nanoparticles (BSA and papain NPs) (Fig
3), radiolabeling with 99mTc and preclinical studies aiming the development of clinically useful
formulations. We are currently working on the development of albumin and papain
nanoparticles radiolabeled with different radiometals (68Ga, 89Zr), as well as gold recovery. We
will extend our current research topics on the development of radiolabeled nanoparticles for
both diagnosis and therapy also as a drug delivery for chemotherapeutic agents. Our department
can offer expertise covering nanoparticles synthesis and functionalization, radiolabelling
techniques and biological evaluation (preclinical evaluation in vitro and in vivo experiments)
as well as nuclear medicine image techniques (small animals SPECT/PET/CT). We will
participate in the development of freeze-dried kit formulations and the elaboration of
standardized analytical procedures for quality control for potential clinical application in
clinical trials.

FIG 3 Left; Gold 198 nanoparticle preparation stabilized by BSA; right; Albumin (BSA) conjugated Gold
nanoparticle
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In this project we have shown that the green synthesis of nanoparticles can be entirely based on
radiation induced reactions or based on the use of powerful phytochemicals with reducing and
stabilizing features. Protein nanoparticles are already in the market, but they can also be
synthetized and from water radiolysis in an entirely green process. Albumin particles from
macro to nanosized are already a well stablished platform for radiopharmacy. There are many
new propositions on the use of albumin nanoparticles as radiopharmaceutical carriers as
it features a set of characteristics that assures applications as natural drug carriers with attractive
properties in oncology. Albumin may be easily crosslinked and engineered towards loading a
large number of hydrophobic molecules as well as hydrophilic ones. Radiation-induced
crosslinking of Albumin was developed by our group and now further developments were done
for the radiation induced crosslinking of papain and crosslinking of Albumin on Gold and Gold198 nanoparticle surface to improve its circulating time in the blood. Gold-Albumin
nanoparticles produced by this chemical free route has been tested as a carrier for
radiopharmaceuticals and chemotherapeuticals. Finally, we are now working in the preliminary
steps of clinical trials of our Gold-198 particles developed in cooperation with Kattesh Katti
from Missouri University and under license of DNA company.
Tamer Hafez from Egypt has developed Na99mTcO4-encapsulated polyethylene glycol
capped iron oxide nanoparticles (Na99mTcO4-encapsulated MIONPs) and evaluated their
capability as tumor imaging radiopharmaceuticals. Na99mTcO4-encapsulated MIONPs was
synthesized with average particle size 24.08 nm, hydrodynamic size 52 nm, zeta potential -28
mV, radiolabeling yield 96 %, high degree of in-vitro stability in saline and mice serum, and
no cytotoxic effect on normal cells (WI-38 cells). Na99mTcO4 encapsulated MIONPs
biodistribution showed high tumor radioactivity accumulation 72.61 % ID/g by IT. Na99mTcO4encapsulated MIONPs could be introduced as a promising nano-sized radiopharmaceutical for
tumor diagnosis.
A novel one step synthesis approach to build up polyethylene glycol capped silver nanoparticles
doped with I-131 radionuclide (131I-doped Ag-PEG NPs). The formula was prepared with
average hydrodynamic size 21 nm, zeta potential – 25 mV, radiolabeling yield 98 ± 0.76 %,
and showed good in-vitro stability in saline and mice serum. The in-vitro cytotoxicity study of
cold Ag-PEG NPs formula showed no cytotoxic effect on normal cells (WI-38 cells). The invivo biodistribution pattern of 131I-doped Ag-PEG NPs showed high radioactivity accumulation
in tumor tissues with maximum uptake of 63.75 ± 1.3 % ID/g at 15 min post intratumoral
injection (I.T.), respectively. Great potential of T/NT ratios were obtained throughout the
experimental time points. 131I-doped Ag-PEG NPs formulation could be displayed as a great
potential tumor nano-sized theranostic probe.
An innovative approach to prostate tumor therapy using tumor specific radioactive gold
nanoparticles (198Au) functionalized with Mangiferin (MGF). The comparative analysis of
MGF-198AuNPs with other radioactive gold nanoparticles, functionalized either with
epigallocatechin gallate or the Gum Arabic, has revealed significantly superior tumoricidal
characteristics of MGF-198AuNPs, thus corroborating the importance of the tumor-avid glucose
motif of MGF. Oncological implications of MGF-198AuNPs as a new therapeutic agent for
treating prostate and various solid tumors are presented.
Hassan Yousefnia from Iran has focused on the development of chitosan‐based nanoparticles
for targeted radiopharmaceuticals delivery, as seen in Fig 4. The details of accomplishments
are as follows:
6

Part A, entitled: Development of folate conjugated chitosan nanoparticles for theranostic
applications. In this part, to develop 153Sm-folate polyethyleneimine-conjugated chitosan
nanoparticles, first, Chitosan-DTPA-graft-PEI-FA nano particles were synthesized in several
steps. NPs were characterized by different analyses including FT-IR, 1H-NMR, Zeta potential,
Size distribution, SEM etc. The nano particles were labeled with 153Sm and quality control of
the labeled compound was performed. Finally, biodistribution of 153Sm-NPs in normal and
tumor-bearing mice were studied. The results of this part of the project was published in the
Journal of Labelled Compounds and Radiopharmaceuticals.
Part B, entitled: “Development of peptide conjugated chitosan nanoparticles for theranostic
applications”. In this part, we tried to develop 68Ga-DOTA-CMC-SA-BN for theranostic
applications. For this purpose, low molecular weight chitosan, O-carboxymethyl chitosan (OCMC), stearic acid grafted O-carboxymethyl chitosan (CMC-SA), Lys 3-Bombesin conjugated
to CMC-SA (CMC-SA-BN), DOTA conjugated to CMC-SA-BN (DOTA-CMC-SA-BN) were
synthesized, respectively, and their characterization were evaluated using different analyses
such as HNMR, FTIR etc. In the next steps, CMC-SA NPs (162 nm) and CMC-SA-DOTA NPs
(212 nm) were synthesized. The maximum labeling yields of CMC-SA, CMC-SA-DOTA NPs
and CMC-SA-DOTA polymer with 68Ga were about 27%, 40% and >90%, respectively.
Therefore, we concluded there are two major problems: First, p-SCN-Bn-DOTA chelators
conjugated to CMC-SA are located inside of the nanoparticles during nanoparticle preparation
and the second problem, nanoparticles were aggregated during labeling procedure at high
temperature.

FIG 4. schematic overview of activities made by Iran

Part C, entitled ‘Preparation of radiolabeled bombesin nanoparticles for in vivo gastrinreleasing
peptide receptor imaging’. In this part, to overcome the mentioned problems in part B and to
maintain chitosan, bombesin, DOTA and Ga in the final structure, we decided to develop a
PET/MRI contrast agent based on the SPIONs. For this purpose, super paramagnetic iron oxide
nanoparticles (SPIONs) and N,N,N-Trimethyl chitosan (TMC) were synthesized. TMC was
placed as a shell on the iron oxide NPs. DOTA chelator and bombesin peptide were connected
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to the amine groups of TMC and NPs were labeled with 68Ga and finally in-vitro and in-vivo
tests were performed. The results demonstrated that DOTA-BN-TMC-MNPs have small
hydrodynamic size, low toxicity, highly efficient radiolabeling with gallium-68, drastic serum
stability and strong binding affinity toward GRP receptors that make these nanoparticles
suitable for PET/MR imaging of prostate, breast and lung cancers. The results of this project
were accepted for publication in the International Journal of Nanomedicine.
Laura Melendez from Padova, Italy has focused on the preparation and characterization of
Au-NP decorated with two mAb, anti-prostate stem cell antigen and anti-mesothelin, and
labelled them with Lu-177 to use as theragnostic agent for pancreatic adenocarcinomas. Also,
synthesized novel polymeric nanostructures using single PEG chains and PEG dendron
functionalized with one or multiple GE11 peptide to be used as specific delivery systems to
transport the therapeutic radionuclides into the EGFR-expressing tumour cells.
The main collaboration activities with other countries in this period were: a) performed a
preliminary binding tests using flow cytometry analysis to evaluate the selective cancer cells
targeting of albumin nanoparticles functionalized with bombesin produce by the Argentina
group; b) label with Lu-177 the polyacrylic acid (PAA) nanogels and WSCS-DOTA-BN,
WSSF-DOTA-BN nanogels produced from Poland and Thailand groups, respectively; c) to
validate specific biding of PAA nanogels to the bombesin receptor expressed by the PC-3 cells
in vitro and to compare our results with the ones obtained by the Mexican group; d) collaborated
with the Mexican group on the design, synthesis and characterization of poly(D,L-lactide-coglycolide) acid nanoparticles, decorated with bombesin, loaded with paclitaxel and labelled
with 177Lu to be used as bimodal chemotherapy and radiotherapy control release nanosystem
for the treatment of GRPr positive breast cancer.
Clelia Dispenza and her team from Palermo, Italy have focused on the development of a
nanogel-based material platform capable of forming stable bonds with the tumour specific
peptide, where bombesin (BNN) has been developed. The peptide, kindly supplied by the IAEA,
is coupled to the macrocyclic chelator, DOTA.
Nanogel variants have been synthetized by electron-beam irradiation from dilute aqueous
solutions of a synthetic polymer, poly(N-vinyl pyrrolidone) (PVP) with a 10 MeV electron
beam accelerator, equipped with a scanning horn and a conveyor, and with irradiation doses
that fall within the typical sterilisation dose range (20-40 kGy). The nanogels have been fully
characterised for their physic-chemical properties and morphology. They are chemically and
colloidally stabile upon storage at 4°C for longer than 3 years and in conditions that are relevant
for their administration (e.g. in blood serum). Absence of cytotoxicity, proliferative,
immunogenic, inflammatory responses, and hemocompatibility have been demonstrated. When
i.v. administered, the bare nanogels are initially preferentially untaken by the liver but their
concentration is significantly reduced with time, and it is almost zero in all other organs.
Clearance occurs also via glomerular filtration, since nanogels are clearly present in the urines.
Intranasal administration reveals a significant presence of the administered nanogel in the brain.
No damage of nasal mucosa is observed.
One PVP-co-AA formulation has been selected to be conjugated to the DOTA-bombesin
peptide. The DOTA-BBN-NG system has been characterised for its conjugation degree,
hydrodynamic size and colloidal stability in radiolabelling processing conditions and sent to
the partner organisation Polatom for radiolabelling and both in vitro studies and in vivo testing
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with tumour bearing animal models. A critical aspect of the behaviour of the radiolabelled
DOTA-BBN-NG nanogel, when intravenously administered in rats, is its high uptake and
retention by the liver. Therefore, a second generation of nanogels, smaller in size and
expectedly more hydrophilic, has been designed and synthetized in order to decrease the RES
uptake and to increase tumour targeting. It has been agreed that this second generation of
DOTA-BBN-NG nanogels will be radiolabelled and evaluated in vivo by Polatom.
The other aspect that has been investigated is related to the necessity of a better understanding
of the mechanism of nanogels formation, in order to increase the confidence on the synthetic
approach and enable optimisation of both product performance and process conditions. To this
aim a kinetic model and a numerical simulation code have been developed in collaboration with
KTH-Royal Institute of Technology (Stockholm, Sweden). The model allows to rationalise a
series of experimental evidences collected on simpler systems comprising only water and PVP,
irradiated with a pulsed electron beam equipped with a scanning horn and a conveyor. The
build-up of molecular oxygen in N2 purged/N2O saturated systems with increasing the
irradiation dose and its impact on fragmentation and nanogel functionalisation have been
elucidated. The model and simulation code can be also applied to qualitatively predict the
influence of the variety of irradiation and system parameters on nanogels molecular architecture.
Siti Najila Mohd Janib and her team from Malaysia have the overall aim to provide
significant improvement in the delivery of diagnostic and therapeutic agents through the use of
nanotechnology. The ability of nanosized, radioactive and targeted nanomaterials to deliver
optimum therapeutic payloads as well as diagnostic imaging contrast, at tumor sites, addresses
the most important 'unmet clinical need' in medicine.
Nanoscale therapeutic systems have emerged as novel therapeutic modalities for cancer
treatment and are expected to lead to major advances in cancer detection, diagnosis and
treatment. At Nuklear Malaysia covalently cross-linked nanogel for PEG-DA (polyethylene
glycol-diacrylate) using an inverse micelle system for irradiation with electron beam has been
developed (as seen in fig. 5). Nanogels are nanometer sized hydrogel nanoparticles (<100 nm)
with three-dimensional networks of cross-linked polymer chains. They have attracted growing
interest over the last several years owing to their potential biomedical applications such as drug
delivery systems (DDS) and bioimaging. In addition, as part of an international collaborative
project to develop new diagnostic and therapeutic nanoceuticals we will also be evaluating the
suitability of other agents from our international partners. Poly Lactic-co-Glycolic Acid (PLGA)
nanoparticles was provided by our collaborators from Nanyang Technological University,
Singapore. At the conclusion of this project, we found that PLGA’s can be functionalized with
targeting ligands. Being amenable to chelator conjugation to radiometals such as gallium-68
and lutetium-177 allows imaging and therapeutic application of the nanoconstruct to be
explored. Conjugation reactions have been optimized and radiolabeled products that have been
found to be stable over the study period. Furthermore, it was determined that the harsh labelling
conditions did not affect the physical properties of the nanoconstruct.
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FIG 5. Left. Formation of nanogels from micelles at lower to higher dose; right; SEM of PLGA subjected to high
temperatures and acidic pH during labeling

Blanca Garcia from Mexico has developed 177Lu labeled nanoparticles conjugated to
biomolecules to target tumors for their potential applications as a new class of smart theranostic
radiopharmaceuticals. Several systems based on polymeric nanoparticles were designed,
characterized and evaluated to produce specific pharmacological therapy to deliver doxorubicin
or paclitaxel in tumors overexpressing folic acid receptors and in angiogenic processes. An
approach potentially useful in radiosynovectomy for local treatment of rheumatoid arthritis was
synthesized, characterized and evaluated [177Lu-DOTA-HA-PLGA(MTX)] as a novel, smart
drug delivery system with target-specific recognition. Dendrimers were also modified and
evaluated to prepare a new radiopharmaceutical for paclitaxel delivery on tumoral cells
overexpressing gastrin-releasing peptide receptors (GRPr) receptors. 177Lu-dendrimer-folatebombesin with gold nanoparticles (AuNPs) in the dendritic cavity was proposed as a potential
radiopharmaceutical for targeted radiotherapy and the simultaneous detection of folate
receptors (FRs) and GRPRs overexpressed in breast cancer cells. The presence of AuNPs in the
dendritic cavity confers useful photophysical properties to the radiopharmaceutical for optical
imaging.
Irfan Ullah Khan from Pakistan developed synthesis of gold and silver NP’s by using
Arabinoxylan (AXs) isolated from ispaghula seed husk and Glucoxylan (GXs) isolated from
Mimosa pudica. 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 carriers. The AXs are composed of reduced sugars which can reduce gold
or silver ions to particles. 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 delivery. Therefore,
the use of AXs from ispaghula for green synthesis of gold and silver NPs showed exceptional
high stability, which is an essential requirement to find their use in medicine. Similarly,
Glucoxylan (GXs) from Mimosa pudica is a highly sensitive plant, and widely found in tropical
regions of Pakistan, India and other parts of the world. Like arabinoxylans, the GX mucilage is
expected to produce metal NPs without the additional use of any reducing or stabilizing agents.
We developed gold NP’s by using both AXs and GXs, fully characterized them by using
UV/Vis, XRD, AFM and TEM analysis. Furthermore, the biological potential was tested by
10

studying their biodistribution in rabbit animal models by imaging on Gamma Camera at various
time intervals till 24h.
Pakistan collaborated with Argentina, Brazil, Singapore and Thailand. As a result, Pakistan
developed radiolabeling technique of papain NP’s with Tc-99m and tested its biocompatibity
in rabbit animal models. Furthermore, it also developed bioconjugation of gold-albumin NP’s
with DOTA-bombesin, radiolabeled it with 177Lu/68Ga and tested the biological compatibility
of novel radio-bioconjugate in rabbit animal models. We also developed radiolabeled nano
bioconjugates by using 177Lu/68Ga on various compounds, e.g., DOTA-BBN, PEGMADCWSCS-DOTA-BBN, WSSF-DOTA-BBN, WSCS-DOTA-BBN and PLGA-DOTA-BBN
and again tested their biological compatibility in rabbit and mice animal models. The
radiolabeling yield in most cases was >90%. Furthermore, Pakistan tested the cytotoxicity of
novel nano constructs by using 3T3 and Hela cells. The binding affinity with gastrin-releasing
peptide (GRP) receptor was tested by using PC-3 which was found in nanomolar range. The
clinical potential of these radiolabeled nano bioconstructs was ultimately evaluated in tumorbearing mice that showed siginificant uptake in tumor xenografts. These findings clearly
demonstrate that the novel radiolabeled nanoconstructs developed during this CRP have great
potential to be further evaluated as feasible tumor-seeking agents.
M. Maurin, and collaborators from Poland have investigated the radiolabelling and in vivo
and in vitro evaluations of the radiolabeled nanosystems. The work was focused on the systems
developed by dr. Clelia Dispenza’s group – Universita degli Studi di Palermo, by prof. Piotr
Ulański’s group - Institute of Applied Radiation Chemistry, Lodz University of Technology,
Poland and by dr. Mariano Grasselli’s group - Laboratorio de Materiales Biotecnológicos
(LaMaBio), Universidad Nacional de Quilmes, Argentina. The nanosystems radiolabeled with
177
Lu, 90Y and Au particles additionally by 68Ga. The labelled, and if needed purified particles
were tested for in vitro binding and internalization. The studies were carried out with rat
pancreatic AR42J cells. In vivo studies were conducted on two animal models: normal Wistar
rat and the tumor model - female BALB/c Nude (CAnN.Cg-Foxn1nu/Crl). 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.
The labelling of nanogels constructed in Palermo modified by conjugation of 35 BombesinDOTA molecules/nanoparticle yielded 50-70%. Radiolabeled particles were successfully
purified by size exclusion and ultrafiltration methods resulting > 95% radiochemical purity.
The radiolabeled nanogels presented high receptor affinity to the rat pancreatic AR42J cells in
vitro. In vivo biodistribution revealed promising tumor uptake (8% ID/g 1h piv), high
accumulation in liver and slow urine elimination. The labelling study conducted for Łódz
nanogells (MITR2) decorated with 140 bombesin-DOTA molecules resulted in good specific
activity of 0.8GBq/mg for 177Lu and 2.8GBq/mg for 90Y and radiochemical purity >99%. The
in vivo study on tumor model revealed quite similar properties of nanogells as nanogells
constructed in Palermo - accumulation in tumor increasing in time (0.2 – 2.3% ID/g 2-24h piv)
and high accumulation in liver. The radiolabeling of AuALB-BBN particles resulted in very
low labelling yields (max 30%) and low specific activity mainly due to very low concentration
of particles that where send for the study.
Piotr Ulanski and his group from Poland have made substantial contributions on studies on
the radiation synthesis of poly(acrylic acid) (PAA) nanogels have been performed to enhance
11

our understanding of the process and to establish relationships between the synthesis parameters
and product properties. An optimized procedure has been elaborated and PAA nanogels have
been synthesized and characterized, to be used in further steps of this study. After preliminary
tests of the coupling procedure on a model compound, two methods, A and B (described in
more detail in the report) have been developed to link bombesin-DOTA molecules to PAA
nanogels. Further tests have demonstrated that method A is more practical, thus it was selected
as the main synthetic procedure. The obtained nanogels coupled with bombesin-DOTA have
been characterized to determine their chemical structure and selected physicochemical
properties. These products have been sent to the partners in Italy, Mexico and Poland (Polatom).
Partners from Italy and Mexico reported problems encountered when processing the lyophilized
products, mainly related to insufficient solubility. Polatom has successfully performed
radioisotope binding tests, which were followed by preliminary animal study. Some limited
uptake (increasing in time for 24 hours) of the products by the pancreatic tumor tissue has been
observed, in particular for samples injected by the intravenous way. The fact that the uptake is
relatively low may be caused by too large size of the product in the physiological conditions.
Data seem to indicate also another problem related to potential non-selective binding of
radioactive isotope ions by carboxylate groups. Finally, further solubility studies have been
performed in an attempt to address the problems encountered by partner labs in Italy and
Mexico. Studies will be continued within a national project, with continued collaboration of
CRP partners.
Radiation and sonochemical synthesis and characterization of stabilized gold nanoparticles
(AuNPs) as models for radioactive gold nanoparticles for radiotherapy. Gold nanoparticles have
been synthesized by radiation-induced and ultrasound-induced reduction of chloroaurate ions
in aqueous solutions containing various stabilizers: chitosan, -lipoic acid and oligo-(acrylic
acid). Influence of the process parameters and presence of isopropanol as oxidative radical
scavenger on the properties of the obtained AuNPs has been studied. At optimized conditions
the nanoparticles had the core diameter in the range of ca. 5 - 10 nm, while their hydrodynamic
diameters ranged from 12 to over 100 nm. Studies on stability of the nanoparticles have been
performed at selected conditions. All tested substrates proved to be good stabilizers, rendering
the products high zeta potential (below -30 mV in the case of -lipoic acid and oligo-(acrylic
acid) and over +30 mV in the case of chitosan), providing efficient protection against
aggregation due to electrostatic repulsion. In case of chitosan, if the applied dose is insufficient
to fully reduce chloroaurate, following irradiation a slow increase in the number of
nanoparticles is observed (which may be due to the reducing properties of chitosan), while there
is no significant change in their size. All the obtained AuNPs are stable in aqueous solution at
RT for over 3 months. It has been demonstrated that sonication can serve as effective alternative
for irradiation in the synthesis of gold nanoparticles.
Say Chye Joachim Loo from Singapore has focused on the objective to produce polymeric
(synthetic and natural) nanoparticles for the development of new generation of nanoparticlebased tumour specific radiopharmaceuticals. Bombesin-conjugated PLGA nanoparticles were
fabricated. The team has produced PLGA-NH2 nanoparticles of sizes ~200nm (Fig 6). The
hydrodynamic size of these nanoparticles was further validated using dynamic light scattering
(DLS) (Fig 7). Bombesin-conjugation was conducted, and nanoparticles were characterized
(Fig 8). These functionalized nanoparticles are now negatively charged upon conjugation.
DOTA bombesin-conjugated PLGA nanoparticles were subsequently sent to Malaysia and
Pakistan for radio-labelling and animal studies.
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FIG 6. Scanning Electron Microscope image of PLGA nanoparticles

FIG 7. Hydrodynamics size of PLGA nanoparticles

FIG 8. Characterization of DOTA-bombesin conjugation of PLGA nanoparticles

Wanvimol Pasanphan from Thailand has focused on the development of two models of
polymeric nanoparticles (NPs) conjugated with DOTA-BBN as radiopharmaceuticals and
targeting nanocarriers is proposed. The overall development works include i) developed and
characterized nanoparticles (NPs), ii) developed protocol for DOTA-BBN conjugation and
characterization and quantitative analysis, iii) observed performance of the obtained NPs, such
as change of NPs properties, kinetic stability, in vitro stability in biological media, cytotoxicity
with cancer cell lines (e.g., PC-3 and LNCaP), and cellular internalization of the NPs with and
without DOTA-BBN conjugation. The development of NPs was carried out in the country and
the performance of the NPs in terms of radiolabeling and biological testing were collaborated
with the member state though exchange students, sample contribution and discussion.
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There are two main routes of the developments, i.e., i) the 1st model: development of the DOTABBN conjugated natural polymers for green synthesis of stable and targeting 197AuNPs and
radioactive 198AuNPs as theranostic agents and model ii) the 2nd model: development of DOTABBN conjugated natural polymeric nanoparticle and nanogels for proper radiolabeling. For the
1st model, effective green synthesis of AuNPs using water-soluble chitosan and its gallate
derivative nanoparticle as reducing, stabilizing and targeting template were successfully carried
out. The AuNPs with Au-core and hydrodynamic sizes (DH) of 20 ± 9 nm and 40-60 nm,
respectively. AuNPs prepared in chitosan nanoparticle template are stable in the biological
media (Csy, His, BSA, HAS, NaCl, and PBS pH 5, 7 and 14). AuNPs internalized into prostate
cancer cells (i.e., PC-3 and LNCaP). The synthesized AuNPs effectively killed the prostate
cancer cells efficiently with the IC50 in the range of 3-60 ug/mL depending on types of NPs,
cancer cell types and incubation times. In addition, the developed DOTA-BBN conjugated
natural polymer also effectively create radioactive 98AuNPs with very high stability up to 7
half-lives (~18 days). The work regarding biological test of the AuNPs has been successfully
performed in collaboration with the United States of America (USA) and will be strengthen for
sustainable development. For the 2nd model, the prototypes of DOTA-BBN conjugated watersoluble chitosan, silk fibroin, amphiphilic core-shell chitosan nanoparticles, and PAA-PEO
nanogels were developed, characterized and provided to the member states (i.e., Mexico, Italy,
Egypt, and Pakistan) for radiolabeling (177Lu and 68Ga) and biological testing. The coordinated
researchers have taken their efforts based on their experience in radiolabeling to work with our
new DOTA-BBN conjugated NPs. The results and achievement bring us to move forward to
the additional challenge of the development of DOTA-BBN conjugated polymeric NPs as
nanocarriers for efficient radiopharmaceuticals approach.
Subhani M. Okarvi from Saudi Arabia attended as a cost-free observer for this CRP. The
focus of his research encompasses research and development of tumor targeting peptides enable
conjugation of nanobodies constructs for potential clinical use. Chemotherapy is the basic
procedure to treat advanced or metastatic prostate cancer. The major drawback of traditional
chemotherapy is non-selectivity and non-specificity of chemotherapeutic agents, resulting in
toxic side-effects. Targeted tumor therapy is a new approach intended to increase therapeutic
efficacy of systemic chemotherapy and reducing its side-effects. In this emerging molecular
imaging technique, bioactive molecules (i.e., tumor specific peptides or monoclonal antibodies)
direct anticancer agents specifically to the tumor lesions thus preventing the destruction of
healthy tissues. Peptides and nanoparticles-based radiopharmaceuticals are currently gaining
clinical interest for tumor receptor imaging and targeted radionuclide therapy due to the
overexpression of peptide receptors on various human cancer cells that can serve as molecular
targets for selective targeting of malignant cells. For targeted radionuclide therapy, peptides
possess desirable properties as drug delivery vectors including efficient clearance from the
blood and nontarget tissues, high accumulation in target tissue, easy preparation and wellestablished radiolabeling chemistry.
Molecular imaging approach typically involves the conjugation of a drug to a targeting probe
that specifically binds to a protein receptor overexpressed on cancer cells. Most recently, the
development of targeted nanotherapeutics promises to facilitate the delivery and accumulation
of drugs specifically to tumors that overexpress respective receptors. One of the main problems
associated with nanotherapeutics is that they can target the same cell surface protein on healthy
cells or non-specifically accumulate in lymph nodes, liver and spleen. Additionally, circulating
macrophages and other immune system cells can accumulate a significant amount of this
nanotherapeutics, inducing possible cell death and affecting the immune system. This non14

selective cytotoxicity can be minimized by using the receptor-binding peptide (i.e., Bombesin)
as a vehicle to carry the peptide-nanotherapeutic conjugate specifically to tumor lesions without
significantly destroying healthy tissues. For these reasons, a peptide-nanoparticle conjugate that
specifically targets tumors via unique cancer cell-surface receptors would result in an improved
therapy for cancer. A typical design of the target specific radiolabeled nanoparticle is
graphically presented in Fig 9.
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FIG 9. Schematic overview of developing a radiolabeled nanoconstruct for tumor targeting

Kattesh V Katti from the United States of America has completed all experimental and
theoretical studies relating to investigations on prostate tumor therapy using tumor specific
radioactive gold nanoparticles (Au-198) –Fig 10 shows its physical characteristics–
functionalized with Mangiferin (MGF). Production and full characterization of MGF-198AuNPs are described in the full report. In vivo therapeutic efficacy of MGF-198-AuNPs,
through intratumoral delivery, in SCID mice bearing prostate tumor xenografts are described.
Singular doses of the nano-radiopharmaceutical (MGF-198-AuNPs) resulted in over 85%
reduction of tumor volume as compared to untreated control groups.

FIG 10. Schematic overview of physical characteristics of Au-198 nanoconstruct
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The excellent anti-tumor efficacy of MGF-198-AuNPs are attributed to the retention of over
90% of the injected dose within tumors for long periods of time. The retention of MGF-198AuNPs is also rationalized in terms of the higher tumor metabolism of glucose which is present
in the xanthanoid functionality of MGF. Limited/no lymphatic drainage of MGF-198-AuNPs
to various non-target organs is an attractive feature presenting realistic scope for the clinical
translation of MGF-198-AuNPs in for treating prostate cancers in human patients. The
comparative analysis of MGF-198-AuNPs with other radioactive gold nanoparticles,
functionalized either with epigallocatechin gallate (EGCG) or the Gum Arabic (GA), has
revealed significantly superior tumoricidal characteristics of MGF-198-AuNPs, thus
corroborating the importance of the tumor-avid glucose motif of MGF. Oncological
implications of MGF-198-AuNPs as a new therapeutic agent for treating prostate and various
solid tumors are described in the full report.
In order to estimate the tumor and local tissue doses in MGF-198-AuNPs for prostate cancer
radiotherapy, we have undertaken Monte-Carlo N-Particle code calculations. The overall
objective of this investigation was to estimate the dose distribution delivered by radioactive
gold nanoparticles (198AuNPs or 199AuNPs) to the tumor inside the human prostate as well as
to the normal tissues surrounding the tumor using Monte-Carlo N-Particle code (MCNP-6.1.1
code).
According to the MCNP results,198AuNPs are a promising modality to treat prostate cancer and
other solid cancers and 199AuNPs could be used for imaging purposes.
In summary, the preclinical therapeutic efficacy studies and the detailed toxicity studies of
MGF-198-AuNPs provide compelling evidence for the clinical translation of this
nanotherapeutic agent for use in treating prostate and related solid tumors in human patients.
Therefore, future studies will focus on clinical trials of MGF-198-AuNPs, in various member
countries of this CRP, in order to seek approval from regulatory agencies (FDA) for the utility
of this new nanomedicine agent in oncology.
Summary
A detailed summary of the progress review can be found in Table 1.
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

MCF-7
Singapore
Done

/
/

Mice / Malaysia,
Pakistan / Done

Chitosan-g-PEI-FA

Iran / Done

Sm-153 / Iran /
Done

MCF-7, 4T1 /
Iran / Done

Mice (4T1) / Iran /
Done

Trimethyl-Chitosan-BBNDOTA

Iran / Done

Ga-68 / Iran /
Done

T-47D / Iran /
Done

Mice (T-47D) /
Iran / Done

Dendrimers(AuNP)-FADOTA-BBN

Mexico/Done

Lu-177 / Mexico /
Done

PC-3
Mexico
Done

Mice(PC3)
Mexico / Done

/
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/
/

/

Platform

Nanogels

Product

Production
labs / status

Radiolabeling:
isotope
/
partner / status

In
vitro:
model
/
partner /
status

In vivo: model /
partner / status

DOTADendrimers(Paclitaxel)BBN

Mexico/Done

Lu-177 / Mexico /
Done

MDAMB231
Mexico
Done

Mice(MDAMB231) / Mexico /
Done

Chitosan-DOTA-BBN

Thailand / Done

Au-197, 198 /
Thailand, USA/
Done
Ga-68 / Egypt /
Done
Lu-177 / Pakistan /
Done

Prostate
cancer / USA
/ Done
3T3, MCF-7,
Hela
/
Pakistan/
Done

Mice / Egypt/
Done
Rabbits / Pakistan/
Done

Silk fibroin-DOTA-BBN

Thailand / Done

Au-197, 198
/
Thailand, USA /
Done
Ga-68 / Pakistan /
Done

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

Rabbits / Pakistan /
Done

Chitosan – gallic acid

Thailand / Done

Au-197, 198
/
Thailand, USA/
Done

Prostate
cancer / USA
/ Done

Hyaluronic
(Metrotexate)

Mexico / Done

Lu-177 / Mexico /
Done

RAW264.7 /
Mexico
/
Done

P(LA-GLA)-DOTA-BBN

Mexico / Done

Lu-177 / Mexico /
Done

T47D
Mexico
Done

C11-PEG-dendrimer

Italy-Padova
Done

PEO-PAAc / Folic acid

Egypt / Done

Tc-99m / Egypt /
Done

WI-38
/
Egypt / Done

Mice/
Done

PVP-co-AA-DOTA-BBN

Italy–Palermo /
Done

Lu-177 and Y-90 /
Poland-Polatom /
Done

Bare NG /
ItalyPalermo
/
Done
AR42J
/PolandPolatom
/
Done

Bare NG / ItalyPalermo / Done
Rats and mice
(AR42J) / PolandPolatom / Done

PAA-DOTA-BBN

Poland–Lodz /
Done
(alternative
method
–
Ongoing)

Y-90, Lu-177 /
Poland-Polatom /
Done
Lu-177 / Mexico /
Done
Lu-177 / ItalyPadova / Done

Thailand / Done

Lu-177 / Mexico /
Done
Lu-177 / ItalyPadova / Done

Acid-PLGA

PAA-PEO IPC
DOTA-BBN

Nanogel-

/
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/
/

/
/

Mice
(micrometastic
model) / Mexico /
Done

Tc-99m / ItalyPadova / Done
Egypt

/

Mice (AR42J) /
Poland-Polatom /
Done

Platform

Protein

Inorganic
NPs

Product

Production
labs / status

Radiolabeling:
isotope
/
partner / status

In
vitro:
model
/
partner /
status

In vivo: model /
partner / status

Albumin nanoconstruct /
Albumin
nanoconstructDOTA-BBN

Argentina
/Done

Lu-177 / Pakistan /
Done
Ga-68 / Pakistan /
Done
Tc-99m
/
Argentina / Done

PC-3
Argentina
Done

/
/

Rabbits / Pakistan /
Done

Albumin
and
nanoconstructs

Brazil / Done

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

PC-3 / Brazil
/ Done

Rabbits / Pakistan /
Done
Mice / Brazil /
Done
Rats / Brazil /
Done

Tumor-antigens-derived
peptides

Saudi Arabia /
Done

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

MCF7,
MDAMB241
/
Saudi Arabia
/ Done

Mice
/
Saudi
Arabia / Done

Albumin
decorated
BBN

Argentina
Done

Ga-68, Lu-177 /
Pakistan, PolandPolatom
/
Ongoing

PC-3, NCIH460
/
Argentina /
Done

papain

multilayerAuNPs-DOTA-

/

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

Brazil / Done

Au-198 / Brazil /
Done

PC-3 / USA /
Done

Rabbits / Pakistan /
Done
Zebrafish / Brazil /
Ongoing

HGCG
loaded

Dox

Egypt / Done

Tc-99m / Egypt /
Done

MCF-7
/
Egypt / Done

Mice / Egypt /
Done

acid

Egypt/ Done

Tc-99m / Egypt /
Done

WI-38
/
Egypt / Done

Mice / Egypt /
Done

stabilized,

AuNPs decorated

Gallic

AuNPs decorated

Arabinoxylan

Pakistan / Done

Au-198 / Pakistan
/ Done

MTT assays /
Pakistan
/
Done

Rabbits (Au-198) /
Pakistan / Done

Glucoxylan

Pakistan / Done

Au-198 / Pakistan
/ Done

MTT assays /
Pakistan
/
Done

Rabbits (Au-198) /
Pakistan / Done

AuNPs – Chitosan / Lipoic
Acid /oligoAA decorated

Poland – Lodz /
Done

AuNPs - Mangiferin, EGCG
and Gum Arabic decorated

USA, Brazil /
Done

Au-198 (Brazil,
USA) and Au-199
(USA) / Done

PC3
USA
/Brazil,
Mexico
/
Done

Mice
(Breast/Prostate
tumor) / USA /
Done
Zebrafish / USA /
Done

AuNPs - Mab-decorated

Italy-Padova
Done

Lu-177 / Mexico /
Done

PSCA-MS /
Italy-Padova
/ Done

Mice (pancreatic
tumor)/ Mexico /
Done

Iron NPs - PEG decorated

Egypt / Done

Tc-99m / Egypt /
Done

WI-38
/
Egypt /Done

Mice / Egypt /
Done

AuNPs
decorated

/

18

Platform

Product

Production
labs / status

Radiolabeling:
isotope
/
partner / status

In
vitro:
model
/
partner /
status

In vivo: model /
partner / status

Selenium NPs -glutathion
decorated

Egypt / Done

Tc-99m /Egypt /
Done

WI-38
/
Egypt /Done

Mice / Egypt /
Done

Silver NPs -PEG decorated

Egypt / Done

I-131
Done

WI-38
/
Egypt /Done

Mice / Egypt /
Done

/

Egypt/

Conclusions and recommendations
1. The participants suggested the initiation of a new CRP for completeion of preclinical
studies of the selected nanoconstructs (with focus on Ga-68, Lu-177 and Au-198
radionuclides)
2. The participants emphasized the initiation of a new CRP on one selected nanoconstruct
fom this CRP (MGF 198AuNPs), with completed preclinical results, through IAEA
NAHU, nuclear medicine section.
3. Instant initiation of an IAEA publication on the ‘Developement of radiolabled
nanoparticles for theranostic applications’ as an outcome of this CRP with the help of
the participants and world-class scientists.
4. Preparation of an IAEA publication on ‘Guidelines on the development of human
tumour models for preclinical studies of radiopharmaceuticals.’
5. A new activity on the clinical evaluation of chemical and radiation produced 99mTcNanocolloids for sentinel node scintigraphy through IAEA, NAHU, nuclear medicine
section.
6. The participants agreed the report to be kept confidential among the participants and not
to be shared publically. As soon as the participants announce their willingness for public
access, the scientific secretary will initiate publishing the report as a ‘working material.’
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ANNEX I: ABSTRACTS
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I.1. ARGENTINA
Nanomedicines, especially in round shape particles or nanoparticles (NPs), are studied for
application in the field of diagnosis and treatment of cancer. It is expected that this novel
nanomaterials will have an improved degree of specificity to tumour cells through interaction
with cell surface receptors. Noble metal nanoparticles have high biology oriented applications,
especially the use of gold nanoparticles for their proprietary stabilising conditions for use
applications requiring harsher conditions. In this report it is described as a novel hybrid NPs
(HNPs), containing a gold core and a multilayer of albumin stabilised by the radiation-induced
crosslinking method. HNPs are decorated with a DOTA-Bombesin synthetic peptide in order
to address cancer cells which overexpress GRP receptors. Flow cytometry analysis and confocal
microscopy were applied for study the in-vitro specific interaction of these nanoconstructs to
PC-3 and NCI-H460 cell lines. It was demonstrated that the peptide decoration is required for
the HNP uptake and that the internalisation process is energy dependent.
I.2. BRAZIL
Protein-based nanoparticles have attracted attention as vehicles to deliver radioactivity to tumor
cells for external imaging and targeted radiotherapy also as drug delivery chemotherapeutics.
The aim of the present work was the study of labeling of biomaterials, specifically BSA and
papain nanoparticles with 99mTc and characterize their in vitro and in vivo properties as a
potential nano-radiopharmaceuticals. The nanoparticles were synthesized with an average
diameter of 9.3 ± 1.9 and 25.1 ± 2.9 nm, P-NPs and BSA-NPs respectively. The direct labeling
of protein nanoparticles with 99mTc was done, including the optimization of these labeling and
biological studies. The radiochemical yields were approximately or greater than 95%. 99mTcBSA-NPs showed to be stable for 24h in all conditions while 99mTc-P-NPs showed good
stability for 6h in human serum. Radiolabeled P-NPs were localized mainly in spleen, lungs
and present a renal excretion profile. Whereas radiolabeled BSA nanoparticles were found in
liver and spleen showing hepatic excretion as the main route. Ex vivo biodistribution also
showed good tumor uptake for both nanoparticles and SPECT/CT images corroborated with
these results. The data obtained with immunohistochemistry assays and autoradiographic
studies revealed a high density of papain and BSA nanoparticles in peripheral regions of tumor
tissues and confirm the efficacy of the formulation for breast cancer target.
I.3. EGYPT
Na99mTcO4-encapsulated polyethylene glycol capped iron oxide nanoparticles was evaluated as
tumor imaging radiopharmaceutical. It was synthesized with hydrodynamic size 52 nm, zeta
potential -28 mV, radiolabeling yield 96 %, high degree of in-vitro stability in saline and mice
serum, and no cytotoxic effect on normal cells (WI-38 cells). Na99mTcO4-encapsulated MIONPs
biodistribution showed high tumor radioactivity accumulation 72.61 % ID/g by IT.
Polyethylene glycol capped silver nanoparticles doped with I-131 radionuclide were prepared
with average hydrodynamic size 21 nm, zeta potential – 25 mV, radiolabeling yield 98 ± 0.76 %,
and showed good in-vitro stability in saline and mice serum. The in-vitro cytotoxicity study of
cold Ag-PEG NPs formula showed no cytotoxic effect on normal cells (WI-38 cells). The invivo biodistribution pattern of 131I-doped Ag-PEG NPs showed high radioactivity accumulation
in tumor tissues with maximum uptake of 63.75 ± 1.3 % ID/g at 15 min post intratumoral
injection (I.T.). Great potential of T/NT ratios were obtained throughout the experimental time
points. An innovative approach to prostate tumor therapy using tumor specific radioactive gold
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nanoparticles (198Au) functionalized with Mangiferin (MGF). The comparative analysis of
MGF-198AuNPs with other radioactive gold nanoparticles, functionalized either with
epigallocatechin gallate or the Gum Arabic, has revealed significantly superior tumoricidal
characteristics of MGF-198AuNPs, thus corroborating the importance of the tumor-avid glucose
motif of MGF. Oncological implications of MGF-198AuNPs as a new therapeutic agent for
treating prostate and various solid tumors were conducted. 99mTc-Fe-NP, 131I-Ag-NP and 198AuNP were designed prepared and evaluated as potential molecular imaging/therapeutic probes
for solid tumor.
I.4. IRAN
Nowadays, nanoparticles are attracted much attention in biomedical imaging due to their unique
magnetic and optical characteristics. Superparamagnetic iron oxide nanoparticles (SPIONs) are
the prosperous group of NPs with the capability to apply as magnetic resonance imaging (MRI)
contrast agents. Radiolabeling of targeted SPIONs with positron emitters can develop dual
PET/MR imaging agents to achieve better diagnose clinical conditions.
In this work, trimethyl chitosan (TMC)-coated magnetic nanoparticles (MNPs) conjugated to
S-2-(4-Isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid (DOTA) as a
radioisotope chelator and bombesin (BN) as a targeting peptide (DOTA-BN-TMC-MNPs) were
prepared and validated using FTIR, TEM, TGA, VSM, and PXRD tests. Final nanoparticles
were radiolabeled with gallium-68 (68Ga) and evaluated in vitro and in vivo as a potential
PET/MR imaging probe for breast cancer detection.
The DOTA-BN-TMC-MNPs with a particle size between 20 to 30 nm were efficiently labeled
with 68Ga (radiochemical purity higher than 98% using TLC). The radiolabeled nanoparticles
showed insignificant toxicity (more than 74% cell viability) and high affinity (IC50= 8.79
µg/mL) for the gastrin-releasing peptide (GRP)-avid breast cancer T-47D cells using
competitive binding assay against 99mTc-HYNIC-GABA-Bombesin (7-14). PET and MR
imaging showed visible uptake of nanoparticles by T-47D tumors in xenograft mouse models.
Finally, 68Ga-DOTA-BN-TMC-MNPs can be a potential diagnostic probe to detect breast
cancer using PET/MR imaging technique.
I.5. ITALY - PADOVA
Poly(D,L-lactide-co-glycolide) acid (PLGA) nanoparticles have recently generated special
interest in the field of cancer treatment due to their ability to encapsulate drugs and smart release
them by a nanoparticle biodegradation system activated by pH changes. Paclitaxel (PTX), a
first-line drug for cancer treatment, is well known for is poor bioavailability and severe side
effects. The aim of this work was to synthesize and chemically characterize a novel polymeric
nanosystem loaded with PTX as a model drug, and decorated with 177Lu-Bombesin (177Lu-BN)
to target GRPr overexpressed in some cancer cells, to evaluate and optimize its performance as
targeted controlled-release drug delivery systems.
PLGA nanoparticles loaded with PTX (PLGA(PTX)) were synthesized using the single
emulsification-solvent evaporation method with PVA as a stabilizer. Thereafter, PLGA
carboxylic groups were activated for BN decoration through the Lys1-amine group. PLGA(PTX)
chemical characterization was carried out by: 1) Dynamic Light Scattering (DLS) to determined
its hydrodynamic diameter and zeta potential, 2) Scanning Electron Microscopy (SEM) to study
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its morphology 3) Transmission Electron Microscopy (TEM) to confirm its relative size and
morphology by and 4) Infrared Spectroscopy to demonstrated the existence of BNPLGA(PTX). Results of characterization demonstrated the synthesis of BN-PLGA(PTX)
targeted controlled-release drug delivery systems with a hydrodynamic diameter of
163.54±33.25 nm and a paclitaxel entrapment efficiency of 92.8±3.6%. The nanosystem
showed an adequate controlled release of the anticancer drug, which increased significantly
when the pH change from neutral (pH=7.4) to the acidic conditions (pH=5.3) of the tumor sites.
During the first 48 h at pH 5.3, almost 80% of the paclitaxel was released. After labeling with
177
Lu and purification by ultrafiltration, 177Lu-BN-PLGA(PTX) was obtained with a
radiochemical purity of 99±1%. Studies of cellular uptake, internalization and effect on cell
viability, carried out in MDA-MB-231 breast cancer cells (GRPr-positive), demonstrated the
177
Lu-BN-PLGA(PTX) specific uptake. In addition, it was found that compared with the
unlabeled BN-PLGA(PTX) nanoparticles the 177Lu-BN-PLGA(PTX) produce higher
cytotoxicity due to the synergic chemotherapeutic and radiotherapeutic effects. Using a
pulmonary micrometastasis MDA-MB-231 model, the added value of 177Lu-BN-PLGA(PTX)
for tumor imaging was confirmed. It was concluded that 177Lu-BN-PLGA(PTX) is suitable
targeted paclitaxel delivery system with concomitant radiotherapeutic effect for the treatment
of GRPr-positive breast cancer.
I.6. ITALY-PALERMO
The research activities carried out during the last term of the CRP have been devoted to (i)
synthetize a second generation of ionizing radiation-engineered PVP-based nanogels able to
conjugate targeting ligands and macrocyclic chelators for radioactive ions, with potentially
enhanced tissue-specific accumulation and reduced liver uptake; (ii) further clarify the
mechanism of nanogel formation in order to increase the confidence on the nanogels
manufacturing process, enable product development and process optimization.
To the first aim, nanogel particles with smaller size, more or more accessible carboxyl groups
have been synthetized. In particular, we have increased the concentration of acrylic acid added
to the PVP solution and we have used 3-butenoic acid (BA) instead of acrylic acid (AA) as
functionalizing monomer. The produced nanogels have been characterized for their size,
molecular weight and functional groups concentration and bio-conjugated with BombesinDOTA.
The variant produced with the higher content of AA showed appreciably smaller average
hydrodynamic diameter (ca. 46 nm) than the one previously selected for bio-conjugation (ca.
76 nm) and similar yields of the bio-conjugation reaction. The variant produced with BA has a
comparable hydrodynamic size but higher shape factor (Rg/Rh ratio), suggesting a more
elongated structure. Also, this variant has been conjugated to Bombesin-DOTA with the same
efficiency as the other ones. In all cases, we have a 10-15 % increase of the hydrodynamic
diameter upon bio-conjugation and approx. 20 bombesin-DOTA peptides attached to the
nanogel. It has been agreed with Polatom that this second generation of DOTA-BBN-NG
nanogels will be radiolabeled and evaluated both in vivo, after a preliminary evaluation in vitro.
To the second aim, we have combined systematic experimental studies of ionizing radiation
induced PVP nanogel syntheses from dilute aqueous solutions with the numerical simulations
of the kinetics of radiation chemistry of aqueous polymer solutions exposed to a sequence of
electron pulses. The numerical simulations are based on a deterministic approach encompassing
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the conventional homogeneous radiation chemistry of water and the chemistry of polymer
radicals. Both experiments and numerical simulations have been performed for initially airsaturated systems as well as for initially N2O-saturated systems.
The analysis of the results of the experiments in combination with those of the simulations
reveal new insights about the crucial role of transient O2 concentration in N2O-saturated
systems as well as on the impact of initially present O2 in air-saturated systems. The kinetic
model and related simulation code developed can also be applied to qualitatively predict the
influence of the variety of irradiation and system parameters on the nanogels molecular
architecture.
I.7. MALAYSIA
The aim of this project is to provide significant improvement in the delivery of diagnostic and
therapeutic agents through the use of nanotechnology. The ability of nanosized, radioactive and
targeted nanomaterials to deliver optimum therapeutic payloads as well as diagnostic imaging
contrast, at tumor sites, addresses the most important 'unmet clinical need' in medicine.
Nanoscale therapeutic systems have emerged as novel therapeutic modalities for cancer
treatment and are expected to lead to major advances in cancer detection, diagnosis and
treatment. At Nuklear Malaysia covalently cross-linked nanogel for PEG-DA (polyethylene
glycol-diacrylate) using an inverse micelle system for irradiation with electron beam has been
developed. Nanogels are nanometer sized hydrogel nanoparticles (<100 nm) with threedimensional networks of cross-linked polymer chains. They have attracted growing interest
over the last several years owing to their potential biomedical applications such as drug delivery
systems (DDS) and bioimaging. In addition as part of an international collaborative project to
develop new diagnostic and therapeutic nanoceuticlas we will also be evaluating the suitability
of other agents from our international partners. Poly Lactic-co-Glycolic Acid (PLGA)
nanoparticles was provided by our collaborators from Nanyang Technological University,
Singapore. At the conclusion of this project, we found that PLGA’s can be functionalized with
targeting ligands. Being amenable to chelator conjugation to radiometals such as gallium-68
and lutetium-177 allows imaging and therapeutic application of the nanoconstruct to be
explored. Conjugation reactions has been optimized and radiolabelled products has been found
to be stable over the study period. Furthermore, it was determined that the harsh labelling
conditions did not affect the physical properties of the nanoconstruct.
I.8. MEXICO
A new class of smart theranostic radiopharmaceuticals based on PLGA nanoparticles was
developed. 177Lu-Bombesin-PLGA(Paclitaxel) was designed, characterized and evaluated as a
targeted controlled-release nanomedicine for bimodal therapy of breast cancer. The 177Lu-BNPLGA(PTX) nanomedicine was suitable as a targeted paclitaxel delivery system with
concomitant radiotherapeutic effect for the treatment of GRPr-positive breast cancer.
The preparation and in vitro evaluation of radiolabeled HA-PLGA nanoparticles as novel MTX
delivery system for local treatment of rheumatoid arthritis was also successfully performed.
The therapeutic nanosystem was based on bi-modal mechanisms using MTX as a diseasemodifying antirheumatic drug (DMARD) and 177Lu as a radiotherapeutic component. The
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I.9. PAKISTAN
Being a Coordinated Resaerch Project, Pakistan collaborated with Argentina, Brazil, Singapore
and Thailand. As a result, we developed radiolabeling technique of papain NP’s with Tc-99m
and tested its biocompatibity in rabbit animal models. Furthermore, we also developed
bioconjugation of gold-albumin NP’s with DOTA-bombesin, radiolabeled it with 177Lu/68Ga
and tested the biological compatibility of novel radio-bioconjugate in rabbit animal models.
The radiolabeled nano bioconjugates were developed by using 177Lu/68Ga on various
compounds, e.g., DOTA-BBN, PEGMA-DCWSCS-DOTA-BBN, WSSF-DOTA-BBN,
WSCS-DOTA-BBN and PLGA-DOTA-BBN and again tested their biological compatibility in
rabbit and mice animal models. The radiolabeling yield in most cases was >90%. We also
conjugated DOTA-BBN with albumin-gold NPs received from Argentina and characterized the
novel nanoconstruct on UV/Vis spectrometer. There was only one peak received at 280 nm
showing conjugation of biomolecule with albumin-gold nanoparticles. Furthermore, Pakistan
tested the cytotoxicity of novel nano constructs by using 3T3 and Hela cells. The binding
affinity with gastrin-releasing peptide (GRP) receptor was tested by using PC-3 which was
found in nanomolar range. The clinical potential of these radiolabeled nano bioconstructs was
ultimately evaluated in tumor-bearing mice that showed siginificant uptake in tumor xenografts.
These findings clearly demonstrate that the novel radiolabeled nanoconstructs developed during
this CRP have great potential to be further evaluated as feasible tumor-seeking agents.
I.10. POLAND-IARC
Radiation-based synthesis, characterization and delivery to Project Partners of chemically
decorated (with bombesin-DOTA moieties) polymer nanogels as carriers for radioisotopes.
Studies on the radiation synthesis of poly(acrylic acid) (PAA) nanogels have been performed
to enhance our understanding of the process and to establish relationships between the synthesis
parameters and product properties. An optimized procedure has been elaborated and PAA
nanogels have been synthesized and characterized, to be used in further steps of this study. After
preliminary tests of the coupling procedure on a model compound, two methods, A and B
(described in more detail in the report) have been developed to link bombesin-DOTA molecules
to PAA nanogels. Further tests have demonstrated that method A is more practical, thus it was
selected as the main synthetic procedure. The obtained nanogels coupled with bombesin-DOTA
have been characterized to determine their chemical structure and selected physicochemical
properties. These products have been sent to the partners in Italy, Mexico and Poland (Polatom).
Partners from Italy and Mexico reported problems encountered when processing the lyophilized
products, mainly related to insufficient solubility. Polatom has successfully performed
radioisotope binding tests, which were followed by preliminary animal study. Some limited
uptake (increasing in time for 24 hours) of the products by the pancreatic tumor tissue has been
observed, in particular for samples injected by the intravenous way. The fact that the uptake is
relatively low may be caused by too large size of the product in the physiological conditions.
Data seem to indicate also another problem related to potential non-selective binding of
radioactive isotope ions by carboxylate groups. Finally, further solubility studies have been
performed in an attempt to address the problems encountered by partner labs in Italy and
Mexico
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I.11. POLAND - POLATOM
The team of Poland-Polatom focused on the development of conditions for radiolabelling of
selected nanoparticles and on in vitro and in vivo evaluation of the radiolabelled nanosystems.
For the labeling we were using locally produced, pharmaceutical grade 177Lu (c.a) and 90Y
(n.c.a) while the solution of 68Ga was coming from the commercial generator 68Ge/68Ga. In
setting of the experiments for radiolabeling we were focused on achieving the high
radiolabeling yield and high specific activity, needed for in vitro and in vivo studies. Where
applicable, the radiolabeled nanosystems were used without purification, however in some
cases additional purification from the non-bound radionuclide was also involved. Established
protocols were employed for the in vitro binding and internalization studies in rat pancreatic
AR42J cells. Pre-clinical Investigations Laboratory at Polatom is licensed to carry out studies
in rodents. Personnel of the laboratory is educated and trained to perform experiments
respecting the rules of animal welfare. All experiments are conducted in accordance with Polish
and EU law including the guiding principles of 3R’s. For the CRP needs our in vivo studies
were conducted in two animals’ models: normal Wistar rats and the tumor model using female
BALB/c Nude (CAnN.Cg-Foxn1nu/Crl). Extensive collaboration was carried out with Clelia
Dispenza and her team from Palermo, Italy, Piotr Ulanski and his group from Poland-IARC and
Mariano Graselli from Argentina.
I.12. SINGAPORE
Nanotechnology has found its presence in many industries and applications, and one such
promising application is in the biomedical arena. It has been exploited for the development of
nanomedicine, for drug delivery and bioimaging purposes. For example, drug delivery in the
form of nanomedicine utilizes nano-sized particles to transport and release pharmaceutical
compound into the body, to achieve the most desirable therapeutic outcome and in the safest
possible manner. In this CRP, we developed polymeric, biodegradable, nanoparticles composed
of poly(L-lactide-co-glycolide) (PLGA). These nanoparticles were functionalized with DOTAbombesin and rigorously characterized. The spherical nanoparticles were observed to be
approximately 120 nm in size, with bombesin conjugated onto the surface. The nanoparticles
were sent to another member country, Malaysia (Dr Siti Najib), and were further evaluated for
labelling and animal studies.
I.13. THAILAND
Progress in two models of polymeric nanoparticles (NPs) conjugated with DOTA-BBN as
radiopharmaceuticals and targeting nanocarriers is proposed. The overall development works
includes i) developed and characterized nanoparticles (NPs), ii) developed protocol for DOTABBN conjugation and characterization and quantitative analysis, iii) observed performance of
the obtained NPs, such as change of NPs properties, kinetic stability, in vitro stability in
biological media, cytotoxicity with cancer cell lines (e.g., PC-3 and LNCaP), and cellular
internalization of the NPs with and without DOTA-BBN conjugation. The development of NPs
was carried out in the country and the performance of the NPs in terms of radiolabeling and
biological testing were collaborated with the member state though exchange students, sample
contribution and discussion. There two main routes of the developments, i.e., i) development
of the DOTA-BBN conjugated natural polymers for green and ready synthesis of stable and
targeting 197AuNPs and radioactive 198AuNPs as theranostic agents and ii) development of
DOTA-BBN conjugated natural polymeric nanoparticles and nanogels for proper radiolabeling.
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For the 1st strategy, we successfully develop water soluble chitosan (WSCS) and water-soluble
chitosan gallate (WSCS-GA) derivative nanoparticles and their conjugation with DOTA-BBN
to obtain WSCS-DOTA-BBN and WSCS-GA-DOTA-BBN, respectively. Effective green
synthesis of AuNPs using the conjugated polymer nanoparticle template as reducing, stabilizing
and targeting agent were successfully carried out. WSCS-GA-DOTA-BBN NPs exhibited great
reducing power and stabilizing efficiency to create stable AuNPs. The Au-core and
hydrodynamic sizes (DH) of AuNPs prepared in WSCS-DOTA-BBN are 70 nm and 20 ± 9 nm,
respectively and the surface charge is in the range of ±25 to ±30 mV. In the case of AuNPs
prepared in WSCS-GA-DOTA-BBN, the AuNPs is quite stable with Au-core size of ~20 nm
and the DH of 50 nm (~40-60 nm). AuNPs/ WSCS-GA-DOTA-BBN exhibited very stable in
all biological media (Csy, His, BSA, HAS, NaCl, and PBS pH 5, 7 and 14), whereas
AuNPs/WSCS-DOTA-BBN are stable in Csy, HAS, BSA and His. It was significantly found
that AuNPs internalized into prostate cancer cells (i.e., PC-3 and LNCaP) and they killed the
cancer cells with the IC50 in the range of 3-60 ug/mL depending on types of NPs, cancer cell
lines and incubation times. In addition, the developed DOTA-BBN conjugated natural polymer
also effectively create radioactive 198AuNPs with very high stability up to 7 half-lives (~18
days). The work regarding to the 1st model have been successfully performed in collaboration
with USA and will be strengthen for sustainable development. For the 2nd model, the prototypes
of DOTA-BBN conjugated water-soluble chitosan polysaccharide, silk fibroin polypeptide,
amphiphilic core-shell chitosan nanoparticles, and PAA-PEO nanogels were developed and
provided to the member states (i.e., Mexico, Italy, Egypt, and Pakistan) for radiolabeling (177Lu
and 68Ga) and biological testing. The coordinated collaborators have taken their own efforts
based on their experience in radiolabeling to work with our new DOTA-BBN conjugated NPs.
The results and achievement bring us to move forward to additional challenge of the
development of DOTA-BBN conjugated polymeric NPs as nanocarriers for efficient
radiopharmaceuticals approach.
I.14. UNITED STATES OF AMERICA
We have completed all experimental and theoretical studies relating to investigations on
prostate tumor therapy using tumor specific radioactive gold nanoparticles (Au-198)
functionalized with Mangiferin (MGF). Production and full characterization of MGF-198AuNPs are described in the full report. In vivo therapeutic efficacy of MGF-198-AuNPs,
through intratumoral delivery, in SCID mice bearing prostate tumor xenografts are described.
Singular doses of the nano-radiopharmaceutical (MGF-198-AuNPs) resulted in over 85%
reduction of tumor volume as compared to untreated control groups. The excellent anti-tumor
efficacy of MGF-198-AuNPs are attributed to the retention of over 90% of the injected dose
within tumors for long periods of time. The retention of MGF-198-AuNPs is also rationalized
in terms of the higher tumor metabolism of glucose which is present in the xanthanoid
functionality of MGF. Limited/no lymphatic drainage of MGF-198-AuNPs to various nontarget organs is an attractive feature presenting realistic scope for the clinical translation of
MGF-198-AuNPs in for treating prostate cancers in human patients. The comparative analysis
of MGF-198-AuNPs with other radioactive gold nanoparticles, functionalized either with
epigallocatechin gallate (EGCG) or the Gum Arabic (GA), has revealed significantly superior
tumoricidal characteristics of MGF-198-AuNPs, thus corroborating the importance of the
tumor-avid glucose motif of MGF. Oncological implications of MGF-198-AuNPs as a new
therapeutic agent for treating prostate and various solid tumors are described in the full report.
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In order to estimate the tumor and local tissue doses in MGF-198-AuNPs for prostate cancer
radiotherapy, we have undertaken Monte-Carlo N-Particle code calculations. The overall
objective of this investigation was to estimate the dose distribution delivered by radioactive
gold nanoparticles (198AuNPs or 199AuNPs) to the tumor inside the human prostate as well as
to the normal tissues surrounding the tumor using Monte-Carlo N-Particle code (MCNP-6.1.1
code). According to the MCNP results,198AuNPs are a promising modality to treat prostate
cancer and other solid cancers and 199AuNPs could be used for imaging purposes.
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LIST OF CONFERENCE PRESENTATIONS AND ABSTRACTS
Complete list of conference presentations and abstracts of individual CRP members and various
coauthors are listed below:
II.1. ARGENTINA
List of Publications
1. Achilli E, Casajus G, Siri M, Flores CY, Kadłubowski S, Alonso SDV, et al. Preparation of
protein nanoparticle by dynamic aggregation and ionizing-induced crosslinking. Colloids
and Surfaces A: Physicochemical and Engineering Aspects. 2015;486:161-71. doi:
10.1016/j.colsurfa.2015.09.047.
2. Siri M, Grasselli M, Alonso S del V. Albumin-based nanoparticle trehalose lyophilisation
stress-down to preserve structure/function and enhanced binding. Journal of pharmaceutical
and
biomedical
analysis.
2016;126:66-74.
Epub
2016/05/14.
doi:
10.1016/j.jpba.2016.04.037. PubMed PMID: 27174378.
3. Siri M, Achilli E, Grasselli M, Alonso SV. Albumin nanocarriers, γ- irradiated crosslinked,
combined with therapeutic drugs for cancer therapy. Current pharmaceutical design.
2017;23(35):5272-82. doi: 10.2174/1381612823666170615105909
4. Flores CY, H LJM, Achilli E, Schinca DC, Grasselli M. Plasmon properties of multilayer
albumin/gold hybrid nanoparticles. Materials Research Express. 2019;6(5):55005. doi:
10.1088/2053-1591/aaedd8.
5. Flores CY, Achilli E, Grasselli M. Radiosynthesis of Gold/Albumin Core/shell
Nanoparticles for Biomedical Applications. MRS Advances. 2017;2(49):2675-81. doi:
10.1557/adv.2017.527.
6. Flores CY, Achilli E, Grasselli M. Radiation-induced preparation of core/shell gold/albumin
nanoparticles.
Radiation
Physics
and
Chemistry.
2018;142:60-4.
doi:
10.1016/j.radphyschem.2017.02.030.
Publication(s) under review/in process
1. Radiolysis effect of the high proportion of ethanol in the preparation of albumin nanoparticle.
E. Achilli, M. Siri, C.Y. Flores, S. Flor, M. Martinefski, S. Lucangioli, S. del V. Alonso and
M. Grasselli.Radiation Physics and Chemistry, under review manuscript
RPC_2018_199_R1
2. Effect of structure in ionized albumin - based nanoparticle: Characterisation, Emodin
interaction, and in vitro cytotoxicity. M. Siri, J. Fernández Ruocco, E. Achilli, M. Pizzuto,
J.F. Delgado, J-M. Ruysschaert, M. Grasselli, Silvia del Valle Alonso. Journal: Materials
Science & Engineering C MSEC_2019_525. Submitted 19 February 2019.
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Conferences and oral presentations
M. Grasselli
RADIOLYSIS EFFECT ON THE PREPARATION OF CORE/SHELL GOLD/ALBUMIN
NANOPARTICLES
13th International Symposium on Ionizing Radiation and Polymers IRaP (2018)
Moscow, Russia. Aug. 28th, 2018. Oral presentation.
M. Grasselli
‘NANOPARTÍCULAS EN DIAGNÓSTICO IN VIVO Y TERAPIA DEL CANCER’
XXI Congreso Argentino de Medicina Nuclear
Ciudad Autónoma de Buenos Aires, Argentina. 6 y 7 de Diciembre 2018. Invited speaker
C.Y. Flores, E. Achilli, L.J. Mendoza Herrera, D.C. Schinca and M. Grasselli
Guarujá, SP, Brazil, Nov. 27-30, 2017. Invited speaker
PLASMONIC PROPERTIES OF MULTILAYER ALBUMIN/GOLD HYBRID
NANOPARTICLES
1st Pan American Congress of Nanotechnology Fundamentals and Applications to Shape the
Future (PANNANO 2017).
E. Achilli, C.Y. Flores, B. Carvalho Patricio, G. Weismuller, M. Radrizzani, S. del Valle Alonso
and M. Grasselli.
HYBRID PROTEIN-GOLD NANOPARTICLES WITH BOMBESIN FOR IMPROVING
CELL DELIVERY.
14° Congresso da Sociedade Latino Americana de Biomateriais, Orgãos Artificiais e
Engenharia de Tecidos – SLABO
Maresias - SP – Brasil, 20 a 24 de Agosto, 2017. Keynote speaker.
E. Achilli, C.Y. Flores, Siri, M, Alonso, S. del V. and Grasselli, M.
PROTEIN-BASED NANOPARTICLES PREPARED BY RADIATION-INDUCED CROSSLINKING.
International Conference on Applications of Radiation Science and Technology (ICARST)
Vienna, Austria April 24–28, 2017. Invited speaker
M. Grasselli
DISEÑO DE NANOPARTÍCULAS HÍBRIDAS COMO SISTEMAS TERANÓSTICOS
Jornadas de la Sociedad Argentina de Investigación Clínica “Nanotecnología aplicada a las
ciencias biomédicas”.
Facultad de Farmacia y Bioquímica. UBA. 29 de septiembre de 2017. Invited speaker.
M. Grasselli ,Achilli E. 1, Flores C. 1, Mendoza Herrera L.J. 2, Schinca D.C. 2
NANOPARTÍCULAS HÍBRIDAS ORO/ PROTEÍNA PREPARADAS CON RADIACIONES
IONIZANTES
RAFA 102 Reunión de la Asociación Física Argentina
La Plata, 26 al 29 de septiembre de 2017. Oral presentation.
C. Y. Flores, E. Achilli and M. Grasselli*.
RADIATION-INDUCED PREPARATION OF GOLD/ALBUMIN CORE/SHELL
NANOPARTICLES
12th meeting of ionizing radiation and polymers symposium, IRaP
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Peninsula of Giens, Francia. Septiembre, 25-30, 2016. Oral Presentation
M. Grasselli.
NANO ESTRUCTURACIÓN DE PROTEÍNAS INDUCIDA POR RADIACIÓN
IONIZANTE
XVI Encuentro de Superficies y Materiales Nanoestructurados
Ciudad Autónoma de Buenos Aires, 11 al 13 de Mayo de 2016. Invited speaker.
M. Grasselli.
PROTEINS AS BUILDING-BLOCKS OF THERANOSTIC NANOPARTICLES
First Workshop on Green Nanotechnology,
Molecular Imaging, Theranostics,
and Bio-Inspiration
São Paulo - SP, Brasil. 7 - 8 December, 2015. Invited speaker.
Grasselli, M.
PREPARACIÓN DE NANOPARTÍCULAS ORO/ALBUMINA MEDIANTE RADIACIÓN
IONIZANTE
XLII reunión anual de la Asociación Argentina de Tecnología Nuclear (AATN)
Buenos Aires, 30 Noviembre al 4 de Diciembre 2015. Oral presentation.
M. Grasselli.
PROTEIN BASED NANOPARTICLES BY RADIATION-INDUCED CROSSLINKING
Latin
American
Crosstalk
in
Biophysics
and
Physiology.
SBF.uy-SAB
November 26-29, 2015, Salto, Uruguay. Oral presentation.
M. Grasselli.
PREPARATION OF PROTEIN BASED NANOPARTICLES
II Workshop em nanobiotecnologia – “Polímeros avançados, sistemas nanoparticulados e
curativos avançados”
São Paulo - SP, Brasil. 28 de Maio, 2015. Invited speaker.
Grasselli, M.
PREPARACIÓN DE NANOPARTÍCULAS BLANDAS MEDIANTE RADIACIÓN
IONIZANTE
XLI reunión anual de la Asociación Argentina de Tecnología Nuclear (AATN)
Buenos Aires, 1 al 5 de diciembre 2014. Oral presentation.
Poster presentations in congress
C. Salgueiro, M. Gonzalez, M. Bernini, S.G. de Castiglia, M. Radrizzani, M. Grasselli
RADIOMARCACIÓN DE NANOPARTICULAS PROTEICAS MANOSILADAS PARA
APLICACIÓN EN DIAGNÓSTICO
XXI Congreso Argentino de Medicina Nuclear
Ciudad Autónoma de Buenos Aires, Argentina. 6 y 7 de Diciembre 2018. Poster.
M. Siri, M. Pizzuto, J.-M. Ruysschaert, M. Grasselli, S. del V. Alonso.
NANOPARTÍCULA DE ALBÚMINA: OBTENCIÓN NOVEDOSA
IRRADIACIÓN GAMMA, CARACTERIZACIÓN Y FUNCIONALIDAD.
IV NanoCórdoba 2017.
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MEDIANTE

Villa Carlos Paz, Córdoba, Argentina. 19 – 20 Mayo, 2017. ISBN 978-987-688-212-5. Poster.
M. Siri, M. Grasselli, S. del V. Alonso.
ALBUMIN – BASED γ IRRADIATED NANOPARTICLE WITH POTENTIAL FOR DRUG
DELIVERY SYSTEMS: CHARACTERISATION, STABILITY AND BINDING
EFFICIENCY.
19th IUPAB Congress and 11th EBSA Congress.
Edimburg, Scottland, Reino Unido. 16 – 20 July, 2017. Poster.
Grasselli and S. del V. Alonso.
XLII Congreso de la Sociedad Brasileña de Biofísica
M. Siri, E. Achilli, D. E. Igartúa, V. Raussens, F. Alvira, J.-M. Ruysschaert, J. Prieto, M.
AN ALBUMIN – BASED GAMMA IRRADIATED NANOPARTICLE AS A POTENTIAL
NANOVEHICLE
FOR
DRUG
DELIVERY
SYSTEMS:
BIOPHYSICAL
CHARACTERISATION AND TOXICITY IN ZEBRAFISH.
Santos, San Pablo, Brazil. 27- 29 Octubre, 2017. Poster.
M. Siri, Malvina Pizzuto, N. Paladino, J. – M. Ruysschaert, M. Grasselli, S. del V. Alonso.
AN ALBUMIN – BASED γ IRRADIATED NANOPARTICLE AS A POTENTIAL
NANOVEHICLE
FOR
DRUG
DELIVERY
SYSTEMS:
BIOPHYSICAL
CHARACTERISATION, TOXICITY AND IMMUNE RESPONSE.
Reunión Conjunta de las Sociedades Argentinas – BIOCIENCIAS 2017.
Buenos Aires, Argentina. 13 -17 Noviembre, 2017. Poster.
E. Achilli, C. Flores, F. Temprana, S.V. Alonso, M. Grasselli.
CAPTACIÓN BIOESPECÍFICA DE NANOPARTÍCULAS HÍBRIDAS POR CÉLULAS
TUMORALES IN-VITRO. Primera Jornada Nacional de Bio-Nanotecnología
Bernal. Universidad Nacional de Quilmes 9-10 Noviembre, 2017 – Argentina.
Mención: Mejor Exposición en formato Poster.
E. Achilli, C. Flores, F. Temprana, S.V. Alonso, M. Grasselli.
IN-VITRO UPTAKE OF HYBRIDS GOLD/PROTEIN NANOPARTICLESBY TUMOR
CELLS. II Simposio de Jóvenes Biofísicos Bernal. Universidad Nacional de Quilmes 2017–
Argentina.
E. Achilli, C. Flores, S.V. Alonso, M. Grasselli.
HYBRIDS
GOLD/PROTEIN
NANOPARTICLES
DECORATED
WITH
BIORECOGNITION PEPTIDES. Reunión Conjunta de Sociedades de Biociencias (XLVI
Reunión anual de la Sociedad Argentina de Biofísica). CABA, Buenos Aires, Argentina, 13-17
de noviembre de 2017. Poster.
C. Flores, E. Achilli, M. Grasselli.
¨RADIOSYNTHESIS OF HYBRID NANOPARTICLES FOR BIOMEDICAL
APPLICATIONS¨. Reunión Conjunta de Sociedades de Biociencias (XLVI Reunión anual de
la Sociedad Argentina de Biofísica). CABA, Buenos Aires, Argentina, 13-17 de noviembre de
2017. Poster.
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C. Y. Flores, E. Achilli, y M. Grasselli
RADIOSYNTHESIS OF GOLD/ALBUMIN CORE/SHELL NANOPARTICLES FOR
BIOMEDICAL APPLICATIONS. XXV International Materials Research Congress 2016
Cancún, México. Agosto 16-20, 2016. Poster.
C. Y. Flores, E. Achilli, S. Alonso y M. Grasselli
PREPARACIÓN Y CARACTERIZACIÓN DE NANOPARTÍCULAS CORE/SHELL DE
ORO/ALBÚMINA POR ENTRECRUZAMIENTO RADIO-INDUCIDO
XVI Encuentro de Superficies y Materiales Nanoestructurados Ciudad Autónoma de Buenos
Aires, 11 al 13 de Mayo de 2016. Poster.
J. Leal, A.A. Da Silva, G. M. Estrada, J. Gabriel S Batista, A. N. Geraldes, J. Barros, G.H. C
Varca, F. A. Genezini, M. Grasselli, K. V. Katti, A. Lugao
COLD SIMULATION OF ONE POT IN SITU SYNTHESIS OF RADIOACTIVE GOLD 198
NANOPARTICLE ENCAPSULATED BY ALBUMIN FOR APPLICATION IN CANCER
THERANOSTICS. 10th World Biomaterials Congress (WBC)
Montreal, Canada. Mayo17-22, 2016. Poster.
L. J. Martínez, M. L. Sanchez, P. Kikot and M. Grasselli
PREPARATION OF FUNCTIONAL SILICA-BASED COLLOIDAL COMPOSITES BY
RADIATION-INDUCED POLYMERIZATION. 11th Meeting of the Ionizing Radiation and
Polymers Symposium IRaP. Jeju island, Korea; del 05 al 09 de Octubre de 2014. Poster.
L. J. Martínez y M. Grasselli.
PREPARACIÓN DE NANOPARTÍCULAS FUNCIONALES COMPUESTAS SIO2 – POLI
(GLICIDIL METACRILATO & DIETILENGLICOL METACRILATO) MEDIANTE
RADIACIÓN IONIZANTE. Encuentro NanoCórboda 2014 Córdoba, Argentina. Del 22 al 24
de octubre del 2014. Poster.
C. Flores, E. Achilli, S. Alonso y M. Grasselli
PREPARACIÓN Y CARACTERIZACIÓN DE NANOPARTÍCULAS NÚCLEO/CARCAZA
DE ORO/ALBUMINA MEDIANTE ENTRECRUZAMIENTO RADIO-INDUCIDO
Encuentro NanoCórboda 2014 Córdoba, Argentina. Del 22 al 24 de octubre del 2014. Poster.
Graduated Student(s)
• 2017, MACARENA SIRI, PhD Thesis “Estudio de Nanopartículas Proteicas y su posible
aplicación como vectores de drogas antitumorales”
• 2019, ESTEFANIA ACHILLI “Diseño de nanopartículas proteicas con reconocimiento
molecular mediante entrecruzamiento radioinducido”
II.2. BRAZIL
List of Publications
1. Santos JJ, Leal J, Dias LAP, Toma SH, Corio P, Genezini FA, et al. Bovine Serum Albumin
Conjugated Gold-198 Nanoparticles as Model To Evaluate Damage Caused by Ionizing
Radiation to Biomolecules. ACS Applied Nano Materials. 2018;1(9):5062-70. doi:
10.1021/acsanm.8b01174.
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2. Fazolin GN, Varca GHC, Kadlubowski S, Sowinski S, Lugão AB. The effects of radiation
and experimental conditions over papain nanoparticle formation: Towards a new generation
synthesis. Radiation Physics and Chemistry. 2018. doi: 10.1016/j.radphyschem.2018.08.033.
3. Freitas de Freitas L, Varca GHC, Dos Santos Batista JG, Benévolo Lugão A. An Overview
of the Synthesis of Gold Nanoparticles Using Radiation Technologies. Nanomaterials (Basel,
Switzerland). 2018;8(11):939. doi: 10.3390/nano8110939.
4. Queiroz RG, Varca GHC, Kadlubowski S, Ulanski P, Lugão AB. Radiation-synthesized
protein-based drug carriers: Size-controlled BSA nanoparticles. International Journal of
Biological Macromolecules. 2016;85:82-91. doi: 10.1016/j.ijbiomac.2015.12.074.
5. Varca GHC, Kadlubowski S, Wolszczak M, Lugão AB, Rosiak JM, Ulanski P. Synthesis of
papain nanoparticles by electron beam irradiation: A pathway for controlled enzyme
crosslinking. International Journal of Biological Macromolecules. 2016;92:654-9. doi:
10.1016/j.ijbiomac.2016.07.070.
6. Varca GHC, Queiroz RG, Lugão AB. Irradiation as an alternative route for protein
crosslinking: Cosolvent free BSA nanoparticles. Radiation Physics and Chemistry.
2016;124:111-5. doi: 10.1016/j.radphyschem.2016.01.021.
Publication(s) under review/in process
1. Varca, GHC; Ferreira, A.H.; Freitas, Lucas, Fanzolin, G, Marques, F.N.; Lugao A.B.
Bioactive papain nanoparticles crosslinked by ionizing radiation: Concept, toxicity and
radiolabelling
2. Varca, GHC; Ferreira, A.H.; Freitas, Lucas, Fanzolin, G, Marques, F.N.; Lugao A.B.
Evaluation of papain nanoparticles as a delivery system for radiopharmaceuticals in breast
cancer model
3. Varca, GHC; Ferreira, A.H.; Freitas, Lucas, Fanzolin, G, Lugao A.B. Simultaneous
intramolecular crosslinking and sterilization of papain nanoparticles by gamma radiation
4. Varca, GHC; Ferreira, A.H.; Freitas, Lucas, Fanzolin, G, Lugao A.B. Evaluation of stability
and ecotoxicity of papain nanoparticles synthesized by gamma radiation
5. Varca, GHC; Ferreira, A.H.; Freitas, Lucas, Marques, F.N.; Lugao A.B. Radiolabeling and
biological evaluation of BSA-NPs synthesized by radiation crosslinking
6. Varca, GHC; Ferreira, A.H.; Freitas, Lucas, Marques, F.N.; Lugao A.B. Comparison of
labeling and biodistribution of direct Tc-99m radiolabeling with Tc-99m-tricarbonyl
precursor of papain nanoparticles.
List of Conferences
13th Ionizing Radiation and Polymers symposium. PROTEIN-BASED NANOCARRIERS
CROSSLINKED BY RADIATION FOR RADIO AND CHEMOTERAPEUTICS. 2018.
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RKCM&#39;2018 - Pulse Investigations in Chemistry, Physics and Biology – Reaction
Kinetics in Condensed Matter. Radiation Crosslinked nanosized protein delivery systems for
radiotherapeutics. 2018.
Second International Conference on Ionizing Processes - ICIP2018. RADIATION
TECHNOLOGIES FOR THE DEVELOPMENT OF NANOCARRIERS FOR RADIO AND
CHEMOTHERAPEUTICS. 2018.
International Conference on Applications of Radiation Science and Technology - ICARST
2017. Development of Advanced Scaffolds and Polymeric Systems for Improved Cell and
Tissue Growth. 2017.
International Conference on Applications of Radiation Science and Technology - ICARST
2017. State of the Art and Current Advances on Protein Crosslinking by Irradiation - Protein
Based nanocarriers and Bioactive nanoparticles. 2017.
International Conference on Developments and Applications of Nuclear Technologies Nutech2017. Protein Crosslinking onto Gold Nanoparticles by Gamma Radiation. 2017.
Pan-American Polymer Science Conference - PanPoly. Advanced Protein-Based Nanocarriers
for Radiopharmaceuticals. 2017.
Pan-American Polymer Science Conference - PanPoly. Development of Nanostructured
Hydrogel Dressing Containing Papain and Cyclodextrin Complex: Towards Safe applications
in Wound Healing. 2017.
11th Meeting of The Ionizing Radiation And Polymers Symposium - IRaP2016. An Approach
to the Sterilization of B-Alanine by Ionizing Radiation. 2016.
11th Meeting of The Ionizing Radiation and Polymer Symposium - IRaP2016. Radiation
Crosslinked Albumin Capped Gold Nanoparticles for Theranostics. 2016.
9° Congresso Latino-Americano de Orgãos Artificiais e Biomateriais. Protein crosslinking by
high energy irradiation - Towards the development of size- controlled biocompatible
nanocarriers. 2016.
International Meeting on Radiation Processing - IMRP2016. Engineered Papain Nanoparticles
by Gamma Irradiation: Towards Safe Therapeutic Applications. 2016.
4th International Nuclear Chemistry Congress. Synthesis of Papain Nanoparticles Using Ebeam and Gamma Irradiation: A Radiation Chemistry Approach. 2014.
8° Congresso Latino Americano de Orgãos Artificiais, Biomateriais e Engenharia de Tecidos.
Protein Nanoparticles for Drug Delivery: Radiation Induced Synthesis, Present and Potential
Applications. 2014.
Ionizing Radiation And Polymers. The International Irradiation Association – an overview.
2014. Symposium on Ionizing Radiation and Polymers. Radiation synthesis of Papain
Nanoparticles: The case of E-beam and Gamma Irradiation. 2014.
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Graduated Student(s)
• 2019, ARYEL HEITOR FERREIRA, PhD ThesisEvaluation of protein-based
nanoparticles as potentials diagnostic agents.
• 2019, JORGE GABRIEL S. BATISTA, PhD Thesis Synthesis, characterization and
functionalization of gold nanoparticles for application in cancer diagnosis and therapy
• 2019, ADRIANA K. CAVALCANTE, PhD Thesis “Acute toxicity study of gold
nanoparticles in Danio rerio”
• 2016, GUSTAVO H. C. VARCA, PhD Thesis “Development of a nanostructured hydrogel
based on polyvinylpyrrolidone containing papain complexed cyclodextrin”
• 2019, GABRIELA N. FAZOLIN, MSc Thesis “Radiation-induced synthesis of bioactive
papain-based nanocarriers for radiopharmaceuticals delivery”
• 2018, JESSICA LEAL, MSc Thesis "Synthesis and characterization of radioactive gold
nanoparticle (198Au-NPs) with BSA for biomedical purposes”
Patent(s)
• Inventors: Katti, K. V.; Katti, K. K.; Lugão, A. B.; Varca, G. H. C.; Marques, F. L. N.;
Ferreira, A.H. Title: Imaging agent from SPECT-probe-nanoparticle conjugates. Patent
number: USPTO No 0800528.0143
Planned/In-Progress Trial(s)
• Establishment of radioactive gold (198Au) production to supply clinical trials which are
conducting in prostate cancer patients in Brazil. Collaboration: Institute of Green
nanotechnology (USA) and Egypt Nuclear atomic Authority (Egypt)
• Optimize the functionalization of gold nanoparticles with protein – HSA – for the delivery
of radiopharmaceuticals (Clinical trials).
• New phytotherapics to synthesize gold nanoparticles as well as to improve theses
nanoparticles functionalized with papain. Besides, the development of an alternative
platform for producing in large scale albumin nanoparticles lyophilized kits for supply
Brazilian nuclear medicine market. Collaboration: Fapesp
II.3. EGYPT
List of Publications
1. Swidan MM, Khowessah OM, El-Motaleb MA, El-Bary AA, El-Kolaly MT, Sakr TM. Iron
oxide nanoparticulate system as a cornerstone in the effective delivery of Tc-99 m
radionuclide: a potential molecular imaging probe for tumor diagnosis. DARU Journal of
Pharmaceutical Sciences. 2019:1-10.
2. Sakr TM, Khowessah O, Motaleb M, El-Bary AA, El-Kolaly M, Swidan MM. I-131 doping
of silver nanoparticles platform for tumor theranosis guided drug delivery. European Journal
of Pharmaceutical Sciences. 2018;122:239-45.
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Publication(s) under review/in process
1. "Preparation, Characterization, Cytotoxicity and Biological Evaluation of 99mTcDoxorubicin-Epigallocatechin gallate Functionalized Gold Nanoparticles as a New
Generation of Theranostic Radiopharmaceutical", Tamer M. Sakr, Sherine A. G. Morsy,
Nourhan A. Mahmoud, Hassan M. Rashed, H. A. Abd El-Rehim, Menka Khoobchandani,
Kavita K. Katti, Kattesh V. Katti
2. "Polyethylene oxide-Poly acrylic acid /Folic acid (PEO-PAAc/ Folic acid) Nanogel as a
99mTc Targeting Receptor for Cancer Diagnostic Imaging", Moamen M. Soliman, Tamer
M. Sakr, H. M. Rashed, Ashraf A. Hamed, Hassan H. Abd El-Rehim
3. "99mTc-gallic-gold Nanoparticles as a New Imaging Platform for Tumor Targeting", Basma
M. Essa, M.A. El-Hashash, A.A. El-Mohty, Tamer M. Sakr
4. "Preparation and Characterization of Polyethylene oxide-Poly acrylic acid /Folic acid (PEOPAAc/ Folic acid) Nanogel Using Gamma Radiation", Moamen M. Soliman, Tamer M. Sakr,
H. M. Rashed, Ashraf A. Hamed, Hassan H. Abd El-Rehim
5. "99mTc-Citrate-gold Nanoparticles as a Tumor Tracer: Synthesis, Characterization,
Radiolabeling and In-vivo Studies", Basma M. Essa, A.A. El-Mohty, M.A. El-Hashash,
Tamer M. Sakr.
Graduated Student(s)
• 2019, MOHAMED MANSOUR AHMED SWIDAN, PhD Thesis “Development and
biologicalevaluation of a novel delivery system for radiopharmaceuticals”
• 2019, BASMA MOHAMED SAIED ESSA, PhD Thesis “Nano-sized Particles as New
Radioisotopes Carriers for Medical Applications”
• 2019, MOAMEN MOHAMED SOLIMAN, MSc Thesis “Nano Sized Delivery For
Radiopharmaceuticals”
II.4. IRAN
List of Publications
1. Esmail Mollarazi, Amir R. Jalilian, Fariba Johari-Daha, and Fatemeh Atyabi. Development
of 153Sm-folate-polyethyleneimine-conjugated chitosan nanoparticles for targeted therapy.
Journal of Labelled Compound and Radiopharmaceuticlas. 2015; 58 (8)
Publication(s) under review/in process
1. Hajiramezanali M, Atyabi F, Mosayebnia M, Akhlaghi M, Geramifar P, Jalilian AR, Mazidi
SM, Yousefnia H, Shahhosseini S, Beiki D. 68Ga-radiolabeled bombesin-conjugated to
trimethyl chitosan-coated superparamagnetic nanoparticles for molecular imaging:
preparation, characterization and biological evaluation. Int J Nanomedicine. 2019 Apr
10;14:2591-2605.
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Graduated Student(s)
• 2016, ESMAIL MOLLARAZI, PhD Thesis “Development of Folate ConjugatedC
nanoparticles for Theranostic Applications”
• 2019, MALIHE HAJIRAMEZANALI, PhD Thesis “ Preparation of Radiolabeled
Bombesin Nanoparticles for In Vivo Gastrin-Releasing Peptide Receptor Imaging”
II.5. ITALY-PADOVA
Publication(s) under review/in process
1. Meléndez-Alafort L, Ocampo-Garcia B, Fracasso G, Santos-Cuevas CL, Abozeid M, Colombati
M, Cristina Bolzati C, and Rosato A. “Au-NP decorated with an anti-PSCA mAb to be used
as pancreatic adenocarcinomas diagnosis agent”.
List of Conferences
Title of the Presentation “New target-specific radiopharma-ceuticals for pancreatic carcinoma
detection”Conference Name and Place XI Congress of the Word Federation of Nuclear
Medicine and Biology. Cancún, Messico, August 27th -31st (2014).
Date of your presentation August 28th
Title of the Presentation “New Tc-99m-radioimmunoconjugates for pancreatic carcinoma
detection” Conference Name and Place 2nd International Symposium on Technetium and
other Radiometals in Chemistry and Medicine. Italy, September 10-13 (2014).
Date of your presentation: poster presentation.
Graduated Student(s)
• 2018, MOHAMED ABOZEID, PhD Thesis “Imaging and Radioimmunotheraphy of
Pancreatic Cancer”
Planned/In-Progress Trial(s)
• Perform biodistribution and dosimetric studies of PAA nanogels coupled with bombesinDOTA, developed by Polonia-AIRC.
• Perform labelling and biodistribution studies of DOTA-BBN conjugated polymeric
nanoparticles developed by Thailandia.
• Evaluation of biodistribution and dosimetric studies of 177Lu-AuNp (MGF)-iPSMA
synthesized by Mexico.
II.6. ITALY-PALERMO
List of Publications
1. Adamo G, Grimaldi N, Campora S, Bulone D, Bondì ML, Al-Sheikhly M, et al. MultiFunctional Nanogels for Tumor Targeting and Redox-Sensitive Drug and siRNA Delivery.
Molecules (Basel, Switzerland). 2016;21(11):1594. doi: 10.3390/molecules21111594.
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2. Dispenza C, Sabatino MA, Ajovalasit A, Ditta LA, Ragusa M, Purrello M, et al. NanogelantimiR-31 conjugates affect colon cancer cells behaviour. RSC Advances.
2017;7(82):52039-47. doi: 10.1039/C7RA09797B
3. Ditta LA, Dahlgren B, Sabatino MA, Dispenza C, Jonsson M. The role of molecular oxygen
in the formation of radiation-engineered multifunctional nanogels. European Polymer
Journal. 2019;114:164-75. doi: 10.1016/j.eurpolymj.2019.02.020.
Publication(s) under review/in process
1. Clelia Dispenza, Maria Antonietta Sabatino,Natascia Grimaldi, Björn Dahlgren,Mohamad
Al-Sheikhly, James F. Wishart, Zois Tsinas, Joseph Robertson, Dianne L. Poster, and Mats
Jonsson. On the Nature of Macroradicals Formed upon Radiolysis of Aqueous Poly(Nvinylpyrrolidone) Solutions, Submitted.
2. Björn Dahlgren, Clelia Dispenza and Mats Jonsson, Numerical simulation of the kinetics of
radical decay in single pulse high-energy electron irradiated polymer aqueous solutions.
Submitted.
3. Björn Dahlgren, Maria Antonietta Sabatino, Clelia Dispenza and Mats Jonsson, Numerical
simulations of nanogel synthesis using pulsed electron beam, In preparation
List of Conferences
2018, August 26-31. IRAP 2018
The 13th meeting of the “Ionizing radiation and polymers” Symposium (IRAP 2018). Moscow,
Russia. Invited talk: Sabatino, M.; Ditta, L.; Dispenza, C., "Radiation-engineered
Multifunctional Nanogels: A Versatile Platform with Theranostic Capabilities for Cancer”
Oral communication: Dahlgren, B.; Ditta, L.; Sabatino, M.; Dispenza, C.; Jonsson, M.,
"Numerical simulations of the kinetics of pulsed electron beam induced synthesis of nanogels
in dilute aqueous polymer solutions".
2018 July 22-27. ICIP 2018
The second "International Conference on Ionizing Processes (ICIP 2018) Annapolis, Maryland.
Poster communication: Ditta, L., Dahlgren, B., Sabatino, M., Jonsson, M., & Dispenza, C.,
“Understanding generation of multifunctional nanogels in chemical-free ebeam irradiation
synthesis”.
2017 Nov. 27- 30. PANNANO 2017
1st Pan American Congress of Nanotechnology - Fundamentals and Applications to Shape the
Future. Invited talk: Dispenza C. “Nose-to-brain delivery of insulin enhanced by radiationengineered nanogels”
2017, Oct 7-11 Miller Conference
"The 30th Miller Conference on Radiation Chemistry". Castellammare del Golfo, October 711, 2017. Poster communication: Ditta, L., Sabatino, M., Mats, J., & Dispenza, C., New insights
on the mechanism of PVP nanogels radiation synthesis
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017 June 12-13
VII AICIng Workshop on "SMART MATERIALS FOR TECHNOLOGY: PREPARATION,
SELF‐ASSEMBLY, CHARACTERIZATION, MODELING." Oral communication: Ditta, L.;
Sabatino, M.; Mats, J.; Dispenza, C., "Multifunctional nanogels from e-beam irradiation of PVP
aqueous solutions, only"
2017, Apr 24-28 ICARST 2019
“The First International Conference on Applications of Radiation Science and Technology
(ICARST 2017), International Atomic Energy Agency, Vienna (Austria).
Invited talk: Dispenza C., "Radiation synthesis of nanosized drug delivery devices".
2016, Nov 7-11 IMRP 2016
"The 18th International Meeting on Radiation Processing (IMRP 2016)". Vancouver (Canada).
Invited talk: Dispenza C., "Radiation-engineered Polymer NanoPlatforms for Targeted Drug
Delivery". Oral communication: Dispenza, C.; Ditta, L.; Sabatino, M.; Jonsson, M.“On the
mechanism of radiation synthesis of nanogels”
2016, Sept. 25-30. IRAP 2016
The 12th meeting of the “Ionizing radiation and polymers” Symposium (IRAP 2016).
September 25-30, 2016. Peninsula of Giens, France.
Invited talk: Dispenza C. "Radiation-synthesis of nanogels: advances in research and
application".
2015, Sept 15-16
IAEA Scientific Forum at the IAEA General Conference. Vienna (Austria).
Invited talk: Dispenza C. "Radiation engineering on the fast track towards the development of
smart nanodrugs".
Graduated Student(s)
• 2015, MARILENA SPERA, BSc Degree Thesis “Nanoparticelle d’oro: sintesi, proprietà
ed applicazioni emergenti”.
• 2018, BIONDO MARTINA, BSc Degree Thesis “Sistemi per il rilascio controllato di
farmaci prodotti da polisaccaridi di origine marina”.
• 2015, FEDERICO ANTONINI, MSc Thesis “Radiation Synthesis and charcterisation of
PVP based nanogels (Research activity carried out in POLAND-Lodz”
• 2015, EMILIA BUFFA, MSc Thesis “Synthesis and modification of nanogels for
application in radiotherapy (Research activity carried out in POLAND-Lodz Erasmus
exchange with POLAND-Lodz)”
• 2016, CHIARA CARBONE, MSc Thesis “Synthesis and modification of nanogels for
biomedical applications (Research activity carried out in POLAND-Lodz)”
• 2018, SELENIA BRUNCO, MSc Thesis “Sinetsi e caratterizzazione di nanogeli
funzionalizzati per applicazioni biomediche”.
• 2015, ROBERTA ROSALIA RUSSO, MSc Thesis “Trasporto e rilascio intracellulare di
antimiR nella Terapia Oncologica”.
• 2016, VALERIA D’ANGELO, MSc Thesis “Sintesi e modifica di nanogels per
applicazioni radiofarmaceutiche”
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• 2019, ERMINIA MUSCOLINO, MSc Thesis “Sintesi di nanogeli funzionalizzati con
cisteina per l’incorporazione di radionuclidi di interesse terapeutico e diagnostico”
• 2017, LORENA ANNA DITTA, MSc Thesis “Doctorate in Innovation Technology” –
XXX cycle. PhD Thesis: Ionizing radiation synthesis of multifunctional nanogels for
biomedical applications”.
• 2017, LORENA ANNA DITTA, PhD Thesis “Ionizing radiation synthesis of
multifunctional nanogels for biomedical applications”
Planned/In-Progress Trial(s)
• In vitro/in-vivo evaluation of the second generation of DOTA-BBN-conjugated nanogels in
collaboration with POLATOM
II.7. MALAYSIA
List of Conferences
Siti Najila Mohd Janib. In vivo small animal imaging using nuclear techniques. Oral
presentation at the 5th National Conference on Laboratory Animal Science (NCLAS), 18
August 2016, Kuala Lumpur.
S. Mohd Janib, M. Y. Hamzah, R. Tajau, W.H.B. Wan Kamal, M. F. Ahmad Fadzil, S.
S. Abdul Hamid (2017). Ionization radiation engineered functional nanogels for biomedical
applications. Poster presentation at International Conference on Applications of Radiation
Science and Technology (ICARST-2017), Vienna, Austria, 24 – 28 April 2017
S. Mohd Janib, M. Y. Hamzah, R. Tajau, W. H. B Wan Kamal, M. F. Ahmad Fadzil, S.S Abdul
Hamid. Radiation engineered functional nanogels as therapeutic and diagnostic imaging
agent. Oral presentation at the 78th FIP World Congress of Pharmacy and Pharmaceutical
Sciences, 2 - 6 September 2018 Glasgow, UK.
Siti Najila Mohd Janib (2017). Nanotheranostics in Nuclear Medicine. Invited speaker at
Nuclear Science Technology and Engineering Conference 2017 (iNuSTEC2017), 25-27
September 2017, Selangor, Malaysia.
II.8. MEXICO
List of Publications
1.

2.

Ocampo García B.E., Miranda-Olvera R.M., Santos-Cuevas C.L., García-Becerra R.,
Azorín-Vega E.P., Ordaz-Rosado D., (2014). In vitro Decrease of the BCL-2 Protein
Levels in Lymphoma Cells Induced by Gold Nanoparticles and Gold Nanoparticles-AntiCD20, Nanoscience & Technology, 1(3): 1-6.
Orocio-Rodríguez, E., Ferro-Flores, G., Santos-Cuevas, C. L., Ramírez, F. D. M.,
Ocampo-García, B. E., Azorín-Vega, E., & Sánchez-García, F. M. (2015). Two Novel
Nanosized Radiolabeled Analogues of Somatostatin for Neuroendocrine Tumor
Imaging. Journal of Nanoscience and Nanotechnology,15(6), 4159-4169.
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3.

4.

5.

6.

7.

8.

Mendoza-Nava H, Ferro-Flores G, Ramírez FdM, Ocampo-García B, Santos-Cuevas C,
Aranda-Lara L, et al. 177Lu-Dendrimer Conjugated to Folate and Bombesin with Gold
Nanoparticles in the Dendritic Cavity: A Potential Theranostic Radiopharmaceutical.
Journal of Nanomaterials. 2016,Volume 2016, Article ID 1039258,
doi.org/10.1155/2016/1039258.
Jaimes-Aguirre L, Morales-Avila E, Ocampo-García BE, Medina LA, López-Téllez G,
Gibbens-Bandala BV, et al. Biodegradable poly (D, L-lactide-co-glycolide)/poly (L-γglutamic acid) nanoparticles conjugated to folic acid for targeted delivery of doxorubicin.
Materials Science and Engineering: C. 2017;76:743-51.
Gibbens-Bandala BV, Ocampo-Garcia BE, Ferro-Flores G, Morales-Avila E, AnciraCortez A, Jaimes-Aguirre L. Multimeric System of RGD-Grafted PMMA-Nanoparticles
as a Targeted Drug- Delivery System for Paclitaxel. Curr Pharm Des. 2017;23(23):341522. Epub 2017/04/14. doi: 10.2174/1381612823666170407143525. PubMed PMID:
28403791. https://www.ncbi.nlm.nih.gov/pubmed/28403791
Ancira-Cortez A, Morales-Avila E, Ocampo-García BE, González-Romero C, Medina
LA, López-Téllez G, et al. Preparation and Characterization of a Tumor-Targeting DualImage System Based on Iron Oxide Nanoparticles Functionalized with Folic Acid and
Rhodamine.
Journal
of
Nanomaterials.
2017;
2017.
https://www.hindawi.com/journals/jnm/2017/5184167/abs/
Jaimes-Aguirre, L., Morales-Avila, E., Ocampo-García, B. E., Medina, L. A., LópezTéllez, G., Gibbens-Bandala, B. V., & Izquierdo-Sánchez, V. (2017). Biodegradable poly
(D, L-lactide-co-glycolide)/poly (L-γ-glutamic acid) nanoparticles conjugated to folic
acid for targeted delivery of doxorubicin. Materials Science and Engineering: C, 76, 743751.
Morales-Avila, E., Ferro-Flores, G., Ocampo-García, B. E., López-Téllez, G., LópezOrtega, J., Rogel-Ayala, D. G., & Sánchez-Padilla, D. (2017). Antibacterial efficacy of
gold and silver nanoparticles functionalized with the ubiquicidin (29–41) antimicrobial
peptide. Journal of Nanomaterials, 2017

Published Chapter Book
Ocampo-García, B., Gibbens-Bandala, B., Morales-Avila, E., Melendez-Alafort, L.,
Khoobchandani, M., Trujillo-Nolasco, M., & Katti, K. V. (2019). Dual-Targeted Therapy
and Molecular Imaging with Radiolabeled Nanoparticles. In Biotechnology Products in
Everyday Life (pp. 201-219). Springer, Cham.
Articles in revision:
1. Gibbens-Bandala B, Morales-Avila E, Ferro-Flores G, Santos-Cuevas CL, Meléndez-Alafort L,
Trujillo-Nolasco M, and Ocampo-Garcia B. “177Lu-Bombesin-PLGA(Paclitaxel): A targeted
controlled-release nanomedicine for bimodal therapy of breast cancer”. European Journal of
Pharmaceutical Sciences. In revision.
2. Trujillo-Nolasco M, Morales-Avila E., Ferro-Flores G., Gibbens-Bandala G. EscuderoCastellanos G., Isaac-Olive K., Ocampo-García B.. Preparation and in vitro evaluation of
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radiolabeled HA-PLGA nanoparticles as novel MTX delivery system for local treatment of
rheumatoid arthritis, Materials Science and Engineering: C. In revision.
Articles in Preparation
1.

177

Lu-DOTA-PAMAM(Paclitaxel)-BN for combined radio and drug selective therapy in
Cancer aplications, Gibbens-Bandala Brenda, Morales-Avila Enrique, Ferro-Flores
Guillermina, Ocampo-García Blanca.
2. Polymer-based nano-radiopharmaceuticals: multifunctional theranostic opportunities, E.
Morales-Avila, B. Ocampo García, G. Ferro-Flores, L. Meléndez-Alafort. Review
Poster Presentation
1.

2.

3.

4.

Ocampo-García B.E., Ferro-Flores G., Orocio- Ramírez F. de M., Santos-Cuevas C.L.,
Azorín-Vega E., Isaac-Olivé K. Two Novel Nanosized Radiolabeled Analogues of
Somatostatin for Neuroendocrine Tumor Imaging, 21th International Symposium on
Radiopharmaceutical Science, University of Missouri, Missouri, USA. May 26-31, 2015.
Gibbens-Bandala B. V., Morales-Avila E., Ocampo-García B. E, Ferro-Flores G.
“Preparation and characterization of multimeric system of RGD-grafted PMMAnanoparticles as a targeted drug-delivery system for paclitaxel” International Conference
On Nanomedicine And Nanobiotechnology-ICONAN 2016, September 28-30, University
Pierre and Marie Curie,Paris, France.
Preparation and in vitro evaluation of a radiolabelled nanocarrier as an approach for
combined
therapy
on
triple
negative
breast
cancer
cells
Brenda Gibbens-Bandala, Blanca Ocampo García, Guillermina Ferro Flores, Enrique
Morales Avila. XXVII International Materials Research Congress, Cancun, Mexico,
XXVII International Materials Research Congress, Cancun, Mexico, August 19-24, 2018.
Preparation and in vitro evaluation of a smart drug delivery system: (177Lu-DOTA-HAPLGA(MTX), as a new potential nanoradiopharmaceutical for combined
therapy in arthritis, Rosa Maydelid Trujillo Nolasco, Enrique Morales Avila, Blanca
Ocampo García. XXVII International Materials Research Congress, Cancun, Mexico,
August 19-24, 2018.

Patents
177

Lu-DOTA-HA-PLGA(MTX) como un nuevo nanoradiofármaco para terapia dual de
procesos inflamatorios que sobreexpresan receptores CD44. MX/a/2018/006934.

Graduated students
• 2014, ROSALBA MONSERRAT MIRANDA OLVERA, BSc. Thesis “Sistema
multivalente para la terapia de linfomas no-Hodking basado en Anti CD-20 conjugado a
nanopartículas de oro”.
• 2016, BRENDA VIANEY GIBBENS BANDALA, MSc. Thesis “Síntesis y caracterización
de nanopartículas poliméricas de polimetilmetacrilato (PMMA) conjugadas con -RGD- para
el transporte y liberación de paclitaxel”
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• 2018, ROSA MAYDELID TRUJILLO NOLASCO, MSc. Thesis “Preparación y
caracterización de nanopartículas de ácido poli(láctico-co-glicólico) PLGA modificadas con
ácido hialurónico y radiomarcadas con 177Lu para la liberación controlada de metotrexato”
• 2016, ALEJANDRA ANCIRA CORTÉZ, MSc Thesis “Preparación y caracterización
denanopartículas de óxido de hierro funcionalizadas con Ácido fólico/Rodamina a través de
una reacción de entrecruzamiento tipo Carbodiimida”
• 2016, LAURA JAIMES AGUIRRE, MSc Thesis “Obtención y caracterización de
nanopartículas poliméricas de ácido poli(láctico-co-glicólico)/ácido poli(gama-glutámico)
conjugadas con ácido fólico”
• 2019, BRENDA VIANEY GIBBENS BANDALA, PhD Thesis “Preparación,
caracterización y evaluación in vitro e in vivo de dos radiofármacos terapéuticos de
liberación controlada basados en nanosistemas poliméricos”
• 2019, MAYDELID TRUJILLO NOLASCO, PhD Thesis “Síntesis y evaluación de
nanosistemas de liberación controlada basados en dendrimeros dirigidos al receptor de
quimiocina-4”.
List of colaborations
a) Thailand: Radiolabeling of PEGMA DCWSCS-DOTA-BN, WSCS-DOTA-BN,
WSSF-DOTA-BN (Thailand)
b) Poland: Radiolabeling and in vitro evaluation of PAA nanogels.
c) Italy (Padova): a) characterization and evaluation of Au-NP decorated with two new
monoclonal antibodies (mAbs) anti- prostate stem cell antigen (APSCA) and
anti–mesothelin
(AM) two antigens heavily overexpressed in pancreatic
adenocarcinomas. b) Design and synthesis of a control released nanoparticles based on
poly(D,L-lactide-co-glycolide) acid, decorated with bombesin, loded with paclitaxel
and labelled with 177Lu to be used as bimodal therapy of breast cancer.
List of conferences
Ocampo-García B.E., Ferro-Flores G., Orocio- Ramírez F. de M., Santos-Cuevas C.L., AzorínVega E., Isaac-Olivé K. Two Novel Nanosized Radiolabeled Analogues of Somatostatin for
Neuroendocrine Tumor Imaging, 21th International Symposium on Radiopharmaceutical
Science, University of Missouri, Missouri, USA. May 26-31, 2015.
Gibbens-Bandala B. V., Morales-Avila E., Ocampo-García B. E, Ferro-Flores G. “Preparation
and characterization of multimeric system of RGD-grafted PMMA-nanoparticles as a targeted
drug-delivery system for paclitaxel” International Conference On Nanomedicine And
Nanobiotechnology-ICONAN 2016, September 28-30, University Pierre and Marie Curie,Paris,
France.
Preparation and in vitro evaluation of a radiolabelled nanocarrier as an approach for combined
therapy on triple negative breast cancer cells
Brenda Gibbens-Bandala, Blanca Ocampo García, Guillermina Ferro Flores, Enrique Morales
Avila. XXVII International Materials Research Congress, Cancun, Mexico, XXVII
International Materials Research Congress, Cancun, Mexico, August 19-24, 2018.
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Preparation and in vitro evaluation of a smart drug delivery system: (177Lu-DOTA-HAPLGA(MTX), as a new potential nanoradiopharmaceutical for combined
therapy in arthritis, Rosa Maydelid Trujillo Nolasco, Enrique Morales Avila, Blanca Ocampo
García. XXVII International Materials Research Congress, Cancun, Mexico, August 19-24,
2018.
Awards
• Awarded Thesis. 2014, ROSALBA MONSERRAT MIRANDA OLVERA, B.Sc. Thesis
(Sistema multivalente para la terapia de linfomas no-Hodking basado en Anti CD-20
conjugado a nanopartículas de oro).
Planned/In-Progress Trial(s)
• Design, Preparation, Characterization, in vivo evaluation of 177Lu-AuNp (MGF)-iPSMA
(Mexico). The biokinetic studies will be performed by Italy (Padova).
• To perform the radiolabeling and in vitro e in vivo evaluation of DOTA-BBN conjugated
polymeric nanoparticles developed by Thailand.
• Institute of Applied Radiation Chemistry, Lodz, Poland: Radiolabeling and In vitro/In vivo
evaluation of on PAA nanogels coupled with bombesin-DOTA.
II.9. PAKISTAN
List of Publications
Synthesis and Biodistribution Study of Biocompatible 198Au Nanoparticles by use of
Arabinoxylan as Reducing and Stabilizing Agent, ACCEPTED in “Biological Trace Element
Research”, manuscript #: BTER-D-18-01156
List of Conferences
Authors: Irfan Ullah Khan, Rizwana Zahoor, Abubaker Shahid, Fozia Iram
Title of the Presentation: Capacity Building in Theranostics: Initial Experience at INMOLLahore being First Theranostics Centre in Pakistan
Conference Name and Place: Theranostics World Congress 2019; held in Jeju, Korea
Date of your presentation: 2019-03-02
Authors: Irfan Ullah Khan, Rizwana Zahoor, Nouroze Gul, Abubaker Shahid, Fozia Iram
Title of the Presentation: Establishing Theranostics and Nano Theranostics in Pakistan
Conference Name and Place: 6th Annual Conference of Pakistan Society of Nuclear Medicine
(PSNM), held in Karachi, Pakistan
Date of your presentation: 2018-12-08
Authors: Irfan Ullah Khan, Rizwana Zahoor, Abubaker Shahid, Fozia Iram
Title of the Presentation: Developing Radiolabeled Neuropeptide Nanoconstructs as Potential
Theranostic Agents
Conference Name and Place: 31st Annual Congress of the European Association of Nuclear
Medicine – EANM’18, Germany (Presentation/ Poster number was EP-0934)
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Date of your presentation: 2018-10-14
Authors: Irfan Ullah Khan, Rizwana Zahoor, Abubaker Shahid, Fozia Iram
Title of the Presentation: Efficacy of Radiation-treated Radiolabeled DOTA-Bombesindecorated Nanoconstructs as Potential Nanosized Drug Delivery Systems
Conference Name and Place: International Conference on Applications of Radiation Science
and Technology (ICARST-2017), Vienna, Austria
Date of your presentation: 2018-04-25
Graduated Student(s)
• 2017, FOZIA IRUM, PhD Thesis “Studying Synthesis and Biodistribution of Gold-198
Nanoparticles by developing Carbohydrate Polymers as Reducing Agents”.
• 2020, RIZWANA ZAHOOR, PhD Thesis “Development of Multifunctional Radiolabelled
Biomolecules for Cancer Diagnosis and Therapy”.
II.10. POLAND-IARC
List of Publications
1. R. Czechowska-Biskup, B. Rokita, P. Ulanski, J.M. Rosiak, Preparation of gold
nanoparticles stabilized by chitosan using irradiation and sonication methods, Progress on
Chemistry and Application of Chitin and its Derivatives, 20, 2015, 18-33,
DOI:10.15259/PCACD.20.02. http://psjd.icm.edu.pl/psjd/element/bwmeta1.element.psjd97a4273e-07ec-411d-9860-16acf006f6a3
2. S. Kadlubowski, Radiation-induced synthesis of nanogels based on poly(N-vinyl-2pyrrolidone)—A review, Radiation Physics and Chemistry, 102, 2014, 29-39,
https://doi.org/10.1016/j.radphyschem.2014.04.016
https://www.sciencedirect.com/science/article/pii/S0969806X14001364
3. G.H.C. Varca, S. Kadlubowski, M. Wolszczak, A.B. Lugão, J.M. Rosiak, P. Ulanski,
Synthesis of papain nanoparticles by electron beam irradiation – A pathway for controlled
enzyme crosslinking, International Journal of Biological Macromolecules 92, 2016, 654–
659,DOI:10.1016/j.ijbiomac.2016.07.070.
https://www.sciencedirect.com/science/article/pii/S0141813016309473
4. R.G. Queiroz, G.H.C. Varca, S. Kadlubowski, P. Ulanski, A.B. Lugão, Radiationsynthesized protein-based drug carriers: Size-controlled BSA nanoparticles, International
Journal
of
Biological
Macromolecules
85,
2016,
82–91,
DOI:10.1016/j.ijbiomac.2015.12.074.
https://www.sciencedirect.com/science/article/pii/S0141813015302592
5. M. Matusiak, S. Kadlubowski, P. Ulanski, Radiation induced synthesis of poly(acrylic acid)
nanogels,
Radiation
Physics
and
Chemistry,
142,
2018,
125-129,
DOI:10.1016/j.radphyschem.2017.01.037,
https://www.sciencedirect.com/science/article/pii/S0969806X16305977
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6. M. Matusiak, S. Kadlubowski, J.M. Rosiak, Nanogels synthesized by radiation-induced
intramolecular crosslinking of water-soluble polymers, Radiation Physics and Chemistry,
2019, https://doi.org/10.1016/j.radphyschem.2018.12.019
List of Conferences
Piotr Ulanski, Agnieszka Adamus, Renata Czechowska-Biskup, Slawomir Kadlubowski,
Justyna Komasa, Bozena Rokita, Janusz M. Rosiak; Institute of Applied Radiation Chemistry,
Faculty of Chemistry, Lodz University of Technology; Nanomaterials for medicine synthesized
by radiation- and sonochemical techniques; 2nd Workshop on Progress in Bio- and
Nanotechnology – BioNanoWorkshop 2015, Lodz, Poland, 28-29.09.2015 (oral presentation)
Malgorzata Matusiak, Slawomir Kadlubowski, Piotr Ulanski, Institute of Applied Radiation
Chemistry, Faculty of Chemistry, Lodz University of Technology; Radiation formation of
nanogels based on poly(acrylic acid) for applications in radiation therapy; 12th meeting of the
Ionizing Radiation and Polymers symposium, IRaP’2016, Peninsula of Giens, France, 2530.09.2016 (poster presentation).
Piotr Ulanski; Institute of Applied Radiation Chemistry, Faculty of Chemistry, Lodz University
of Technology; Polymer-based nanomaterials synthesized by radiation technique – some steps
towards more complex products and advanced research tools; ICIP 2016 – International
Conference on Ionizing Processes, Brookhaven National Laboratory, USA, 10-14.10.2016
(invited lecture).
Piotr Ulanski; Institute of Applied Radiation Chemistry, Faculty of Chemistry, Lodz University
of Technology ; Radiation synthesis of advanced materials; International Meeting on Radiation
Processing, Vancouver, Canada, 7-11.11.2016 (invited lecture).
Piotr Ulanski; Institute of Applied Radiation Chemistry, Faculty of Chemistry, Lodz University
of Technology; Radiation synthesis of polymer nanogels for biomedical applications;
International Conference on Applications of Radiation Science and Technology (ICARST
2017), International Atomic Energy Agency, Vienna, Austria, 24-28.04.2017 (invited lecture)
Malgorzata Matusiak, Slawomir Kadlubowski, Piotr Ulanski; Institute of Applied Radiation
Chemistry, Faculty of Chemistry, Lodz University of Technology; Radiacyjna synteza nanożeli
z poli(kwasu akrylowego) do zastosowań w radioterapii [Radiation synthesis of poly(acrylic
acid) nanogels for applications in radiotherapy]; V Lodzkie Sympozjum Doktorantów Chemii
[5th Lodz Symposium of PhD students of Chemistry], Lodz, Poland, 11-12.05.2017 (oral
presentation).
Malgorzata Matusiak, Slawomir Kadlubowski, Piotr Ulanski; Institute of Applied Radiation
Chemistry, Faculty of Chemistry, Lodz University of Technology; Radiacyjna synteza nanozeli
z poli(kwasu akrylowego) do zastosowan w radioterapii [Radiation synthesis of poly(acrylic
acid) for applications in radiotherapy]; NanoBioMateriały - teoria i praktyka
[NanoBioMaterials-theory and practice], Torun, Poland, 29-31.05.2017 (oral presentation)
Malgorzata Matusiak, Slawomir Kadlubowski, Piotr Ulanski; Institute of Applied Radiation
Chemistry, Faculty of Chemistry, Lodz University of Technology; Radiation formation of
nanogels for applications in radiation therapy; Miller Conference 2017, Castellammare del
Golfo, Italy, 07-11.10.2017, (poster presentation).
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Piotr Ulanski; Institute of Applied Radiation Chemistry, Faculty of Chemistry, Lodz University
of Technology; Radiation cross-linking of polymers. Concept, applications and perspectives;
Special Seminar for Technology Transfer, Kasetsart University, Bangkok, Thailand, 6.11.2017
(invited lecture).
Malgorzata Matusiak, Slawomir Kadlubowski, Piotr Ulanski; Institute of Applied Radiation
Chemistry, Faculty of Chemistry, Lodz University of Technology; Synteza nanozeli
polimerowych do zastosowania w medycynie nuklearnej [Synthesis of polymer nanogels for
application in nuclear medicine]; IV Ogolnopolskie Sympozjum Biomedyczne ESKULAP [4th
National Biomedical Symposium ESKULP] , Lublin, Poland, 02-03.12.2017 (oral presentation)
Malgorzata Matusiak, Slawomir Kadlubowski, Piotr Ulanski; Institute of Applied Radiation
Chemistry, Faculty of Chemistry, Lodz University of Technology; Formation of radionuclide
carriers based on polymeric nanogels; Wyjazdowa Sesja Naukowa Doktorantów Politechniki
Lodzkiej [Scientific Session of PhD students of the Lodz University of Technology], Rogow,
Poland, 23-25.04.2018 (oral presentation) - awarded presentation.
Malgorzata Matusiak, Slawomir Kadlubowski, Piotr Ulanski; Institute of Applied Radiation
Chemistry, Faculty of Chemistry, Lodz University of Technology; Nanozele polimerowe jako
platforma do konstruowania nanomateriałów dla medycyny. Synteza, właściwości, przykłady
zastosowań [Polymer nanogels as a platform for constructing nanomaterials for medicine.
Synthesis, properties, exemplary applications]; NaBioMat 2018 – NanoBioMateriały – teoria i
praktyka [NanoBioMaterials - theory and practice], Torun, Poland, 6-8.06.2018 (invited lecture)
Malgorzata Matusiak, Slawomir Kadlubowski, Piotr Ulanski; Institute of Applied Radiation
Chemistry, Faculty of Chemistry, Lodz University of Technology; Otrzymywanie nanonosnika
radionuklidu do zastosowan w medycynie nuklearnej [Synthesis of radionuclide nanocarrier
for applications in nuclear medicine]; NaBioMat 2018 – NanoBioMateriały – teoria i praktyka,
[NanoBioMaterials - theory and practice], Torun, Poland, 6-8.06.2018 (poster presentation) awarded presentation.
Piotr Ulanski; Institute of Applied Radiation Chemistry, Faculty of Chemistry, Lodz University
of Technology; Application of radiation technique in polymer chemistry and engineering. From
kinetic studies to biomaterials; 16ème Journée Scientifique GFP Section Grand-Est, Reims,
France, 20.06.2018 (invited lecture).
Piotr Ulanskia, Malgorzata Matusiakaa, Kamila Szafulera, Krzysztof Piechockib, Sławomir
Kadlubowskia, Radoslaw A. Wacha, Marcin Kozaneckib, Beata Kolesinskac;
a) Institute of Applied Radiation Chemistry, Faculty of Chemistry, Lodz University of
Technology
b) Department of Molecular Physics, Faculty of Chemistry, Lodz University of Technology
c) Institute of Organic Chemistry, Faculty of Chemistry, Lodz University of Technology
New radiation-synthesized hydrogels and nanogels for biomedical applications; 13th meeting
of the “Ionizing Radiation and Polymers” symposium (IRaP 2018), Moscow, Russia, 2631.08.2018 (invited lecture)
Planned/In-Progress Trial(S)
• Application for National Grant for InVitro and in Vivo evaluation of BBN – nanogells.
Collaboration with Piotr Ulanski, Institute of Applied Radiation Chemistry, Lodz, Poland
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• Labelling and in vitro evaluation of targeted – nanogells. Collaboration with group of Clelia
Dispenza, Dipartimento dell’Innovazione Industriale e Digitale (DIID), Università degli
Studi di Palermo, Palermo, Italy
Graduated Student(s)
• 2014, PASZKOWSKA ANNA, BSc Thesis “Stabilization of metals nanoparticles
generated by irradiation using polymers”
• 2015, ADAMSKI WIKTOR, BSc Thesis “Polymeric carriers of active substances for use
in radiotherapy”
• 2017, WINCZEWSKI JEDRZEJ, B.Sc Thesis “Synthesis of gold nanoparticles stabilized
with α-lipoic acid”
• 2018, SZYMCZYK AGNIESZKA, B.Sc Thesis “Radiation synthesis of gold
nanoparticles”
• 2018 ZIOMEK GABRIELA, B.Sc Thesis “Sonochemical synthesis of gold nanoparticles
2013, KEDZIOR JOANNA, MSc Thesis “Radiation synthesis of stabilized silver
nanoparticles - process optimization”
• 2014, WOJTCZAK EDYTA, MSc Thesis “Synthesis and properties of gold nanoparticles
stabilized using hydrophilic polymers”
• 2016, MAKASEWICZ KATARZYNA, M.Sc Thesis “Radiation synthesis of
poly(ethyleneimine) nanogels - thesis with collaboration with Palermo”
• 2016, SOWINSKI SEBASTIAN, M.Sc Thesis “ Radiolysis of papain in aqueous solutions
• 2017, RARIVOSON ELONGE, M.Sc Thesis “Synthesising and studies of gold
nanoparticles combined with biomass-derived compounds”
• 2019, MATUSIAK MALGORZATA, Ph.D Thesis “Radiation synthesis of polymer
nanogels and their potential application as a carrier of bioactive substances”
• 2019 RURARZ BEATA, Ph.D Thesis “Polymer-based nanocarriers of biologically active
compounds”
II.11.POLAND- POLATOM
List of Conferences
In vitro and in vivo evaluation of 177Lu-radiolabelled nanogel-bombesin conjugates; Monika
Orzełowska, Michał Maurin, Urszula Karczmarczyk, Piotr Garnuszek, Renata Mikołajczak,
Clelia Dispenza, Maria Antonietta Sabatino, Lorena Anna Ditta, European Molecular Imaging
Meeting 2018, 20-23 March 2018, San Sebastian, Spain.
Planned/In-Progress Trial(S)
• They are applying for a national project and, if granted, to perform further studies (including
radiolabeling and animal studies) on PAA nanogels coupled with bombesin-DOTA, in
cooperation with Polatom, and Mexico and Italy –Padova.

50

II.12. THAILAND
List of Publications
1. Pioonpan, T., Katemake, P., Pasanphan, W., “Comparative study of different chitosan
solutions to assist the green synthesis of gold nanoparticles under irradiation”, Radiat. Phys.
Chem., 2018-2019, Radiat. Phys. Chem. 169 (2020) 108250.
2. Rattanawongwiboon, T., Ghaffarlou, M., Sutekin, S.D., Pasanphan, W., Guven, O.,
“Preparation of multifunctional poly(acrylic acid)-poly(ethylene oxide) nanogels from their
interpolymer complexes by radiation-induced intramolecular crosslinking”, Colloid Polym.
Sci., 296 (2018) 1599–1608.
3. Wongkronsak, S., Tangthong, T., Pasanphan, W., “Electron beam induced water-soluble silk
fibroin nanoparticles as a natural antioxidant and reducing agent for a green synthesis of
gold nanocolloid”, Radiat. Phys. Chem. 118 (2016) 27–34.
4. Pasanphan, W., Rattanawongwiboon, T., Choofong, S., Guven, O., Katti, K., “Irradiated
chitosan nanoparticle as a water-based antioxidant and reducing agent for a green synthesis
of gold nanoplatforms”, Radiat. Phys. Chem. 106 (2015) 360–370.
Publication(s) under review/in process
1. Tangthong, T., Piroonpan, T., Velaphi, C. Thipe, Kattesh V., Katti., Pasanphan, W.,
“DOTA-bombesin peptide conjugated water-soluble chitosan nanoparticles for green
synthesis of gold nanoplatform as targeting theranostic agent”, Expected publication in ACS
Nano Materials, 2019, Manuscript in progress for submission.
2. Tangthong, T., Piroonpan, T., Velaphi, C. Thipe, Kattesh V., Katti., Pasanphan, W.,
“Chitosan gallate nanoparticles and its peptide conjugates for gold nanoparticles preparation
for cancer diagnosis and therapy”, Expected publication in ACS Nano Materials, 2019,
Manuscript in progress for submission.
3. Wongkronsak, S., Piroonpan, T., Pasanphan, W., “Green synthesis of gold nanoparticles
using DOTA-bombesin conjugated silk fibroin as reducing, stabilizing and targeting agent”,
Biomacromolecules, 2019, Manuscript in progress for submission.
List of Conferences
WONGKRONSAK, S., PIROONPAN, T., PASANPHAN, W., “DOTA-bombesin conjugated
silk fibroin biopolymer as green reducing, stabilizing and targeting agent for a green synthesis
of gold nanoparticles”, International Conference on Advanced and Applied Petroleum,
Petrochemicals and Polymers (ICAPPP2018), Chulalongkorn Main Auditorium and Maha
Chulalongkorn Building, Bangkok, Thailand, December 18th-20th, 2018.
WONGKRONGSAK, S., PASANPHAN, W., “Electron beam-processed silk fibroin as an
effective green reducing and stabilizing agents for gold nanoparticles”, Journée Scientifique
GFP Section Grand-Est, Centre de Recherche en Environnement et Agronomie (CREA),
Reims, France, June 20th, 2018.
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TANGTHONG, T., PASANPHAN, W., “DOTA-BBN peptide conjugated water-soluble
chitosan nanoparticles for a green synthesis of gold nanoplatform as a potential targeting
radiopharmaceuticals”, Pure and Applied Chemistry International Conference
(PACCON2016), Thailand: One hundred year of advancement chemistry, Bangkok, Thailand,
February 9th-11th, 2016.
RATTANAWONGWIBOON, T., SUTEKIN, S.D., GUVEN, O., PASANPHAN, W.,
“Preparation of poly(acrylic acid) poly(ethylene oxide) nanogels from their interpolymer
complexes by radiation-induced crosslinking”, The 13th Tihany Symposium on Radiation
Chemistry, Balatonalmádi, Hungary, August 29th – September 3rd, 2015.
WONGKRONGSAK, S., TANGTHONG, T., PASANPHAN, W. Electron beam induced
water-soluble silk fibroin nanoparticles as a natural antioxidant and reducing agent for green
synthesis of gold nanocolloid. Poster presentation (The best poster presentation award). The
11th Meeting of the Ionizing Radiation and Polymer Symposium (IRAP), Jeju, Korea, October
5th-9th, 2014.
Graduated Students
• 2015, THEERANAN TANGTHONG, MSc Thesis "DOTA-BBN peptide conjugated
water-soluble chitosan nanoparticles for a green synthesis of gold nanoplatform as a
potential targeting radiopharmaceuticals”
• 2015, SORAYA WONGKRONGSAK, MSc Thesis "Electron beam induced-silk fibroin
nanoparticles and their conjugation with DOTA-bombesin for green synthesis of gold
nanoparticles”
• 2019, THEERANAN TANGTHONG, PhD Thesis “DOTA-bombesin (DOTA-BBN)
peptide conjugated biopolymers and gold nanoparticles synthesis as radiopharmaceutical
nanocarrier and therapeutic agents”
• 2016, THITIRAT RATTANAWONGWIBOON, PhD Thesis “Chemical and radiation
induced synthesis of functional biopolymer-based nanoparticles for healthcare and medical
applications”
Awards
1. Best Poster Presentation Award: TANGTHONG, T., PASANPHAN, W, “DOTA-BBN
peptide conjugated water-soluble chitosan nanoparticles for a green synthesis of gold
nanoplatform as a potential targeting radiopharmaceuticals”, Pure and Applied Chemistry
International Conference (PACCON2016), Thailand: One hundred year of advancement
chemistry, Bangkok, Thailand.
2. Best Poster Presentation Award: WONGKRONGSAK, S., TANGTHONG, T.,
PASANPHAN, W. (2014, October 5-9). Electron beam induced water-soluble silk fibroin
nanoparticles as a natural antioxidant and reducing agent for green synthesis of gold
nanocolloid. Poster presentation (The best poster presentation award). The 11th Meeting of
the Ionizing Radiation and Polymer Symposium (IRAP), Jeju, Korea.
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Planned/In-Progress Trial(s)
• The work regarding to AuNPs preparation in natural compound and polymeric nanoparticles
template will be continued with United State of America (USA) in the terms of
biological/clinical testing, diagnosis and therapy.
• In addition, the experience learned form the colleagues under this CRP about DOTA-BBN
conjugated polymeric nanoparticles for appropriate radiolabeling will be continued to
develop with Mexico and Italy.
II.13. SINGAPORE
Planned/In-Progress Trial(s)
• To provide synthesis protocol for the development of PLGA nanoparticles to Dr Blanca
(Mexico). This would allow for the encapsulation of radiopharmaceuticals in one, single
laboratory.
II.14. UNITED STATES OF AMERICA
List of Publications
1. Chanda N, Upendran A, Boote EJ, Zambre A, Axiak S, Selting K, et al. Gold nanoparticle
based X-ray contrast agent for tumor imaging in mice and dog: a potential nanoplatform for
computer tomography theranostics. Journal of biomedical nanotechnology. 2014;10(3):38392.
2. Owen A, Dufès C, Moscatelli D, Mayes E, Lovell JF, Katti KV, et al. The application of
nanotechnology in medicine: treatment and diagnostics. Nanomedicine. 2014;9(9):1291-4.
3. Pasanphan W, Rattanawongwiboon T, Choofong S, Güven O, Katti KK. Irradiated chitosan
nanoparticle as a water-based antioxidant and reducing agent for a green synthesis of gold
nanoplatforms. Radiation Physics and Chemistry. 2015;106:360-70.
4. Katti KV. Renaissance of nuclear medicine through green nanotechnology: functionalized
radioactive gold nanoparticles in cancer therapy—my journey from chemistry to saving
human lives. 2016;309(1):5-14. doi: 10.1007/s10967-016-4888-0. PubMed PMID:
pub.1021561037.
5. Geraldes AN, da Silva AA, Leal J, Estrada-Villegas GM, Lincopan N, Katti KV, et al. Green
nanotechnology from plant extracts: synthesis and characterization of gold nanoparticles.
Advances in Nanoparticles. 2016;5(03):176.
6. Gamal-Eldeen AM, Moustafa D, El-Daly SM, El-Hussieny EA, Saleh S, Khoobchandani M,
et al. Photothermal therapy mediated by gum Arabic-conjugated gold nanoparticles
suppresses liver preneoplastic lesions in mice. Journal of photochemistry and photobiology
B, Biology. 2016;163:47-56.
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7. Katti KV. Al-Yasiri AY, Khoobchandani M, Cutler CS, Watkinson L, Carmack T, Smith CJ,
et al. Mangiferin functionalized radioactive gold nanoparticles (MGF-(198)AuNPs) in
prostate tumor therapy: green nanotechnology for production, in vivo tumor retention and
evaluation of therapeutic efficacy. Dalton transactions (Cambridge, England : 2003).
2017;46(42):14561-71.
8. Gamal-Eldeen AM, Moustafa D, El-Daly SM, Abo-Zeid MAM, Saleh S, Khoobchandani M,
Katti KV. Gum Arabic-encapsulated gold nanoparticles for a non-invasive photothermal
ablation of lung tumor in mice. Biomedicine & Pharmacotherapy. 2017;89:1045-54. doi:
https://doi.org/10.1016/j.biopha.2017.03.006.
9. Sakr TM, Korany M, Katti KV. Selenium nanomaterials in biomedicine—An overview of
new opportunities in nanomedicine of selenium. Journal of Drug Delivery Science and
Technology. 2018;46:223-33. doi: 10.1016/j.jddst.2018.05.023.
10. Santos JJ, Leal J, Dias LAP, Toma SH, Corio P, Genezini FA, et al. Bovine Serum Albumin
Conjugated Gold-198 Nanoparticles as Model To Evaluate Damage Caused by Ionizing
Radiation to Biomolecules. ACS Applied Nano Materials. 2018;1(9):5062-70. doi:
10.1021/acsanm.8b01174.
11. K. V. Katti, M. Khoobchandani, V. C. Thipe, A. Y. Al-Yasiri, K. K. Katti, S. K. Loyalka,
T. M. Sakr, A. B. Lugão. Prostate tumor therapy advances in nuclear medicine: green
nanotechnology toward the design of tumor specific radioactive gold nanoparticles. Journal
of Radioanalytical and Nuclear Chemistry. 2018;318(3):1737-47.
12. Al-Yasiri AY. Katti, K.V., Loyalka, S, et al, Estimation of Tumor and Local Tissue Dose
in Gold Nanoparticles Radiotherapy for Prostate Cancer.; Practical Oncology and
Radiotherapy, 2019 (In Press)
List of Conferences
lenary Lecture: Green Nanotechnology In Nanomedicine; Select Biosciences International
Conference on Nanomedicine, Edinburgh, Scotland, March 26-28, 2014.
Plenary Lecture: Green Nanotechnology In Nanomedicine; 9th World Meeting on
Pharmaceutics, Biopharmaceutics and Pharmaceutical Technology, Lisbon, Portugal; March
31-April 4, 2014.
Plenary and Keynote Public Lecture: Green nanotechnology In Medicine and Energy; Green
Nanotechnology Inauguration at the University of the Western Cape, Cape Town, South Africa,
July 14 2014.
Public Lecture: Green nanotechnology In Medicine and Energy; University of Stellenbosch,
Stellenbosch, South Africa, July 16 2014.
Plenary and Keynote Lecture: Green Nanotechnology In Nano and Holistic Medicine; 2nd
Translational Nanomedicine Meeting, Angers, France, August 26-30, 2014.
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Plenary and Keynote Lecture (along with three Nobel Prize Winners): Green Nanotechnology
In Nano and Holistic Medicine; MAM 14 International Conference in Johannesburg, November
23-27 2014.
Plenary and Inaugural Lecture: International Conference on Green and Agri nanotechnology:
Implications of Green Nanotechnology In Medicine and Agriculture: Sam Higginbottom
Institute of Agriculture, Technology and Sciences (SHIATS), December 26-29 2014
Hevesy Medal Award Lecture: Hevesy Medal Award Ceremony, University of Delft, The
Netherlands, August 24 2015;
Invited Lecture: Green Nanotechnology In Medicine and Agriculture; Texas A & M University,
College Station Texas, September 21 2015;
Plenary and Inaugural Lecture; New Advances in Theranostics; International Conference on
Molecular Imaging, Singapore, October 1-3 2015;
Plenary and Inaugural Lecture; Annual Meeting of the Brazilian Society of Nuclear Medicine,
Rio de Janeiro, Brazil, October 23-28, 2015.
Plenary and Inaugural Lecture; Binational Workshop on Green Nanotechnology and
Nanomedicine, IPEN and University of Sao Paulo, December 7-9, 2015.
Plenary/Inaugural Speaker: GREEN NANOTECHNOLOGY—IMPLICATIONS IN
NANOMEDICINE FOR THE CREATION OF HOLISTIC INTEGRATIVE MEDICINE
(HIM); International Conference on Bio Imaging; Bioimaging Asia; September 4 2016 Metabolic, Neuro, Cancer & Cardiovascular, Singapore.
Invited Speaker: Nano Ayurvedic Medicine in Cancer Therapy; Chancellor Excellence Lecture;
April 2 2017
Plenary Speaker: Radioactive Gold Nanoparticles in Cancer Therpay and Theranostics;
International Conference on Applications of Radiation Science and Technology(ICARST2017); 24–28 April, 2017; Vienna, Austria;
Invited Speaker: Nanosized Radiopharmaceuticals in Tumor Therapy; Third RCP meeting at
the IAEA Headquarters 24–28 April, 2017; Vienna, Austria;
Plenary Lecture: Radioactive Gold-198 Nanoparticles In Nanomedicine: Green
Nanotechnology and Radiochemical Approaches in Oncology; 6th Asia-Pacific Symposium on
Radiochemistry, September 17- 22, 2017 ICC Jeju , At Jeju Island, Korea.
Plenary Lecture: Green Nanotechnology in Nanomedicine; The first Pan-American
Nanotechnology Conference will be held in Guarujá, state of São Paulo, Brazil, from November
27th to 30th, 2017.
Plenary Lecture: Au-198 Nanoparticles and Auger Electron Cloud in Radiotherapy; RadChem
2018; Marianske Lazne; Czech Republic; May 13-18 2018
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Plenary Lecture: Au-198 Nanoparticles and Auger Electron Cloud in Radiotherapy; IRAP 2018;
Moscow, Russia, August 26-31
Graduated Student(s)
• 2015, RAJESH KULKARNI, MSc Thesis “Gold Nanoparticles in Radiosensitization for
Imaging and Therapy”
• 2017, KIANDOKHT AMIRI, MSc Thesis “Resveratrol functionalized Gold Nanoparticles
in Imaging and Therapy”
• 2018, AMAL Y. AL-YASIRI PhD Thesis “Mangiferin functionalized Gold Nanoparticles
in Imaging and Therapy”
Patent(s)
• Inventors: Kattesh K. Katti, Raghuraman Kannan, Kavita K. Katti, Nripen Chanda, Ravi
Shukla. Title: Soy or lentil stabilized gold nanoparticles and method for making same.
Patent number: 8586096
• Inventors: Kannan Raghuraman, Kattesh K. Katti. Title: Methods for producing silver
nanoparticles Patent number: 9005663
Planned/In-Progress Trial(s)
•

Clinical Trials: All the preclinical investigations of testing the efficacy of 198AuNPs
encapsulated with Mangiferin have been completed. Currently, clinical trials agreements
with a Hospital in Brazil, in collaboration with Ademar Lugao (a CRP member collaborator)
are all finalized. These Phase 1 clinical trials will commence in 2019.
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III.1. ARGENTINA
Radio-synthesis of protein-gold nanoparticles for theranostics applications
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Abstract
Nanomedicines, especially in round shape particles or nanoparticles (NPs), are studied for
application in the field of diagnosis and treatment of cancer. It is expected that this novel
nanomaterials will have an improved degree of specificity to tumour cells through interaction
with cell surface receptors. Noble metal nanoparticles have been the subject of studies for
biology-oriented applications, especially gold nanoparticles for their outstanding properties
under nanostructure shapes. In this report, it is described as a novel hybrid NPs (HNPs),
containing a gold core and a multilayer of albumin stabilised by the radiation-induced
crosslinking method. It is expected protein multilayer coating enhance the biocompatibility of
the nanomaterial. HNPs are decorated with a DOTA-Bombesin synthetic peptide in order to
address cancer cells which overexpress GRP receptors. The in-vitro specific interaction of these
nanoconstructs to cancer cell lines were studied by flow cytometry analysis and confocal
microscopy. It was demonstrated that HNP uptake is dependent of its decoration with the
specific peptide and that the internalisation process is energy dependent.
Introduction
A status report on the global burden of cancer worldwide using the GLOBOCAN 2018
estimates of cancer incidence and mortality produced by the International Agency for Research
on Cancer, with a focus on geographic variability across 20 world regions reports an estimated
of 18.1 million new cancer cases in 2018 [1]. It is for this reason that many investigations were
aimed at therapeutic drug design strategies for diagnosis and treatment of these diseases.
Tremendous advances have been made in the treatment, prevention and early detection of these
malignancies; however, none of the current therapies is correctly able to cover all the variants
of this disease that differ in its histopathology characteristics and genomic and genetic
variations [2]. Also, many of the available drugs are not able to reach the site of metastases [3].
For this reason, there are novel approaches based on nanotechnology for the development of
therapeutic strategies.
The use of nanotechnology in medicine also called nanomedicine, is based on the generation
of nanostructures, especially in round shape particles or nanoparticles (NPs). Many
characteristics of these nanomedicine approaches will depend on the size and surface properties
of the NPs. Also, these approaches are focused in preparation of nanomaterials with an
improved degree of specificity to tumour cells through interaction with cell surface receptors
[4].
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There are proposed many kinds of NPs prepared from different materials, from chemical
elements to proteins. The last ones, such as Albumin-based NPs have been designed for a
variety of uses; among them, the ones that stand out are nano-vehicles in a drug delivery system.
Such choice relies in on the fact that Albumin (Alb) is a protein with high biocompatibility, and
is biodegradable and non – antigenic as well as malleable [5]. The highlight of Alb–based NPs
for the pharmaceutical industry was the conjugation of nanoparticle albumin-bound Paclitaxel
(Abraxane®), hereafter referred to as Nab-Paclitaxel, is a taxane developed to avoid some of
the toxicities associated with solvent-bound paclitaxel. Nab-paclitaxel, in combination with
carboplatin, is the current world-wide treatment indicated for the first-line treatment of nonsmall cell lung cancer (NSCLC) in patients who are not candidates for curative surgery and/or
radiation therapy [6].
One of the major challenges in nanomedicines is to develop approaches for in vivo applications
that ensure NPs can be directed to target cancer cells. However, in a biological environment,
NPs are rapidly coated by serum proteins, which affect their and transport through biological
media and cellular uptake, including the cellular response, and will have significant
consequences in therapeutic efficiency [7]. It is for this reason that currently, there is an
emphasis on the study of their interaction with target cells and serum proteins. It has been
reported that the reduction of serum protein adsorption in vivo helps to avoid the
reticuloendothelial system and therefore prevents the elimination thereof [8]. There is still
much to learn about the cellular uptake and intracellular transport of NPs to understand data
from in vitro studies unequivocally, to improve its use in vivo and to facilitate the rational
design of functionalized nanomaterials to be used in nanomedicine.
Currently, the size of NPs used in cancer therapy varies between diameters in the range of 10100 nm. An advantage of the use of these nanostructures in cancer is that the tumour
vasculature has a higher permeability for macromolecules, in addition to the reduced
functionality of the lymphatic system in the surrounding media. NPs tend to accumulate in
tumours and give rise to the phenomenon known as ‘Improved permeability and retention
effect’, also called EPR [9]. However, this phenomenon generates controversies in the scientific
world, since studies are showing contradictory results [10].
The interactions of the NPs with the cells involve active biological processes dependent on
energy, driven by the biological recognition of the specific characteristics of NPs [11].
Therefore, the entry of NPs into the cells, the accumulation in organs or the crossing of
biological barriers can be controlled, in principle, by the specific features such as size, charge,
surface coatings, ligands between others. Understanding the interaction of NPs with cells is
essential for the development of theranostic tools to overcome the limitations existing in the
delivery of nanostructures to target cells [11, 12].
When the NPs are in contact with the biological environment, they acquire different molecules
from their environment -mainly proteins present in the serum- that form a protein layer around
NPs, conferring a new biological identity. The vital biological interactions are driven by those
additional biomolecules that reside at the interface between the surface of the NPs and the
biological target. The composition of this protein layer (‘Protein corona’) is strongly correlated
with characteristics such as composition, size and shape, and is modulated mainly by the
surface chemistry of NPs. At present, the number of scientific publications on the protein layer
has increased. However, this is a very complex issue, and until now the systematic studies of
NPs, with different physicochemical characteristics, with plasma have not been able to find a
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correlation within the protein layer [13]. Therefore, it is essential to study the NPs in an
environment similar to the biological and to determine in these conditions whether or not there
is an interaction of them with the target cells. A positive result would indicate that the Corona
effect is minimised.
The ideal nanomedicine should be designed to achieve the following in vivo objectives: i)
interact only with specific cells and tissues; ii) have a prolonged circulation time (avoiding
rapid renal elimination); iii) avoid significant accumulation in the liver and spleen; iv) avoid
sequestration by the mononuclear phagocytic system (MPS) [11]. Following the current of
preparation of complex nanosystems, with a sum of characteristics that converts them into
nanomedicine tools, in this work is prepared hybrid-NPs based on Alb and decorated with
Bombesin-DOTA as a nanoconstruct tool for theranostic applications.
The propose hybrid-NPs (HNPs), composed of a gold core and a multilayer of Alb, have
characteristics that make them a multifunctional platform concerning NPs prepared by physical
adsorption of proteins or peptides by thiol / Au affinity that is widely used by other research
groups [14].
The optical dispersion of the gold core can be used to detect them with a variety of microscopy
methods [15]. Au-NPs also strongly absorb X-rays and, therefore, can be used as contrast agents
for X-ray imaging techniques and, as adjuvants in radiotherapy [16, 17]. Also, Au-NPs can
transform absorbed light into heat, which increases localised temperature, which can be used
to provide contrast for photoacoustic images or photothermal therapy [18].
On the other hand, Alb constitutes approximately 50% of the proteins present in the plasma of
healthy individuals. It is a multifunctional protein that can bind and transport numerous
endogenous and exogenous compounds. The development of drug-based systems based on Alb
is becoming increasingly important in cancer therapy, mainly as a result of the market approval
of Abraxane® [19]. Currently, there is great interest in the study of cellular receptors of Alb,
to understand the mechanisms and pathways responsible for its uptake, distribution and
catabolism in multiple tissues [20].
Alb retention in tumours has been observed experimentally in several solid tumours from
studies with this radiolabeled serum protein [21-26]. Also, several studies have proposed that
tumours are a site of Alb catabolism [23-25]. Therefore, it is believed that they use it as an
energy source, by breaking it down into its constituent amino acids within lysosomes.
Subsequently, cancer cells use these amino acids for their accelerated growth [25]. In this way,
the presence of this protein in the developed nanosystem would fulfil more than one function.
Our laboratory has been recently reported a new preparation method of protein NPs using
globular proteins and radiation technology; which it has been developed during a previous CRP
project [27]. Previous results from our research group demonstrated Alb aggregation could be
stabilized by the formation of intermolecular covalent bonds generated by the chemical
reaction of free radicals generated by solvent radiolysis. Tailoring size can be done by changing
the reaction medium. However, and perhaps the most important property, is that Alb-NPs
maintains the three-dimensional structure of constitute proteins according to spectroscopic
studies. In order to improve the NP characteristics for in vivo applications, our research group
have proposed the preparation of different hybrid core/shell gold/Albumin NPs (HNPs)
decorated with a specific peptide for NP recognition for a specific target cell.
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The decoration of the HNPs with the Bombesin-DOTA (BD) peptide completes the preparation
of the nanosystem (see Fig. III.1.1). The complete nanosystem has the chance to provide
targeting to tumour cells containing GRPr overexpressed and capacity to load radioisotopes of
theranostic interest.

GOLD CORE

BD PEPTIDE

Allows to cell radiosensitivity
and studies by Plasmon
Resonance techniques

Addressing by interaction with
GRP receptors and radiolabeling
capacity (therapy and
diagnostics)

MULTILAYER ALBUMIN
COATING

FLUORESCENT
LABELLING

Allows biocompatibility,
multiple chemistry of
labelling and biological
catabolism

Allows to perform studies
of cell uptake by Flow
Cytometry and Confocal
Microscopy

FIG III.1.1 Description of hybrid NP (HNPs) decorated with Bombesin-DOTA (BD) ligand

When the NPs come into contact with the cells, their uptake can occur by several mechanisms,
although it is intended that the entry is through mechanisms of endocytosis. In this case, the
NPs are transferred to vesicles that will be transported to the specialised intracellular
classification compartments. Endocytosis can be classified into several types: phagocytosis,
clathrin-mediated endocytosis, caveolin-mediated endocytosis, clathrin / caveolin-independent
endocytosis, and macropinocytosis. These last four mechanisms are also known as pinocytosis,
and they differ from phagocytosis (which occurs mainly in phagocytes) in that it occurs in
many cell types. These mechanisms are responsible for the active uptake of ligands to cells,
which require energy. On the other hand, processes such as passive internalisation occur
without energy requirements and the intervention of receptors. This type of interaction is not
selective so they would not be useful for targeted therapies.
This report shows the preparation and characterisation of these novel hybrid NPs decorated
with Bombesin and their enhanced cellular uptake in different cell lines.
Materials and Methods
Bovine Serum Albumin (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. Albumins were dissolved in milliQ
water. The peptide Lys-Gln-Lys(DOTA)-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-MetNH2 (BD) purity > 95%, was provided by AMEX GmbH.
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AuNPs are prepared according to a standard protocol. Briefly, AuNPs were prepared from a
chloroauric solution (1 mM) using as reducing agent sodium citrate, according to the method
of Frens [28]. This synthesis is carried out in an aqueous medium to obtain a nanostructure
system compatible with the biological medium.
UV-vis spectra and absorbance measurements were performed in a UV-Vis Shimadzu 160 A
spectrophotometer.
Preparation of hybrid gold/albumin nanoparticles (HNPs)
AuNPs were dispersed in different concentrations of albumins (BSA and HSA) from 0, 5, 10,
20 and 30 mg/mL protein. Different amounts of ethanol were added dropwise onto the sample
containing AuNPs and Alb, keeping the temperature at 0 ºC under constant stirring. Samples
were irradiated by a 60Co gamma-rays source (PISI CNEA-Ezeiza) at a dose rate lower than 1
(one) kGy/h and keeping sample temperature in the range of 5-10 ºC during irradiation.
After irradiation, samples are diluted to a suitable concentration with milliQ water for different
experiments. NPs are purified by Size exclusion chromatography.
Particle size was determined for two techniques; dynamic light scattering (DLS) and electronic
transmission microscopy (TEM). For DLS, the samples were measured at 25 °C using a
90Plus/Bi-MAS particle size analyser, with a light source of 632.8 nm and a 10-mW laser.
TEM pictures were captured in Centro de Microscopias Avanzadas (CMA) –FCEyN –
University of Buenos Aires. Samples were kept at 4 °C until analysed, and measurements were
carried out on days 1 and 30 after sample preparation.
BD peptide was dissolved in DMF and reacts with 3-(maleimide)propionic acid Nhydroxysuccinimide ester (GMPS) or succinimidyl 4-(N-maleimidomethyl) cyclohexane-1carboxylate (SMCC) according to the manufacturing recipe. The excess of reagents was
removed by addition of amine-microbeads or purified by reverse phase chromatography [29].
The activated peptide was incubated with buffer phosphate 50 mM, NaCl 0.15 M pH 7.2 + 0.1
M EDTA O.N. at room temperature. The reaction mixture was purified by Sephadex G-25
(prepacked columns PD-10, GE Healthcare) to remove all the BD-linker and other reagents of
low M.W.
Total Reflexion X-ray Fluorescence (TRFX) were performed using S8 Tiger TRFX
Spectrometer (Bruker) to quantify the Au and protein (through S) content. The peptide was
quantified by Pb(II) detection after transchelation using Arsenazo(III)-Pb(II) to NPs containing
BD.
Results and Discussion
The preparation of nanoconstructs with capabilities of in vivo diagnosis and therapy of
malignancies, such as solid tumours is the final goal of our research. In order to reach this goal
the strategy is the preparation of nanoconstructs with the potentiality to carry radioisotopes
such 99mTc, 98Ga or others through the use of chelators. Our focus will be in the preparation of
the nanocarrier with biocompatible and chelating properties.
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AuNPs have been studied for many years in this field [30]; however, naked NPs have very low
stability in complex environments. Functionalization of the AuNP surfaces is a mandatory
procedure for improving solubility, stability and interaction with cells and other biomolecules.
The surface modification also increases the biocompatibility compared to naked AuNPs.
There are many kinds of organic molecules, peptides and proteins which have been used for
nanoparticle functionalisation [31]. Most of them have been done by the physisorption method;
which it is a simple and straightforward procedure. However, at least two drawbacks have been
described for in vivo applications. The ligand/AuNP interactions are not stable enough to avoid
the ligand exchange with the blood [32] and the interaction with the highly structured AuNP
surface induces protein denaturation [33]. Increased stability has been achieved using sulphur
containing molecules [31]; however, the exposition to a large number of proteins will still drive
the ligand exchange. The second drawback has been partially reduced by introducing a capping
with polyethene glycol moieties [17].
The ligand and protein exchange from the AuNPs in the blood plasma is called ‘Corona effect’.
At least two processes have been described according to the strength of the interaction, the
hard and soft corona [13]. In the last, dissociation constants of the NP/serum proteins are in the
millimolar range. Therefore protein exchange process occurs when these materials interact with
a complex sample [13,34]. It is also demonstrated that the physical Alb adsorption to synthetic
NPs reduces the Corona effect [35].
In order to improve the surface of nanostructured materials, our laboratory proposed the
preparation of HNPs, in the frame of this CRP, by covering AuNP with a multilayer shell of
Alb stabilised by crosslinked, induced by ionising radiation [36,37]. Solvent and all other lowMW residues were removed by desalting column (PD-10 column).
Multilayer protein
coating
Au

Multilayer
Au/Alb NP

Ethanol 30%
Albumins

g

Monolayer
Au/Alb NP

10 kGy
FIG III.1.2 Scheme of monolayer and hybrid NPs (multilayer Au/Alb-NPs) preparation

According to previous report, only 25-30% Alb are crosslinked in the HNPs; therefore, in order
to avoid long-term NP disaggregation a chemical stabilization procedure was performed
previously to the final HNP purification by Size exclusion chromatography using a Sephadex
G-200 matrix.
Standard characterization analyses, such as UV-vis spectrum and DLS measurement, were
performed onto all NP’s batch. In all cases, NP sizes lower than 100 nm diameter have been
measured.
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Hybrid NPs decoration
In order to introduce specificity to GRP receptor (found in many cancer cell lines), HNPs were
decorated with BD ligands. Peptide was covalent linked by using standard coupling chemistry.
The procedure involves two main steps: (a) peptide activation and (b) peptide coupling to NPs
as it is schematized in Fig. III.1.3.
= Activated BBN

MW = 2144 g/mol

FIG III.1.3 Scheme of the decoration of Au/Alb-NP with a Bombesin derivative

Albumin amount and peptide amount per NP were quantified by TRXF using the Au, S and Pb
X-ray fluorescence energies. Every Alb has 35 sulphur (S) atoms per molecule and every BD
has one lead (Pb) atom per molecule. Nanoconstruct sample was previously loaded with Pb by
a transchelation reaction using Pb(II)-Arsenazo(III) complex [38]. The measured S/Au ratio
and Pb/Au reach the following results: 50,000 Alb per NP and in the range of 500 to 1000 BD
per NP.
NP stability in biological media
NP stability in plasma was studied according to standard protocols. A pool of blood from
human donors containing multilayer hybrid NPs with and without BD decoration have not
shown any difference in the coagulation and haemolysis test.
In vitro NP uptake to tumours cells lines under near-physiological conditions
Conclusion
A novel method of radiation-induced crosslinking process of Alb has been deverloped to
stabilized hybrid core/shell Au/Alb NPs. A multilayer of Alb coating allows to improve the
biocompatibility by reduction of non-specific adsorption. Characterisation of the Plasmon shift
of hybrid-NPs has been measured experimentally and supported by computer simulation of
plasmonic properties based on Mie theory and naked Au-NPs size distribution [39]. This shift
can be explained by the multilayer protein coating.
NP decoration with BD has been performed by standard methods and quantified by different
analytical techniques. Decorated NPs were able to penetrate specifically to tumous cells, using
in vitro cell cultures, under complete media.
As a conclusion of the proposed work in the frame of the CRP project, it has been successfully
prepared hybrid Au/Alb-NPs decorated with Bombesin peptide containing DOTA chelating
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group available for radioisotope loading. These NPs have improved capacities to recognise
specifically eucariote cells containing GRP-receptors.
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III.2. BRAZIL
RADIO-INDUCED CROSSLINKING OF PROTEIN-BASED NANOPARTICLES
FOR RADIOPHARMACEUTICALS DELIVERY SYSTEM
Aryel H. Ferreira; Gustavo H. C. Varca; Fábio L. N. Marques, Ademar B. Lugão
Abstract
Protein-based nanoparticles have attracted attention as vehicles to deliver radioactivity to tumor
cells for external imaging and targeted radiotherapy also as drug delivery chemotherapeutics.
The aim of the present work was the study of labeling of biomaterials, specifically BSA and
papain nanoparticles with 99mTc and characterize their in vitro and in vivo properties as a
potential nano-radiopharmaceuticals. The nanoparticles were synthesized with an average
diameter of 9.3 ± 1.9 and 25.1 ± 2.9 nm, P-NPs and BSA-NPs respectively. The direct labeling
of protein nanoparticles with 99mTc was done, including the optimization of these labeling and
biological studies. The radiochemical yields were approximately or greater than 95%. 99mTcBSA-NPs showed to be stable for 24h in all conditions while 99mTc-P-NPs showed good
stability for 6h in human serum. Radiolabeled P-NPs were localized mainly in spleen, lungs
and present a renal excretion profile. Whereas radiolabeled BSA nanoparticles were found in
liver and spleen showing hepatic excretion as the main route. Ex vivo biodistribution also
showed good tumor uptake for both nanoparticles and SPECT/CT images corroborated with
these results. The data obtained with immunohistochemistry assays and autoradiographic
studies revealed a high density of papain and BSA nanoparticles in peripheral regions of tumor
tissues and confirm the efficacy of the formulation for breast cancer target.
Introduction
New nanoradiopharmaceuticals with the ability to improve the diagnostic and therapeutic
strategies for diseases that affect the population are desirable, and the most important target is
cancer. The tumor targeting ability of nanoparticles (NPs) as drug delivery vehicles is derived
from their tunable small size (10-100 nm). Recently, radionuclide imaging-based nanoparticles
have been drawing in extraordinary enthusiasm for preliminary research and clinical
application (Swidan et. Al. 2019).
In this field proteins represent an important group of the therapeutic agents available nowadays
for the treatment of cancer and inflammatory disorders, e.g. albumin-bound paclitaxel,
commercially known as Abraxane® – a chemotherapeutic medicine of highlighted interest for
breast cancer (Grandishar, 2006) papain-based products for biomedical applications (Singh and
Singh, 2012) and many others. 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 considered regarding 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
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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 isolated from the fruit rind of Carica papaya, 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 for tumor delivery radiopharmaceuticals,
including an overview of the biologic experimental evidence of nanoparticle tumor-uptake. To
achieve this goal, papain (P-NPs) and BSA nanoparticles (BSA-NPs) was synthesized by
radiolytic via and characterized by dynamic light scattering (DLS), Zeta potential and
transmission electron microscopy (TEM), and subsequently radiolabeled with 99mTc. Blood
circulation time was determined in healthy mice, while biodistribution and SPECT/CT images
were conducted in healthy and spontaneous breast cancer mice.
The motivation for the development of a platform is highlighted due to its relevant applications
as agents for biomedical and biotechnological considering properties such as biocompatibility
and bioconjugation, as well as its applications, including, but not restricted to detection and
image contrasting. So far, no studies have been reported regarding radiolabeling of papain
nanoparticles to tumor target.
Materials and Methods
Synthesis of BSA and papain nanoparticles
Nanoparticles were prepared by a radiation-synthesized method in accordance to Varca et al.,
2016. The synthesis of BSA-NPs and papain-NPs were performed in 50 mM phosphate buffer
(pH 7.4) at 10 mg.mL-1 protein concentration containing (20%, v/v) ethanol on ice bath.
Samples were exposed to γ-irradiation on ice at 10 kGy using a dose rate of 5 kGy.h-1 using
60
Co as radioactive source in a multipurpose irradiator Gamma cell 220 Irradiator (Atomic
Energy of Canada Limited, Ottawa, Canada).
Characterization of nanoparticles
(a) Particle size distribution
Particle size was estimated by dynamic light scattering (DLS) on a Zetasizer Nano ZS90 device
(Malvern Instruments, UK). All samples were analyzed at 20 °C and using a scattering angle
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of 173°. The measurements were performed in 3 sets of 10 runs of 10 s each in accordance
with ISO 22412 (2017). The sizes were reported by number.
(b) Transmission electron microscopy (TEM)
The internal structure of P-NPs was determined by TEM (JEOL JEM-1400, Tokyo, Japan). A
drop (10 µl) of each NPs suspension (1 mg/ml) were placed carefully on a 200 mesh carbon
coated copper TEM grid. The excess solution on the grid was removed using a fine piece of
filter paper and the samples were air-dried for 10 h. The dried sample was then examined at
120 kV under a microscope.
99m

Tc radiolabeling of nanoparticles

BSA-NPs and P-NPs were radiolabeled with 99mTc (technetium-99m) by direct labeling
method using stannous chloride dihydrate as a reductant. Briefly, 500 µl of aqueous sodium
pertechnetate (99mTcO4 −; 740–925 MBq/ml) was added to 200 µl of each NPs suspension
(equivalent to 1 mg of NPs) followed by the addition of 5 µl (22 mM) of freshly prepared
stannous chloride dihydrate (nitrogen-purged 0.1 N HCl solution) and incubation for 30 min at
45°C. After cooling at room temperature, the samples were filtered using 0.45 µm PVDF filters
(25 mm). The radiolabeling efficiency was determined by ascending instant thin layer
chromatography (ITLC) using 1.0 × 8.0 cm Whatman 1 paper as the stationary phase with two
mobile phases: 1) acetone and 2) pyridine: acetic acid: water (3:5:1.5) as per the previously
reported procedure.
(a) In vitro stability studies of radiolabelled nanoparticles
The stability of 99mTc-labeled nanoparticles was ascertained in vitro as per the previously
reported method. Briefly, the radiolabeled nanoparticles (0.1 ml) was added separately to
0.9 ml of (a) histidine solution (10−2 M) and (b) serum. The resulting mixtures were incubated
at 37 °C for 24 h. Samples were withdrawn from the mixture at various time intervals (0, 1, 3,
6 and 24 h) and analyzed by ITLC method to check for any dissociation of the radiolabeled
formulation.
(b) Biodistribution in mice
In vivo biodistribution studies were performed in male AG129 mice and female spontaneous
breast cancer model (MMTV-PyMT mice) (body wt 20-25g). To each of the well-hydrated
animals 99mTc-labeled P-NPs (0.01 ml, 37 MBq) were injected through the tail vein. At 15 min,
1, 3 and 24h post injection, the animals (n = 3) were euthanized and a blood sample was
collected by cardiac puncture, other organs were also collected. All the samples were collected
in pre-weighed scintillation vials and radioactive counts were measured in a gamma counter.
Organ uptake was expressed as a percentage of the injected dose per gram of tissue (% ID/g)
or % ID/ml for blood.
(c) SPECT/CT image
For small animal SPECT/CT imaging (Triumph Trimodality-Gamma Medica Ideas, California,
USA), the animals were anesthetized with 3% isoflurane in 100% oxygen and injected in tail
vein (n=1) with 37 MBq of 99mTc-P-NPs and 99mTc-BSA-NPs in 0.1 mL.
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SPECT images (32 projections of 60s per detector) were obtained 1h after tracer injection using
dual-head camera with 1.0 mm five-pinhole collimators and CZT detector system. Images were
reconstructed using OSEM method. CT images were acquired immediately before SPECT
imaging for helping the best positioning of the animal’s tumor at the center of the field of view
(FOV) and anatomical information for fusion SPECT images. Images were acquired using a
flat panel detector CT system with 45 KVp and 390 µA. Images (SPECT and CT) were fused
using Amide software.
Results
(a) Synthesis and Characterization of nanoparticles
Radiation-synthesized technique yielded P-NPs and BSA-NPs with most narrow size
distribution (average diameter 9.3 ± 1.9 and 25.1 ± 2.9 nm) as determined by dynamic light
scattering (DLS) and satisfactory zeta potential -11.1 ± 5,5 for P-NPs and -14.6 ± 7.6 (Fig.
III.2.1a).
The morphology size of P-NPs and BSA-NPs were determined transmission electron
microscopy. TEM images (Fig. III.2.1b and 1c) showed a spherical outline. The average
diameter of the NPs as TEM analyses were corroborated with the data obtained from DLS.

0
FIG III. 2.1 Characterization of nanoparticles (a) Particle size distribution profile of P-NPs and BSA-NPs (b)
TEM image of P-NPs and (c) TEM image of BSA-NPs
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(b) Radiochemical purity and stability
BSA-NPs and P-NPs was successfully labeled with 99mTc showing a radiochemical yield of
98.1 ± 0.7% and 94,2 ± 3.1% (n = 3). Radiochemical impurity (99mTcO4−) was quantified as
1.9 % and 5,8%, respectively. The 99mTcO2 was eliminated by the filtration process, which
makes use of a 0.22 μm membrane. The 99mTc-BSA-NPs exhibited a high in vitro stability
(Fig.III.2.2a) within 24 h of incubation (n = 3) in saline and freshly human serum. However,
for 99mTc-P-NPs in histidine a high stability was observed up to 3 h, and in human plasma, up
to 6 h, but a slight reduction in the stability was verified 24 h post-incubation in serum (Fig.
III.2.2b).

FIG III. 2.2 Stability study parameters of
and serum

99m

Tc labelled (a) BSA-NPs and (b) P-NPs GAR-NPs in histidine

(c) Biodistribution studies and SPECT/CT images
Results of the ex vivo biodistribution analysis conducted on healthy mice to estimate the
location of the radiolabeled papain nanoparticles are shown in Table III.2.1. In vivo
biodistribution studies and SPECT/CT images were also performed in female spontaneous
breast cancer model (MMTV-PyMT mice) (Table III.2.2, Fig. III.2.3, Fig. III.2. 4). For 99mTcP-NPs a significantly high uptake in kidney, liver and spleen, was detected in all time frames
evaluated, suggesting possible routes of elimination of the nanoparticles. On the other hand, no
significant uptake in the stomach or thyroid was observed, showing the absence of significant
amounts of 99mTcO4−. For spontaneous breast cancer mice, tumor uptake was calculated for
all the evaluated times (Table III.2.2). Note that, tumor uptake was consistently higher than
muscle uptake, indicating a preferential accumulation in tumor rather than in normal tissues.
This can be directly visualized by the SPECT/CT images of tumor animals (Fig. III.2.3 and
III.2.4).
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Table III. 2.1 Biodistribution studies of 99mTc-P-NPs in healthy mice. (%DI/g)
15 min

1h

3h

24 h

Blood

9.48 ± 1.27

3.76 ± 0.46

2.69± 0.71

0.62± 0.09

Brain

0.20 ± 0.90

0.04 ± 0.01

0.07 ± 0.01

0.03 ± 0.02

Thyroid

2.81 ± 0.60

0.89 ± 0.04

1.13 ± 0.28

0.69 ± 0.25

Heart

4.07 ± 0.13

1.45 ± 0.11

1.25 ± 0.09

0.67 ± 0.20

Lung

6.18 ± 0.34

2.24 ± 0.21

1.85 ± 0.13

0.57 ± 0.21

Stomach

4.07 ± 0.39

1.79 ± 0.39

2.01 ± 0.28

0.74 ± 0.12

Spleen

10.43 ± 1.57

3.86 ± 1.57

5.39 ± 1.11

1.70 ± 1.39

Bone

3.48 ± 2.23

2.60 ± 2.05

3.10 ± 0.59

3.20 ± 2.09

Muscle

1.04 ± 0.45

0.58 ± 0.52

0.22 ± 0.06

0.14 ± 0.11

Pancreas

2.21 ± 0.10

0.91 ± 0.05

0.56 ± 0.05

0.23 ± 0.07

Kidneys

54.82 ± 2.18

33.1 ± 0.68

37.34 ± 4.31

10.44 ± 2.92

Liver

8.72 ± 1.00

3.96 ± 0.05

5.15 ± 0.35

1.78 ± 0.95

Small intestine

3.94 ± 0.57

2.63 ± 0.48

1.88 ± 0.25

0.54 ± 0.24

Large intestine

2.47 ± 0.23

1.38 ± 0.16

1.75 ± 0.25

0.54 ± 0.26

Table III. 2.2. Tumor uptake of 99mTc-P-NPs in MMTV-PyMT mice. (%DI/g)
1h

2h

3h

8h

24h

Tumor 1

1,36%

1,91%

1,82%

1,06%

1,83%

Tumor 2

1,03%

1,51%

1,22%

1,43%

1,82%

Tumor 3

1,27%

1,29%

1,28%

1,33%

1,57%

Tumor 4

1,43%

1,46%

0,99%

---

---

Tumor 5

1,02%

---

1,60%

---

---

Tumor 6

1,98%

---

1,49%

---

---
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FIG III. 2.3 SPECT/CT image (coronal view) of MMTv-PyMT mice with breast
tumor obtained with 99mTc-P-NPs 1 h after injection (33 MBq/0.1 mL)

FIG III. 2.4 SPECT/CT image (coronal view) of MMTv-PyMT mice with breast tumor obtained with 99mTc-BSANPs 1 h after injection (33 MBq/0.1 mL)

Discussion
Protein nanoparticles are ideal platforms for tumor delivery due to their ability to bypass
biological limitations, thereby improving the targeting efficacy. These systems can be
considered ideal agents for molecular imaging applications when they target cancer cells
through specifically receptors or other pathways, such as enhanced permeability and
retention (EPR) effect. Their advantages are related to biological affinity, low or neglectable
toxicity, site specific delivery, among others (Tarhini et. Al. 2017; Queiroz et. Al. 2016).
BSA-NPs and P-NPs might exhibit payloads of diagnostic agents. Additionally, their surface
can be radiolabeled with theranostic isotopes and functionalized with different varieties of
biomolecules, useful strategy that is often employed in drug delivery, in which drugs are
cloaked by endogenous materials (e.g., cell membrane or ligands) for circumventing capture
by RES or binding to the targeted receptors, thus improving the drug delivery efficiency (Lin
et. Al. 2016). Radiation-synthesized technique produced nanoparticles of approximately 9.3
and 25 nm in size, respectively P-NPs and BSA-NPs, which is optimal for the ability of NPs
to be used for intravenous administration and passive targeting to tumors.
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In the field of nanomedicine, 99mTc-radiolabeling plays an important role, 99mTc can be
attached to the surface of the nanoparticles and helps in understanding the in vivo behavior
of the nanoparticles. The direct labeling approach using stannous chloride is the ideal
method (Gaonkar et. Al. 2017).
The radiochemical yield of the 99mTc-BSA-NPs and 99mTc-P-NPs was determined by
quantifying 99mTcO4− after elimination 99mTcO2 by filtration through a 0.22 μm membrane
filtration (Oda et. Al. 2017). To determine the percentage of the 99mTcO4−, TLC was
used. 99mTcO4− migrates to the top of chromatography paper, while the 99mTc-NPs remains at
the bottom. Radiochemical purity higher than 90% was achieved for both nanoparticles. This
is essential for in vivo studies, such as biodistribution and scintigraphic images. 99mTc-BSANPs showed high stability in the presence of histidine or plasma for upwards of 24 h. However,
99m
Tc-P-NPs in histidine a high stability was observed up to 3 h, and in human plasma, up to
6 h. This is a critical aspect of radiolabeled nanoparticles, since a low stability results
in isotope detachment from nanoparticles and the biodistribution will no longer reflect the
nanoparticle fate (Saha, 2010). It is important to underscore that the SPECT/CT images did not
show thyroid or stomach uptake. This finding indicates that the slight reduction in stability
does not compromise in vivo studies.
As expected, biodistribution and imaging studies on healthy and tumor spontaneous mice,
showed high uptake in liver and spleen throughout the experiments. Such increased uptake and
retention might be attributed to the activation of the Mononuclear Phagocyte System (Song et.
Al. 2014). In addition, we observed a moderate uptake in kidneys suggesting that renal
clearance partially contributes to the elimination of nanoparticles.
The tumor uptake of P-NPs and BSA-NPs revealed moderate accumulation in tumor region.
Accumulation in the tumor appeared between 1h and 2 h post injection time period and
gradually increased. The tumor region was clearly visualized at 1 and 3 h post injection time
period. The images also showed high-level of background activity in kidney, liver, GI-tract
and urinary bladder.
Herein we proposed a new strategy to synthetize protein nanoparticles and the first report of
radiolabeling papain nanoparticles in a straightforward method. Our 99mTc labeling protocol
enables an easy, fast and reliable alternative to prepare radiolabeled nanoparticles for imaging
proposes. Furthermore, the described systems may also represent a promising platform in
cancer therapy, since it presents a great potential for carrying and delivering drugs, in special
for oncologic diseases. Another possibility for the proposed system is its functionalization for
active targeting purposes for specific tumors. In this way, our platform enables multifunctional
nanoparticles associating diagnostic and therapeutic capabilities for both target-specific
diagnosis and treatment of cancer.
Conclusion
Based on the results obtained in this study, P-NPs and BSA-NPs synthetized by our team can
be efficiently radiolabeled with 99mTc to study their biodistribution and demonstrated
potential to be used as SPECT tracer in breast cancer. Since, the systemic administration in
mice bearing tumor were uptake by tumor tissue. It can become a non-invasive tool to breast
tumors detection.
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These findings also suggest the therapeutic potential of these nanoparticles, both as theranostic
radiopharmaceuticals also as drug delivery through chemotherapics encapsulation.
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Abstract
Purpose: Nanotechnology has developed the possibility of designing tumor-targeted vehicles
able to efficiently deliver radionuclide payloads to improve tumor-imaging efficacy.
Na99mTcO4-encapsulated polyethylene glycol capped iron oxide nanoparticles (Na99mTcO4encapsulated MIONPs) was evaluated as tumor imaging radiopharmaceutical. Methods:
Na99mTcO4-encapsulated MIONPs was synthesized and characterized, then its biodistribution
pattern in normal mice (group A) and in solid tumor bearing mice via intravenous (I.V.) (group
B), physical delivery through localization of permanent magnet at tumor region with I.V.
injection (group C) and intratumoral injection (I.T.) (group D). Results: Na99mTcO4encapsulated MIONPs was synthesized with average particle size 24.08 nm, hydrodynamic
size 52 nm, zeta potential -28 mV, radiolabeling yield 96 %, high degree of in-vitro stability in
saline and mice serum, and no cytotoxic effect on normal cells (WI-38 cells). Na99mTcO4encapsulated MIONPs biodistribution showed the maximum tumor radioactivity accumulation
(20.39, 29.30 and 72.61 % ID/g) at 60, 60 and 30 min p.i. for group B, C and D, respectively.
The maximum T/NT ratios of 53.65, 58.60 and 77.30 were demonstrated at 60 min p.i. for
group B, C and D, respectively. Conclusions: Herein, Na99mTcO4-encapsulated MIONPs could
be introduced as a promising nano-sized radiopharmaceutical for tumor diagnosis.

FIG III.3.1. The TEM image of MIONPs capped with PEG
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FIG III.3.2 In-vivo biodistribution of Na99mTcO4-encapsulated MIONPs in solid tumor bearing male Swiss
Albino mice at different time intervals post I.V. injection (% ID/gram ± SEM, n = 5).
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FIG III.3.3. In-vivo biodistribution of Na99mTcO4-encapsulated MIONPs in solid tumor bearing male Swiss Albino
mice with permanent magnet localized at tumor tissue at different time intervals post I.V. injection (% ID/gram ±
SEM, n = 5).
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FIG III.3.4. In-vivo biodistribution of Na99mTcO4-encapsulated MIONPs in solid tumor bearing male Swiss Albino
mice at different time intervals post intratumoral injection (% ID/gram ± SEM, n = 5).

79

Group B
Group C
Group D

80

Target / Non target (T / NT)

70
60
50
40
30
20
10
0
20

40

60

80

100

120

Time post-injection, min

FIG III.3.5. T/NT ratios of Na99mTcO4-encapsulated MIONPs formula in solid tumor bearing mice via different
delivery routes as a function of time

Conclusion
According to our findings, nano-sized Na99mTcO4-encapsulated MIONPs radiopharmaceutical
was prepared with average particle size 24.08 nm, hydrodynamic size 52 nm and high
radiolabeling yield of 96%. The radiochemical studies showed that nano-radiopharmaceutical
could be prepared in high encapsulation efficiency of Tc-99m radionuclide by IO-PEG NPs.
The prepared nano-sized Na99mTcO4-encapsulated MIONPs radiopharmaceutical was stable
in saline and mice serum up to 24h and showed no cytotoxicity to normal cells. The
biodistribution studies in solid tumor bearing mice showed efficacy of nano-sized
radiopharmaceutical in tumor targeting ability. The maximum tumor radioactivity
accumulation (20.39, 29.30 and 72.61% ID/g) was achieved at 60, 60 and 30 min p.i. after
intravenous administration (I.V.), I.V. with permanent magnet localized at tumor region and
intratumoral injection, respectively, with maximum T/NT ratio of 53.65, 58.60 and 77.30 at 60
min p.i. The preclinical results reported here indicated that nano-sized Na99mTcO4-encapsulated
MIONPs radiopharmaceutical demonstrated promising highlights in animal models warrants
promote examination in higher animals to end up valuable in the clinical investigation and
human patients to be used as molecular imaging probe for tumor diagnosis.

Project 2
I-131 doping of silver nanoparticles platform for tumor theragnosis guided drug
delivery.
Tamer M. Sakra, b*, O. M. Khowessahc, M. A. Motalebd, A. Abd El-Baryc, M. T. El-Kolalyd,
and M. M. Swidand*
a: Radioactive Isotopes and Generator Department, Hot Labs Center, Egyptian Atomic
Energy Authority, PO13759, Cairo, Egypt
b: Pharmaceutical Chemistry Department, Faculty of Pharmacy, Modern Sciences and Arts
University, 6th October City, Egypt
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Abstract
Nanotechnology may be applied in medicine where the utilization of nanoparticles (≤ 100 nm)
for the delivery and targeting of theranostic agents is at the forefront of projects in cancer nanoscience. This study points a novel one step synthesis approach to build up polyethylene glycol
capped silver nanoparticles doped with I-131 radionuclide (131I-doped Ag-PEG NPs). The
formula was prepared with average hydrodynamic size 21 nm, zeta potential – 25 mV,
radiolabeling yield 98 ± 0.76 %, and showed good in-vitro stability in saline and mice serum.
The in-vitro cytotoxicity study of cold Ag-PEG NPs formula as a drug carrier vehicle showed
no cytotoxic effect on normal cells (WI-38 cells) at a concentration below 3 µl/104 cells. The
in-vivo biodistribution pattern of 131I-doped Ag-PEG NPs in solid tumor bearing mice showed
high radioactivity accumulation in tumor tissues with maximum uptake of 35.83 ± 1.12 and
63.75 ± 1.3 % ID/g at 60 and 15 min post intravenous (I.V.) and intratumoral injection (I.T.),
respectively. Great potential of T/NT ratios were obtained throughout the experimental time
points with maximum ratios 45.35 and 92.45 at 60 and 15 min post I.V. and I.T. injection,
respectively. Thus, 131I-doped Ag-PEG NPs formulation could be displayed as a great potential
tumor nano-sized theranostic probe.

FIG III.3.6. Size analysis of Ag-PEG NPs platform: TEM image
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FIG III.3.7. In-vivo biodistribution of 131I-doped Ag-PEG NPs in solid tumor bearing male Swiss Albino mice at
different time intervals post I.V. injection (% ID/gram ± SEM, n = 5).
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FIG III.3.8. In-vivo biodistribution of 131I-doped Ag-PEG NPs in solid tumor bearing male Swiss Albino mice at
different time intervals post intratumoral injection (% ID/gram ± SEM, n = 5).
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FIG III.3.9. T/NT ratios of 131I-doped Ag-PEG NPs formula in solid tumor bearing mice via different delivery
routes as a function of time.

Conclusion
This study developed one step technique to produce 131I-doped silver nanoparticles decorated
with polyethylene glycol coating to be used as a nano-sized radiopharmaceutical for tumor
theragnosis. The size distribution of 131I-doped Ag-PEG NPs revealed that the synthesized
core-shell nanoparticles could be accomplished with average diameter 21 nm. 131I-doped Ag82

PEG NPs were prepared in high reproducible radiolabeling yield (98 ± 0.76 %), high in-vitro
and in-vivo stability, with no cytotoxic effect on normal cells at a concentration ≤ 3 µl/104 cells.
Its targeting ability to accumulate effectively in tumor tissues was investigated through the
biological distribution evaluation. It showed that the maximum tumor uptake 35.83 ± 1.12 and
63.75 ± 1.3 % ID/g with maximum T/NT 45.35 and 92.45 was noticed at 60 and 15 min post
intravenous and intratumoral injection, respectively. The findings from this study reveal a
potential application of 131I-doped Ag-PEG NPs as new potential nano-sized
radiopharmaceutical for tumor theragnosis.

Project 3
Prostate tumor therapy advances in nuclear medicine: green nanotechnology toward
the design of tumor specific radioactive gold nanoparticles
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4
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Abstract
We report herein an innovative approach to prostate tumor therapy using tumor specific
radioactive gold nanoparticles (198Au) functionalized with Mangiferin (MGF). Production and
full characterization of MGF-198AuNPs are described. In vivo therapeutic efficacy of MGF198
AuNPs, through intratumoral delivery, in SCID mice bearing prostate tumor xenografts are
described. Singular doses of the nano-radiopharmaceutical (MGF-198AuNPs) resulted in over
85% reduction of tumor volume as compared to untreated control groups. The excellent antitumor efficacy of MGF-198AuNPs are attributed to the retention of over 90% of the injected
dose within tumors for long periods of time. The retention of MGF-198AuNPs is also
rationalized in terms of the higher tumor metabolism of glucose which is present in the
xanthanoid functionality of MGF. Limited/no lymphatic drainage of MGF-198AuNPs to various
non-target organs is an attractive feature presenting realistic scope for the clinical translation
of MGF-198AuNPs in for treating prostate cancers in human patients. The comparative analysis
of MGF-198AuNPs with other radioactive gold nanoparticles, functionalized either with
epigallocatechin gallate or the Gum Arabic, has revealed significantly superior tumoricidal
characteristics of MGF-198AuNPs, thus corroborating the importance of the tumor-avid glucose
motif of MGF. Oncological implications of MGF-198AuNPs as a new therapeutic agent for
treating prostate and various solid tumors are presented.
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Oncological implications
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
[26–30, 34–44]. The tumor retention characteristics of these candidates have been accurately
quantified by pioneering the development of the corresponding 198Au radioactive gold
nanoparticulate analogs [26–30, 34–44]. The gamma emission of 198Au nanoparticles allows
precise estimation of gold within tumor cells/tissues through scintigraphic counting techniques
(Fig. 7). For the proposed studies, we have created immunomodulating. The presence of
glucose in Mangiferin provides an ideal targeting ligand with excellent prostate tumor-avidity
through laminin receptor specificity.
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 (Fig. 7). The therapeutic efficacy data of MGF198
AuNPs as depicted in Fig. 8 unequivocally demonstrate the superior tumor uptake and
retention characteristics exerted by Mangiferin’s xanthanoid motif which has sugar moiety as
part of its chemical structure (Fig. 2). Our therapeutic efficacy data have shown that a single
dose of MGF-198AuNPs completely stops prostate tumor growth with no toxicity associated
with the radiation dose to various non-target organs (Fig. 8) [31]. Therefore, we conclude here
that the glucose unit in Mangiferin allows effective tumor accumulation and retention of MGF198
AuNPs within prostate tumors and thus is an important green-nanotechnology-based
‘Pharmaco Motif’ for the development of site specific radiopharmaceuticals for applications in
oncology.
(parts of this report contained unpublished data and was removed from the working material
version)
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III. 4. ISLAMIC REPUBLIC OF IRAN
Preparation of radiolabeled Bombesin nanoparticles for In Vivo Gastrin-Releasing
Peptide Receptor Imaging
Introduction
PET is a nuclear imaging modality commonly used in oncology to early diagnose disease,
follow the treatment progress, and detect the metastatic tumors.
Nanoparticles (NPs) are studying as adjustable tools in biomedical applications, especially in
biomedical imaging, because of its (1) relatively large modifiable surface area (2) multimodal
imaging properties and (3) multivalent interactions which increase affinity and residence time
to their target (1,2).
Superparamagnetic iron oxide nanoparticles (SPIONs) have attracted enormous attention as
MRI contrast agents in clinical trials (3). In biomedical applications, the surface of SPIONs is
usually modified by coating with different materials (e.g. polyethylene glycol, dextran, oleic
acid, etc.) in order to enhance their biocompatibility and stability in aqueous solutions and
supply functional groups for conjugation of anticancer drugs or targeting agents (4,5). Of
coating polymers, chitosan is a versatile linear biopolymer studied in such a variety of
biomedical applications as tissue engineering, drug and gene delivery, molecular imaging, and
wound healing due to its characteristics including antimicrobial activity, biocompatibility,
biodegradability and low immunogenicity (6,7).
Radiolabeling of SPIONs with positron emitter radionuclides can develop PET/MR dual
imaging probes (8,9). Gallium-68 (t1/2 67.7 min, 89% β+) is an attractive positron emitter
radionuclide produced by [68Ge]/[68Ga] generator as a continuous source of gallium-68 in
hospitals. Several [68Ga]-radiopharmaceuticals such as [68Ga]-labelled peptides and antibody
fragments for targeted imaging of tumors are under development and [68Ga]-DOTATATE is
the first and only FDA approved probe to locate somatostatin receptor positive neuroendocrine
tumors (10).
There are several specific biomarkers to targeted imaging of breast cancer (BC) .Gastrinreleasing peptide (GRP) receptors are overexpressed in a variety of tumors including BC
(11,12), small cell lung cancer (13) and prostate cancer (14). Based on in-vitro experiments,
GRP receptors were found in many kinds of BC specimens. So, they can be valuable targets
for imaging or therapy of BC.
The amphibian analogue of gastrin-releasing peptide (GRP) is bombesin (BN) with high
affinity to GRP receptors (15,16). Radiolabeled bombesin derivatives have been applied to
detect BC in early stages using Single-photon emission computed tomography (SPECT) and
PET techniques (17–21).
The aim of present study is to prepare the trimethyl chitosan-coated SPIONs conjugated to
bombesin derivative and DOTA so as to radiolabel with gallium-68 and introduce as a
promising agent for in-vitro and in-vivo evaluation of BC.
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Preparation of nanoparticle probes
Magnetite nanoparticles (MNPs) were synthesized using co-precipitation method. Ammonium
hydroxide (25%) was added dropwise to a solution of 0.149 g FeCl2.4H2O and 0.405 g
FeCl3.6H2O in degassed deionized water under nitrogen atmosphere at 70ºC until a final pH of
11 was reached and stirred for additional 1 h at 70ºC. Fe3O4 NPs were magnetically decanted
and washed several times with deionized water and finally dried in a vacuum oven at 40ºC.
The synthesis of Trimethyl chitosan (TMC) was carried out according to the reported protocol
by Hamman et al (22) with minor modification. 0.5 g chitosan was dispersed in 20 mL NMethyl-2-pyrrolidone (NMP) at 60ºC and then 1.2 g Sodium iodide (NaI), 2.75 mL of a 15%
w/v aqueous sodium hydroxide solution and 3 mL methyl iodide were added respectively, and
the mixture was stirred for 5 h at 60ºC. The product (N-Trimethyl chitosan iodide) was
precipitated with acetone, centrifuged and washed twice with acetone. The sediment was
dissolved in 20.0 mL of sodium chloride solution (10% w/v) to exchange the iodide ions with
chloride ions. The resultant solution was dialyzed against distilled water with a dialysis
membrane (molecular weight cutoff 12 kDa, sigma) for 1 day and finally lyophilized.
To synthesize the trimethyl chitosan-coated magnetic nanoparticles (TMC-MNPs), Fe3O4 NPs
(5 mg) were dispersed in 1 mL deionized water using ultrasonication for 30 min. subsequently,
0.125 mL of TMC dissolved in deionized water (50 mg/mL) was added to MNPs dispersion
and the mixture was shaken for 24 h at room temperature. After that, the mixture was
centrifuged and TMC-coated MNPs were washed with deionized water two times.
succinyl-(Gly)8-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2
(Succinyl-(Gly)8-BN(7-14))
conjugation to TMC-MNPs was performed by Carboxyl-to-amine crosslinking using
EDC/NHS coupling method. Aqueous solutions of EDC and NHS (1mg/mL, 0.2 and 0.1 mL
respectively) and Succinyl-(Gly)8-BN(7-14) (10mg/mL, 40 µL) were added to TMC-MNPs
and agitated for 24 h at room temperature. Purification of BN conjugated to TMC-MNPs (BNTMC-MNPs) was performed by centrifuging the reaction mixture and washing the BN-TMCMNPs using deionized water at least two times.
DOTA chelators were conjugated to BN-TMC-MNPs using amine groups on the surface of
nanoparticles. BN-TMC-MNPs (5 mg) were dispersed in carbonate buffer (pH 8.5) and 0.9 mg
p-SCN-Bn-DOTA was added. DOTA conjugated BN-TMC-MNPs (DOTA-BN-TMC-MNPs)
were precipitated by centrifugation and washed with water.
Characterization of nanoparticles
The crystalline properties of MNPs and TMC-MNPs were characterized by powder X-ray
diffraction (PXRD) (PW1800, Philips) with 2Ɵ range of 20-80 and wavelength of Cu Kα
1.5409 Å (Figure III.4.1). Six significant peaks for magnetite nanoparticles at 2Ɵ = 30.2, 35.6,
43.2, 53.7, 57.1, and 62.9 were observed in both Fe3O4 NPs and TMC-MNPs patterns.
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FIG III.4.1. Powder X-ray diffraction (PXRD) patterns of the magnetite nanoparticles (MNPs) and TMC-coated
magnetite nanoparticles (TMC-MNPs)

Hydrodynamic diameter, size distribution and zeta potential of all synthesized nanoparticles
were measured by dynamic light scattering (DLS) instrument with the detection angle of 90º
at the wavelength of 633 nm at 25ºC (Nano-ZS, Malvern, Worcestershire, UK) (Table III.4.1).
Table III.4.1.The size, Polydispersity index and zeta potential of nanoparticles
Nanoparticles

Size (nm)

PDIa

Zeta potential (mV)

MNPs

43.2 ± 3.7

0.157

-1.56

TMC-MNPs

55.1 ± 4.3

0.249

+32.4

BN-TMC-MNPs

68.7 ± 3.4

0.140

+36.8

DOTA-BN-TMC-MNPs

69.2 ± 5.1

0.133

+16.8

a Polydispersity

index

Transmission electron microscopy (TEM) (CEM 902A, Zeiss, Germany) was applied to
observe the morphology of MNPs and DOTA-BN-TMC-MNPs. Figure III.4.2 (a and b)
exhibits the TEM images of MNPs and DOTA-BN-TMC-MNPs in which the <30 nm spherical
nanoparticles in both images are distinguished.
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FIG III.4.2. TEM images of (a) MNPs and (b) DOTA-BN-TMC-MNPs

Chemical structure of the nanoparticles and TMC polymer were evaluated by Fourier transform
infrared (FTIR) spectroscopy (Spectrum two, PerkinElmer, USA). Figure III.4.3.(a)-(e) display
FTIR spectra of Fe3O4 NPs, TMC, TMC-coated MNPs, BN-TMC-MNPs and DOTA-BNTMC-MNPs respectively. The strong absorption at 584 cm-1 corresponds to the stretching
vibration of Fe–O band of Fe3O4 NPs and is common for other spectra except for TMC
spectrum. The O-H stretch is a broad peak at 3000-3430 cm-1 (Figure III.4.3a). FTIR spectrum
of TMC-MNPs in Figure III.4.3c exhibits characteristic bands of TMC and pure magnetite
nanoparticles which demonstrates polymer coating of magnetite nanoparticles. The BN-TMCMNPs spectrum shows the peaks at 1537, 1634 and 3282 cm-1 are assigned to the N-H bending
of amide I and II, C=O band of amide I and N-H stretch in primary amides in bombesin
sequence (Gln side chain and c-terminal amide of bombesin). In DOTA-BN-TMC-MNPs
spectrum (Figure III.4.3e), the carbonyl group of DOTA carboxylic acid moieties appeared at
1734 cm-1 which demonstrates DOTA linking to the nanoparticles.
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FIG III.4.3. FTIR spectra of (a) Fe3O4 NPs, (b) TMC, (c) TMC-coated MNPs, (d) BN-TMC-MNPs and (e) DOTABN-TMC-MNPs.

Magnetic properties of MNPs and TMC-MNPs were determined using vibration sample
magnetometer (VSM) at room temperature (Princeton Applied Research, Model 155, USA).
Saturation magnetization values for MNPs and TMC-MNPs were obtained 96.5 and 52 emu/g
respectively (Figure III.4.4).

FIG III.4.4. Hysteresis curves of magnetite nanoparticles (MNPs) and TMC-coated magnetite nanoparticles
(TMC-MNPs).

The degree of quaternization (DQ) and degree of dimethylation (DD) of TMC was calculated
with 1H nuclear magnetic resonance (1HNMR) spectrum (Brucker, Avanace 500 MHz,
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Rheinstetten, Germany), obtained in D2O as a solvent (22,23) and Primary amine groups of
TMC were measured by ninhydrin method (24). The reaction of chitosan, TMC, and
glucosamine as a standard compound with ninhydrin reagent was carried out in 100 ºC for 16
min and then the absorption of solutions were read at 570 nm using UV-Vis spectroscopy
(CE7500; Cecil, Cambridge, UK). A linear calibration curve was drawn using glucosamine
absorptions and the percent of free amine groups in TMC was calculated via the absorption of
TMC and chitosan.

FIG III.4.5.1HNMR spectra of (a) trimethyl chitosan and (b) chitosan.

Figure III.4.5 depicts 1HNMR spectrum of N-Trimethyl chitosan chloride (Figure III.4.5a) and
chitosan (Figure III.4.5b) in which the signals at 2.85 and 3.06 ppm attributed to the N(CH3)2
and N(CH3)3 groups respectively. The signals at 2.04, (3.78-4.57) and (5.11-5.43) ppm
assigned to the methyl protons of the acetamide groups, (H2-H6) and H1 protons in chitosan
structure respectively. The signal at 3.33 ppm in chitosan and TMC 1HNMR spectra can be
attributed to the H2 of deacetylated monomers in chitosan structure and OCH3 protons in TMC
polymers. The degree of quaternization (DQ) and degree of dimethylation (DD) were obtained
51.3% and 12.8% respectively. Primary amine groups of TMC were measured by ninhydrin
method using glucosamine as a standard compound. Compared to chitosan, 33.7% of primary
amine groups were presented in TMC structure after the methylation process.
Thermogravimetric analysis (TGA) of MNPs and TMC-MNPs was used to measure the mass
of TMC coated on MNPs surfaces. TGA curves of pure Fe3O4 NPs and TMC-MNPs (Figure
III.4.6) shows 1.93% and 1.67% weight loss in the temperature range of about 25-150ºC which
relates to the loss of residual water in the samples. Weight loss between 150-400ºC in TGA
curve of TMC-MNPs (6.72%) demonstrates weight percent of polymer coated on MNPs
surfaces.
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FIG III.4.6. TGA curves of (a) magnetite nanoparticles (MNPs) and (b) TMC-coated magnetite nanoparticles
(TMC-MNPs).

Because of the presence of sulfur atom in peptide structure, conjugation of BN to TMC-MNPs
was confirmed using elemental analysis (Costech Elemental Combustion System CHNS-O
(ECS 4010)). Based on the obtained weight percent of sulfur in samples, peptide content was
calculated 0.07 mg per 1 mg of BN-TMC-MNPs.
Determination of ferric ion concentration
Colorimetric analysis using the formation of brick-red ferric thiocyanate complexes was
applied for the evaluation of iron content in DOTA-BN-TMC-MNPs. Aliquots (10 µL) of
DOTA-BN-TMC-MNPs in deionized water and standard solutions of iron (III) nitrate
nonahydrate (Fe(NO3)3.9H2O) were added into an equal volume of 12% HCl and agitated for
30 min. Aliquots of the obtained solutions (50 µL ) were added into a 96-well plate followed
by the addition of 1% ammonium persulfate solution (50 µL) into each well. Brick-red ferric
thiocyanate complexes formed by the addition of potassium thiocyanate solution (100 µL, 0.1
M) were assayed using a microplate reader at a wavelength of 490 nm (BioTek ELx800). The
ferric ion concentration of DOTA-BN-TMC-MNPs was calculated from the equation of the
calibration curve and the absorbance of the sample.
Phantom study
To measure the relaxation characteristics of the DOTA-BN-TMC-MNPs as a T2-weighted
MRI contrast media, varying concentrations of DOTA-BN-TMC-MNPs ranging from 25-200
µM for Fe in deionized water containing 1% agarose were filled into 2.0 mL microcentrifuge
tubes. The T2-weighted images were acquired using a 3T MRI Scanner (MAGNETOM Prisma)
with a repetition time (TR=2500 ms), echo time (TE=14.2-142 ms), flip angle: 180º and matrix:
384×252.
T2-weighted images of solutions (Figure III.4.7a) showed decreased signal intensity when the
Fe concentration rose and the T2 relaxivity (r2) was calculated 330.98 mM-1s-1 for DOTA-BNTMC-MNPs (Figure III.4.7b).
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FIG III.4.7. Measurement of T2 relaxivity (r2) for DOTA-BN-TMC-MNPs. (a) T2-weighted images of DOTA-BNTMC-MNPs solutions and (b) the calculation of T2 relaxivity for DOTA-BN-TMC-MNPs.

Radiolabeling of NPs
DOTA-BN-TMC-MNPs were dispersed in acetate buffer (pH 4.9, 5mg/mL, 100 µL) and added
to the 148 MBq of 68GaCl3 solutions (700 µL, 0.2 M HCl contains 100 mg of HEPES) in the
10 ml borosilicate vials. The mixture were vortexed for 10 s and then heated at 90ºC for 5 min.
Radiochemical purity was evaluated by instant thin layer chromatography-silica gel (ITLC-SG)
using sodium citrate solution (100 mM) as mobile phase and radiochromatograms were plotted
by a TLC scanner (MiniGita, Elysia-Raytest, Germany). As shown in Figure III.4.8, free [68Ga]
(III) cations form [68Ga] citrate complexes and migrate to Rf 0.6 while the radiolabeled
nanoparticles retain at the base (Rf 0.1). DOTA-BN-TMC-MNPs were labeled efficiently
(97.98±0.13), therefore the particles did not need post-labeling purification. Radiochemical
purity over 97% was obtained at different times for [68Ga]-DOTA-BN-TMC-MNPs for 2 hours.

FIG III.4.8. ITLC of [68Ga]-DOTA-BN-TMC-MNPs
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Stability test in human serum
The stability of 68Ga-radiolabeled DOTA-BN-TMC-MNPs in human serum was assessed by
ITLC-SG and sodium citrate solution (100 mM) as the mobile phase. Radiolabeled NPs were
incubated in human serum (1:10 ratio) at 37ºC for 180 min and radiochemical purity was
determined every 30 min by ITLC-SG using sodium citrate solution (100 mM) as mobile phase.
[68Ga] citrate complexes migrate to Rf 0.5-0.7 on ITLC-SG using sodium citrate solution as the
mobile phase while the [68Ga]-radiolabeled nanoparticles retain at the base (Rf 0.1). As shown
in Figure III.4.9, [68Ga]-DOTA-BN-TMC-MNPs had 92.13% stability after 120 min and 85.99%
stability after 180 min.

FIG III.4.9. Radiochemical purity (RCP) of [68Ga]-DOTA-BN-TMC-MNPs in human serum at 37ºC.

Cytotoxicity assay
GRPR-positive human BC cell line T-47D was cultured in Dulbecco's Modified Eagle's
medium (DMEM high glucose, Biosera, France) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin in a humidified atmosphere at 37ºC with 5% CO2. The
cytotoxicity of DOTA-BN-TMC-MNPs was investigated by MTT assay. The T-47D cells were
seeded in 96-well plates (5000 cells/well) and incubated for 24 h. Cells were treated at the
nanoparticle’s concentration range of 0.1-200 µg/mL and incubated at 37ºC with 5% CO2 for
24 and 48 h. After each interval, the cells medium was replaced with 50 µL of MTT reagent
(0.5 mg/mL in PBS) and incubated for 3h at 37ºC and 5% CO2. Afterward, 150 µL of DMSO
was added to each well to dissolve formazane crystals and the absorbance was read at 570 nm
with a reference wavelength of 630 nm using a microplate reader.
In vitro cytotoxicity of DOTA-BN-TMC-MNPs on T-47D cells at the concentration range of
0.1-200 µg/mL showed insignificant toxicity for the cells in compare with the non-treated cells
(Figure III.4.10) and 76.7±2.9% and 74.0±3.7% of the cells were survived in contact with the
highest concentration (200 µg/mL) of nanoparticles after 24 and 48 h.

98

FIG III.4.10. MTT assay of DOTA-BN-TMC-MNPs on T-47D cells after 24 and 48 h

In vitro Competitive cell binding assay
Competitive cell binding affinity assay was used to evaluate the IC50 value of DOTA-BNTMC-MNPs in T-47D cell line (25). The IC50 value was determined against [99mTc]-HYNICGABA-Bombesin (7-14) which is routinely used for localization, staging and follow up therapy
of breast and prostate tumors with positive GRP receptors in Iran (26). To be measured the IC50
value, the total concentration of receptors expressed on cells (Bmax) must be determined using
saturation binding assay.
At first, the HYNIC-Bombesin cold kit was labeled with [99mTc]O4- solution (20 mCi, 1200
Ci/mmol) according to the kit labeling instruction (27). 400 µL of T-47D cells (105 cells) in
PBS were incubated with 100 µL of [99mTc]-HYNIC-GABA-Bombesin (7-14) (5-300 nM) in
triplicate for 1 h at 37ºC. Nonspecific binding (NSB) of radiolabeled peptide was estimated
using the incubation of excess unlabeled peptide (10 µM) to block the specific binding sites for
30 min at 37ºC. At the end of the incubation times, cells were centrifuged (1200 rpm, 5 min),
the cell pellets were washed with cold PBS and the radioactivity of cell pellets was measured
using a sodium iodide well counter (Triathler Multilabel Tester; Hidex; Finland).
In order to evaluate the IC50 value of DOTA-BN-TMC-MNPs, T-47D cells were aliquoted into
2 mL microcentrifuge tubes (2×105 cells) in triplicate and the radioactive [99mTc]-HYNICGABA-Bombesin (7-14) (100 µL, 240 nM) were added, followed by the addition of various
concentration of DOTA-BN-TMC-MNPs (0.001-60 µg/mL) in triplicate. The tubes were
shaken at 37ºC for 1 h. After incubation time, cells were centrifuged for 5 min and washed with
cold PBS. The radioactivity of cell pellets was measured using a gamma counter. The IC50
value of of DOTA-BN-TMC-MNPs were obtained by plotting the radioactivity of [99mTc]HYNIC-GABA-Bombesin (7-14) versus the log of the concentrations of DOTA-BN-TMCMNPs using GraphPad Prism Software (San Diego, CA).
The total concentration of GRP receptors expressed on T-47D cells (Bmax) and dissociation
constant (Kd) for [99mTc]-HYNIC-GABA-Bombesin (7-14) were determined using saturation
binding assay. As depicted in Figure III.4.11a, specific binding of [99mTc]-HYNIC-GABABombesin (7-14) to GRP receptors on the cell surfaces was plotted versus the concentration of
the radiopeptide added. The Bmax and Kd values were calculated using, GraphPad Prism 7
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Software (nonlinear regression analysis, binding saturation, one site–specific binding) (28) and
obtained 212.1 and 17.86 nM respectively.
The IC50 value of DOTA-BN-TMC-MNPs was evaluated using competitive binding assay
against [99mTc]-HYNIC-GABA-Bombesin (7-14) in BC T-47D cells (Figure III.4.11b). The
IC50 of DOTA-BN-TMC-MNPs was 8.79 µg/mL.

FIG III.4.11. (a) Saturation binding study of [99mTc]-HYNIC-GABA-Bombesin (7-14) to GRP receptors of T-47D
cells. (b) Inhibition of [99mTc]-HYNIC-GABA-Bombesin (7-14) binding to T-47D cells with various concentration
of DOTA-BN-TMC-MNPs.

Biodistribution studies
All animal experiments were performed in accordance with the guidelines approved by the
ethical care and use of research animals at Tehran University of Medical Sciences. 8-week-old
female athymic nude mice (Pasteur Institute of Iran, North Research Center) were
subcutaneously implanted with 3×106 T-47D cells in 0.1 mL PBS into the right legs.
Approximately 10-12 days after cell implantation, PET imaging and biodistribution study in
tumor-bearing nude mice were investigated. Normal biodistribution of DOTA-BN-TMCMNPs were studied in 8-week-old female Balb/C mice.
DOTA-BN-TMC-MNPs were radiolabeled with gallium-68 as described previously. 100 µL
of [68Ga]-DOTA-BN-TMC-MNPs (3.7 MBq) were injected to the normal Balb/C and tumorbearing nude mice through the tail vein. The percentage of radioactivity in different organs
were calculated at 30, 60, 90, and 120 min post-injection.
Percentage of injected dose per gram (ID/g %) of [68Ga]-DOTA-BN-TMC-MNPs in normal
Balb/C (Figure III.4.12) and tumor-bearing mice (Figure III.4.13a) was determined at 30, 60,
90, and 120 min post-injection. Radiolabeled nanoparticles were rapidly cleared from the
circulation by the reticuloendothelial system (RES) cells in liver and spleen. Compared to
normal model, the percentage of ID/g for all organs significantly didn’t change in tumorbearing mice. The percent uptake of radiolabeled nanoparticles in tumor were 0.78% at 30 min,
1.56% at 60 min, 1.75% at 90 min, and 2.27% at 120 min which indicated incremental
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accumulation of targeted nanoparticles in tumor. As shown in Figure III.4.13b, tumor-to-tissue
ratios also confirmed increasing uptake of nanoparticles in tumor over time.

FIG III.4.12. Biodistribution of [68Ga]-DOTA-BN-TMC-MNPs in normal mice at 30, 60, 90, and 120 min postinjection.

FIG III.4.13. (a) Biodistribution of [68Ga]-DOTA-BN-TMC-MNPs in tumor-bearing mice at 30, 60, 90, and 120
min post-injection, (b) tumor-to-organs ratios in at 30, 60, 90, and 120 min pos- injection.

In vivo imaging studies
For animal MR imaging, shoulder xenograft nude mice were used. The tumor-bearing nude
mice were anesthetized by ketamine/ xylazine and MR images were obtained pre- and postinjection of 100 µL DOTA-BN-TMC-MNPs (1 mg/mL, 5.12 mM Fe) in deionized water. The
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T2-weighted fast spin-echo imaging was performed using a 3T MRI under the following
condition: TR/TE: 2300/110 ms, flip angle: 150º, echo train length: 15, slice thickness: 2 mm,
matrix: 256×216.
MR imaging of T-47D tumor-bearing mice at shoulder has been shown in Figure III.4.14a
before and Figure III.4.14b after administration of DOTA-BN-TMC-MNPs. The decrease in
MR signals in tumor lesion due to the specific uptake of DOTA-BN-TMC-MNPs made this
region darker (yellow circle in Figure III.4.14b) and improved the image contrast as a result.

FIG III.4.14. MR images of shoulder xenograft nude tumor-bearing mouse (a) before and (b) after of DOTA-BNTMC-MNPs injection through the tail vein (2 h) under the 3T magnetic field. Yellow circle demonstrates the
uptake of nanoparticles to the tumor

PET/CT imaging of T-47D tumor-bearing nude mice in right legs was accomplished using
Biograph 6 Siemens clinical scanner (Siemens AG, Erlangen, Germany). The CT scans of the
mice in supine position were performed for anatomical reference and attenuation correction
(spatial resolution 1.25 mm, 80 kV, 50 mAs). Static PET acquisitions were performed with
three sets of emission images after injection of 3.7 MBq [68Ga]-DOTA-BN-TMC-MNPs
starting at 30, 60, and 120 min. PET images were reconstructed using the iterative algorithm
with attenuation correction. The reconstruction settings were 4 iterations and 21 subsets to a
256×256 matrix, with a post filtering of 2 mm. Transmission data were reconstructed into a
matrix of equal size by means of filtered back-projection, yielding a co-registered image set.
The reconstructed PET images were then fused with CT images.
As shown in Figure III.4.15, there is the most activity concentration in liver, tumor and lightly
higher than the background activity in the spleen and bladder 120 min post-injection.
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FIG III.4.15. PET/CT image of nude mice bearing T-47D BC tumor following the injection of 3.7 MBq [68Ga]DOTA-BN-TMC-MNPs after 120 min.

Conclusion
Our findings demonstrated bombesin-conjugated to the surface modified magnetite
nanoparticles can be a promising agent for GRP receptor targeting. Small hydrodynamic size,
low toxicity, highly efficient radiolabeling with gallium-68, drastic serum stability and strong
binding affinity (IC50 = 8.79 µg/mL) of DOTA-BN-TMC-MNPs toward GRP receptors make
these nanoparticles suitable for PET imaging of prostate, breast and lung cancers.
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Development of 177Lu-Bombesin-PLGA(Paclitaxel) nanoparticles for bimodal therapy
of breast cancer.
B. Ocampo-García and L. Melendez-Alafort
Introduction
Recently a variety of BN derivatives radiolabeled with different radionuclides have been
widely studied as targeting ligands for diagnosis and/or therapy of GRPr-positive tumors
(Maina et al., 2017). BN can properly be attached to the surface of a nanoparticle in order to
enhance its affinity towards a desired molecular target. Therefore, polymeric nanoparticles
functionalized with BN have been proposed as suitable drug delivery systems. Poly(D,Llactide-co-glycolide) acid (PLGA) nanoparticles has been approved for human use as a smart
nanosystem for drug delivery because its biocompatibility and biodegradability and response
to pH changes (Kapoor et al., 2015). It has been demonstrated that PLGA can be used as
polymeric matrix to encapsulate a therapeutic agent in the hydrophobic nanoparticle core .
Paclitaxel (PTX) in one the first-line drug for the treatment of solid cancers even if it is toxicity,
poor bioavailability and produce severe side effects. Consequently Paclitaxel (PTX) has been
used as a model to evaluate and optimize drug delivery systems based on nanoparticles (Feng
et al., 2004). The aim of this work was to prepare and evaluate a novel 177Lu-labeled PTXloaded nanocarrier grafted to Lys1Lys3(177Lu-DOTA)Bombesin in breast cancer cells as a
potential combined therapy system for breast cancer.
Experimental Section
Preparation of PLGA nanoparticles
PLGA nanoparticles (PLGA) were prepared mixing an organic solution of the PLGA polymer
(15mg/mL in acetone) and methanol (1.32 mL) then adding drop-wise PVA solution (7.29 mL)
as stabilizer under ultra-sonication in ice bath. Ten min later acetone/methanol were removed
using a rotary vacuum evaporator (65°C). Finally, the nanosuspension was purify by
ultracentrifugation (MWCO 30 kDa) with injectable water and the pellet was freeze-dried.
Preparation of paclitaxel-loaded nanoparticles
To prepare paclitaxel-loaded nanoparticles [PLGA(PTX)], 15 mg of PLGA polymer and 1mg
of paclitaxel were solved in acetone and placed in a magnetic stirring for 30 min. At the end of
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incubation time 1.32 mL of methanol were added and the procedure for PLGA synthesis was
carried out as described above (see Fig. III.5.1). Nanoparticles were purified from the nonincorporated drug by ultracentrifugation (MWCO 30kDa) and the nano-suspension obtained
was freeze-dried.
Bioconjugation of Bombesin to Polymeric Nanoparticles
Lys1Lys3(DOTA)-Bombesin was conjugated to 5 mg PLGA or PLGA(PTX) NPs dissolved in
50 µL of water and 100µL of DMF by addition of 33µL of DIPEA solution and 10 mg of
HATU. The mix was sonicated for 15 min, Lys1Lys3(DOTA)-BN (1mg/100 µL in DMF) was
an added and the mixture was incubated at room temperature for 2h under slow stirring (Fig.
III.5.1). Finally, BN-PLGA or BN-PLGA(PTX) obtained nano-suspensions were purified by
ultracentrifugation as described before.
Radiolabeling
Radiolabeling of BN-PLGA and BN-PLGA(PTX) NPs was carried out by addition of 177LuCl3
solution (10µL) to 500 µg the nanoparticles suspended in 0.25 M acetate buffer, pH 7. The
mixture was then incubated at 37°C for 3h, and the nanoparticles were purified by
ultracentrifugation as described before. Radiolabeling yields of 177Lu-BN-PLGA and 177LuBN-PLGA(PTX) were calculated measuring the activity in both filtered and unfiltered fractions.
Radiochemical purity was evaluated using as stationary phase ITLC-SG strips (Pall
Corporation) and NaCl 0.9%/HCl 0.02 M as mobile phases. Free 77Lu was identified at the
solvent front (Rf=1.0).

FIG III.5.1 Schematic representation of 177Lu-labelled paclitaxel-loaded nanoparticles preparation

Physicochemical characterization
Nanosystems dilution were used to measure particle size and zeta potential by triplicate through
Dynamic Light Scattering (DLS) at wavelength of 657 nm at 20°C, current of 15.79 mA,
electric field of 14.35 V/cm and sampling time of 128 µs. Nanosystems were analyzed through
Transmission Electron Microscopy (TEM) in a JEOL JEM 2010 HT microscope operating at
200 kV, in order to observe the relative size and morphology. Samples were prepared for
analysis by evaporating a drop of aqueous product on a carbon coated TEM copper grid. The
FT-IR measurements of nanosystems were also performed. The spectra were obtained from 50
scans at a 0.4 cm-1 resolution from 400 to 4000 cm-1.
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Morphology of the obtained systems was also examined through Scanning Electron
Microscopy (SEM), a drop of each sample was placed on a metal slab, dried and coated with a
gold layer (Denton Vacuum DESK IV sputtering system, Moorestown, NJ). The coated
samples were scanned using an electron acceleration voltage of 20–25 keV.
Entrapment Efficiency
HPLC analysis was used to evaluate indirectly the efficiency of paclitaxel encapsulation
determining the concentration of non-encapsulated PTX in the filtered solution obtained from
the ultracentrifugation process. Then the efficiency of encapsulation (percentage) was
calculated as the proportion between the drug loaded and of drug added to the reaction mixture.
In vitro PTX release
In vitro drug release studies were carried out by dispersion of 10 mg of PLGA(PTX) in 1mL
of release medium and placed in a dialysis membrane (MWCO 30 kDa). Then dialysis bag was
closed and immersed into a flask containing PBS (10 mL) at pH 7.4 or pH 5.3, simulating
physiological pH or tumor microenvironment respectively both of them were incubated at 37°C
and stirred at 110 rpm. Medium (0.2 mL) was collected at specified time points and measured
through HPLC, as previously described.
Bombesin conjugation efficiency
Conjugation efficiency was determined by measuring free BN in the filtered solution after
ultracentrifugation. The reverse-phase HPLC method was carried out using a C18 column
(µBondapak® C18 10µm 125A°, 3.9 x 300 mm) as a stationary phase and a gradient of
water/acetonitrile containing 0.1% TFA from 95/5 (v/v) to 20/80 (v/v) as a mobile phase.
Separation was carried out at a flow rate of 1mL/min and a run time of 30 min. A BN standard
curve (r2=0.999, 0.07-2.2 mg/mL) was used in this analysis.
Cell lines
MDA-MB-231 human breast cancer cells (GRPr-positive) (Chao et al., 2009; de Aguiar
Ferreira et al., 2017; Miyazaki et al., 1998) were originally obtained from the American Type
Culture Collection (USA). The cells were routinely grown at 37°C, with 5% CO2 atmosphere
and 85% humidity in RPMI medium supplemented with 10% newborn calf serum and
antibiotics (100 µg/mL streptomycin, 100 U/mL penicillin).
In vitro binding assay and non-specific binding
MDA-MB-231cells were harvested through trypsinization and seeded in 24-well culture plates
(1x105 cells/well, 0.5 mL). After 24 h, the medium was removed and the cells were incubated
with adequate treatment dilution (177Lu-BN-PLGA(PTX) or 177Lu-BN, equivalent to 50 kBq
per well) for 45 min at 37°C. Each well was then rinsed twice with PBS. To displace the
membrane-bound radiopharmaceutical fraction, cells were incubated (5 min, 37°C) with 500
µL of 20 mM Gly/HCl, then cell solution was centrifugated, the solution was transferred to
counting tubes and measured in a gamma NaI(Tl) detector (NML Inc., USA). The percentage
of the total activity in the withdrawn volume represents the membrane uptake and the activity
in the cell pellet the nanosystem internalization. Non-specific binding (cells with blocked
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receptors) was determined in parallel, in the presence of 5.7 µM Lys1Lys3(DOTA)-BN with 10
min of pre-incubation.
Cytotoxicity studies
MDA-MB-231 cells were used to compare the cytotoxic effect produced by 177Lu-BNPLGA(PTX) with the different treatments (PLGA, PLGA(PTX), BN-PLGA, BN-PLGA(PTX),
177
Lu-BN-PLGA(PTX), PTX, 177Lu-BN). This experiment was carried out mainly to evaluated
and compare the PTX contribution, since the effect produced by the β-emission of 177Lu is well
documented. A sublethal dose was used in order to determine differences among treatments
without the cell killing effect. The concentration of nanosystems for radiolabeling was
calculated in terms of PTX content and adjusted to 1.5 µM to use one tenth of the lethal dose
based on previous reports (breast cancer cells IC50=15 µM (Hasima et al., 2010)).
The cytotoxic activity was measured using a Cell Proliferation Assay (XTT) kit according to
the manufacturer’s protocol (Roche Diagnostics GmbH, Mannheim, Germany). Cells were
seeded in a 96-well microtiter plate (1 × 104 cells/well) and incubated overnight to allow cell
attachment. Then, the medium was removed and 50 µL of each treatment and 200 µL of RPMI
medium were placed in each well. The viability was evaluated after removing the medium at
72 h (37°C, 5% CO2 and 85% humidity).
Study of the synergistic therapeutic effect
In order to evaluate the chemotherapeutic (PTX) and radiotherapeutic (177Lu) synergistic effect
of the radiolabeled nanosystem on cell viability, 1×104 cells/well were exposed to 177Lu-BNPLGA(PTX) or unlabeled (BN-PLGA(PTX) nanosystems (30 µM in terms of PTX content).
The viability was evaluated through XTT protocol at 24, 48 and 72 h.
Estimation of radiation absorbed doses to the MDA-MB-231cell nucleus.
To estimate the radiation absorbed doses to the MDA-MB-231 cell nucleus, the following
equation was used:
𝐷𝑁←𝑆𝑜𝑢𝑟𝑐𝑒 = (𝑁𝑀 × 𝐷𝐹𝑁←𝑀 ) + (𝑁𝐶 × 𝐷𝐹𝑁←𝐶 )

(1)

Where DN ←Source represents the mean absorbed dose to the nucleus from source regions
(membrane and cytoplasm) and NM and NC are the total number of nuclear disintegrations that
occurred in the membrane and cytoplasm. DFN ←M and DFN ←C denote the dose factors specific
for 177Lu, from membrane and cytoplasm regions to the nucleus configuration. The dose factor
geometries were obtained from the S values reported by Goddu and Budinger (cell radius= 10
µm, nucleus radius= 5 µm) (Goddu and Budinger, 1997).
Hemocompatibility
For medical devices projected for direct or indirect blood exposure, hemocompatibility studies
are required (Escudero-Castellanos et al., 2016). In this work, the potential of the nanosystems
to disrupt red blood cells (RBC) was assessed by the hemolytic assay.
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The hemolytic assay was performed in agreement with the standard ISO 10 993-4. Brieﬂy, 200
μL of each treatment (n = 3) were placed in contact with 5 % human RBC solution. Trials were
immediately incubated at 37°C for 1 h with negative (isotonic saline) and positive controls
(distilled water). Optical density (OD) produced in each treatment was measured at 415 nm
(Lambda Bio, Perkin Elmer, USA). The percentage of hemolysis was calculated according to
Eq. (2).
𝑂𝐷𝑡𝑒𝑠𝑡 −𝑂𝐷𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒

% 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 = 𝑂𝐷

𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 −𝑂𝐷𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒

𝑥 10

(2)

In vivo studies
In vivo studies in mice were carried out according to the Official Mexican Norm 062-ZOO1999. Athymic male mice (6-7 weeks old) were identified and transferred inside plastic cases,
kept at constant temperature, humidity, 12:12 light:dark periods and fed ad libitum.
Tumor induction. Animals received an intravenous (caudal vein, for pulmonary tumor model)
or subcutaneous (upper back, for subcutaneous tumor model) inoculation of 1x106 MDA-MB231 cancer cells suspended in 0.1 mL of phosphate-buffered saline, and 2 weeks after
inoculation the animals were used for the imaging or biodistribution studies, respectively.
Imaging
To verify the in vivo nano-radiosystem retention in induced pulmonary tumors, SPECT-CT
images were acquired using a micro-SPECT/CT scanner (Albira, ONCOVISION; Gem
Imaging S.A., Valencia, Spain) at 72h after intravenous 177Lu-BN-PLGA(PTX) administration
(5 MBq in 0.1 mL PBS). Mice under 2% isoflurane anesthesia were placed in the prone position
and imaging was performed. The micro-SPECT field of view was 60 mm; a symmetric 20%
window was set at 140 keV and pinhole collimators were used to acquire a three-dimensional
SPECT image with a total of 64 projections of 30 s each over 360°. The image dataset was then
reconstructed using the ordered-subset expectation maximization algorithm with the standard
mode parameter, as provided by the manufacturer. CT parameters were 35 kV sure voltage,
700 μA current and 600 micro-CT projections.
Biodistribution
The subcutaneous tumor model animals received an administration of 5 MBq in 0.1 mL of
177
Lu-BN-PLGA(PTX). After 72h post-injection, the mice were euthanized and the blood and
main organs were removed and placed into pre-weighed plastic test tubes. The radioactivity
was measured in a well-type scintillation Na(Tl) detector along with two aliquots of standards
(representing 100% of injected activity) and expressed as percentages of the injected dose per
gram (%ID/g) or per organ (%ID/organ).
Statistical analysis
Differences in cell uptake between unblocked and blocked receptors were evaluated with the
Student t-test. The cytotoxicity results were estimated through a two-sided ANOVA using
OriginLab and GraphPrisma software, setting the statistical significance at p < 0.05.
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Results and discussion
Preparation of PLGA and PLGA(PTX) nanoparticles
In this research, minor modifications in the emulsion-solvent method (Jaimes-Aguirre et al.,
2017) allowed to obtain both, the free-drug PLGA or paclitaxel-loaded PLGA nanoparticles.
The hydrophobic hydrocarbon chains from the lactide moieties in PLGA enabled the
interaction with hydrophobic PTX, allowing thermodynamic folding and the consequent
nanoparticle formation (Kapoor et al., 2015).
Scanning and Transmission Electron Microscopy (Fig III.5.2) showed that the designed
nanosystems presented a well-shaped spherical form. The morphology was not modified by
PTX incorporation or the grafted BN. The hydrodynamic diameter measured by DLS correlated
with microscopic analyses. All nanoparticle systems showed a hydrodynamic diameter less
than 200 nm (by DLS), narrow polydispersity and a monomodal distribution (Table III.5.1). In
general, a PDI smaller than 0.2 is considered as narrow-size distribution (Sengel-Turk et al.,
2014a). Specifically, size range was 104 nm to 201 nm for PLGA and 109 nm to 213 nm for
PLGA(PTX), without significant differences (p<0.05).
Negative zeta potential of PLGA nanoparticles (-18.9 mV) is attributed to the carboxylate
groups on the nanoparticle surface. In PLGA(PTX) the Z potential remained unchanged in
charge, which could mean that the paclitaxel remained entrapped in the nanoparticles, in
agreement with the results of chemical characterization.
Table III.5.1. Physicochemical Characterization of Nanoparticles
Nanoparticle

Size (nm)

Polydispersity
index (PDI)

Z potential
(mV)

PLGA

152.90 ± 48.56

0.1977

-18.9

PLGA(PTX)

161.23 ± 52.27

0.1914

-19.0

BN-PLGA

156.19 ± 54.18

0.2896

-11.0

BN-PLGA(PTX)

163.54 ± 33.25

0.2987

-12.3

Conjugation of Bombesin to PLGA or PLGA(PTX)
Bombesin was conjugated to the PLGA or PLGA(PTX) by the coupling peptide reaction, using
HATU as the activator molecule. The attachment of BN onto the nanoparticle surface had no
effect on the translational diffusion coefficient, which can be understood as the maintenance in
equivalent hydrodynamic radio, keeping apparent nanoparticle sizes. However, the zeta
potential showed a significant decrease from -18.9 mV to -11mV in BN-PLGA and from -19.0
mV to -12.3 mV in BN-PLGA(PTX). The reduction in Z potential values suggests that the
peptide interaction and arrangement on the nanoparticle surface originates changes in the
electrostatic environment surrounding the nanoparticle. The positive amine, amide bonds and
neutral hydrocarbon chains of Lys1Lys3(DOTA)-BN could contribute to the reduction of the
zeta potential. BN conjugation efficiency, indirectly measured by HPLC, was calculated to
be >97%.
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FIG III.5.2 Representative SEM micrograph of PLGA NPs

Radiolabeling Efficiency and Radiochemical Purity
Radiolabeling efficiency of Nanosystems was determined by ultracentrifugation (45%) and
after of purification Radiochemical purity, evaluated by ITLC, was 99 ± 1 %.
Infrared spectroscopy
The PLGA nanoparticle spectrum was consistent with that previously reported (Jaimes-Aguirre
et al., 2017; Kulhari et al., 2014). Characteristic vibrational modes were observed, such as (CH)υ from the co-polymer carbon skeletal between 2942 cm−1 and 2918 cm−1 , (C=O)υ vibration
of the ester group at 1737 cm−1, (C-H)δ from bonds between monomeric units of lactideglycolide (L-G: 1376 cm−1), glycolide-glycolide (G-G: 1425 cm-l) and lactide-lactide (L-L:
1453 cm−1) and (C-O)υ, (O-H)δ and (O-H)υ as evidence of stabilization with PVA (Fig. III.5.3c).
IR analysis of the PTX was consistent with previous reports (Hiremath et al., 2013). Briefly,
the spectrum showed stretching (-N-H) vibrations characterized by a broad and asymmetric
band centered at 3442 cm-1, The band found at 2945 cm-1 was assigned to (-C-H) from
asymmetric and symmetric stretching vibrations. The amide I region mainly associated with
(C=O) stretching vibration was identified at 1732 cm-1, whereas (C-N) stretching was found at
1274 cm-1. Aromatic hydrocarbons were identified by characteristic absorption bands in the
region near to 1645 cm-1 and 1500-1400 cm-1, produced by carbon-carbon stretching vibrations
in the aromatic ring. The bands in the 1250-1000 cm-1 region were assigned to C–H in-plane
bending and finally, C–H stretching above 3000 cm-1 was also identified (Fig. III.5.3a).
The IR spectrum corresponding to paclitaxel-loaded PLGA nanoparticles (Fig. III.5.3d)
showed no difference with regard to the empty nanoparticle spectrum. These spectra did not
display the characteristic intense bands from free PTX; they may have been masked by the
bands produced by the polymer. The possible absence of chemical interaction between the
polymer and drug may indicate a complete encapsulation of paclitaxel into the nanoparticles
(Martins et al., 2014; Yerlikaya et al., 2013).
The spectra of pure Lys1Lys3(DOTA)BN (Fig. III.5.3b) showed characteristic peaks at 3283,
1646 and 1533 cm-1, corresponding to –NH stretching, C=O stretching (Amide I) and –CN
(amide II), as previously reported (Aranda-Lara et al., 2016).
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BN-conjugated nanoparticles (BN-PLGA(PTX) showed the contribution of characteristic
vibrations from each component. The peaks at 1666 cm-1 and 1536 cm-1 on BN-PLGA(PTX)
from amide stretching vibrations makes evident the presence of BN in PLGA nanoparticles
(Fig. III.5.3e).

FIG III.5.3 Infrared spectra of a) Paclitaxel, b) Lys1Lys3(DOTA)Bombesin, c) PLGA nanoparticles d)
PLGA(PTX) nanoparticles and e) BN-PLGA(PTX) nanoparticles.

Encapsulation efficiency (EE)
The efficiency of hydrophobic paclitaxel encapsulation in BN-PLGA(PTX) was calculated by
subtracting the free drug measured in filtered solution from the total amount used to prepare
the nanoparticles. HPLC analysis was carried out at λmax= 227 nm, using a standard curve
related to the absorption and PTX concentration (6.0-300.0 µg/mL r2=0.997). Then, the
cumulative amount of released PTX was calculated. The efficiency of drug encapsulation was
92.8% ± 3.6, in agreement with similar reports (Martins et al., 2014).
In vitro release
To evaluate the controlled release capacity of PTX from BN-PLGA(PTX), the nanosystem was
evaluated in simulated physiological pH (7.4) and acidic microenvironment tumor conditions
(pH 5.3). The cumulative release percentage of PTX is shown in Figure III.5.4.
The kinetics drug release profiles exhibited biphasic patterns with release during the first 25 h
of 66.8% and 63.7% at pH 5.3 and 7.4, respectively, followed by a slow and continuous release
during 15 days. Significant differences (p<0.05) dependent on pH were observed, the
maximum amount of drug release was reached at pH 5.3 (84.8%), whereas at pH 7.4 the
maximum release was 77.1% of the total entrapped drug. As it is known, the higher release at
pH 5.3 is attributed to the effect of hydrolysis and degradation of the polymer (Maleki et al.,
2017). Therefore, paclitaxel release from BN-PLGA(PTX) in the acidic tumor
microenvironment may have an improvement anticancer drug delivery. The presented results
support the proposal that loading hydrophobic molecules such as PTX on PLGA nanoparticles
could enhance their accumulation on tumor tissues with the consequent decrease of the adverse
effects produced by the drug.
113

FIG III.5.4. In vitro release of PTX from paclitaxel-loaded PLGA nanoparticles in PBS (pH 5.3 and 7.4) fitted
to non linear Hill model.

In vitro uptake study
The therapeutic efficiency of paclitaxel-loaded PLGA depends on the nanosystem cell uptake,
their intracellular distribution, and the release from internalized nanoparticles.
As previously reported, GRPr is highly expressed on several breast cancer cell lines such as
MDA-MB-231 and T47D (Chao et al., 2009; Miyazaki et al., 1998). Cell uptake was evaluated
comparing the behavior of 177Lu-BN-PLGA(PTX) and 177Lu-BN as monomeric system. The
results showed a specific uptake of 177Lu-BN-PLGA(PTX) de 4.58 ± 0.42 %. Cell uptake was
significantly reduced (p<0.05) when GRP receptors of MDA-MB-231 cells were blocked by
pre-incubation (10 min before treatment exposure) with free Lys1Lys3BN peptide (Fig III.5.5a).
This evidence suggests that the active targeting was achieved due to the PLGA surface
modification with BN.
The specific uptake of 177Lu-BN was also confirmed. It was the highest uptake value observed
(8.20 ± 0.49 %) which was effectively diminished (1.6 ± 0.26 %) when receptors were
previously blocked in presence of 5.7 µM Lys1Lys3(DOTA)-BN (10 min of pre-incubation)
(Fig III.5.5a). While the free PTX does not require a ligand-receptor interaction to mediate
endocytosis, 177Lu-BN-PLGA(PTX) is introduced into the cell though several mechanisms. It
has been demonstrated that nanoparticle systems conjugated to bombesin interact specifically
with GRP receptors, increasing the ligand internalization by clathrin-mediated endocytosis and
thus allows a suitable delivery of paclitaxel into MDA-MB-231 cell; this fact enables the
system to produce a higher level of toxicity (Suresh et al., 2014).
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FIG III.5.5. a) 177Lu-BN and 177Lu-BN-PLGA(PTX) cellular uptake. Pre-incubated MDA-MB-231 cells with
Lys1Lys3-DOTA-BN (blocked receptors) and without Lys1Lys3(DOTA)-BN pre-incubation (unblocked receptors).
b) Internalization with respect to total uptake.

Therefore, 177Lu-BN-PLGA(PTX) nanosystems exhibited cellular uptake based on receptor
mediated endocytosis attributed to the interaction of BN with the GRP receptor. The active
targeting was achieved by modifying the PLGA with BN. The low internalization at this time
point could be attributed to the degree of uptake or to the exocytosis phenomena after 45 min
of incubation (Fig III.5.5b). Previous work has demonstrated that PLGA nanoparticles after
endocytic internalization, can quickly escape from the degradative endo-lysosomal
compartment and are capable of delivering a variety of payloads into the cytoplasm (Panyam
and Labhasetwar, 2003). However, further information on the kinetics of internalization is
needed to correlate the cargo delivery profile in order to understand the in vitro behavior.
Dose estimation
Based on the uptake (radioactivity in membrane) and internalization (radioactivity inside the
cytoplasm) results as well as 177Lu decay properties, the biokinetic models of 177Lu-BNPLGA(PTX) and 177Lu-BN were obtained, and the radiation absorbed doses were calculated.
The total absorbed dose produced to the cell nuclei by 177Lu-BN at 72 h was 0.659 Gy, 1.6
times higher than that produced by 177Lu-BN-PLGA(PTX) (0.4 Gy, Table III.5.2). All the
estimated doses delivered by each treatment were lower than 1 Gy. In this regard, it is reported
that a dose of 100 Gy is required to destroy cell function in non-proliferating systems and the
mean lethal dose for loss of proliferative capacity is about 2 Gy (Hall and Giaccia, 2006).
Moreover, a recent study demonstrated that the radiation absorbed dose in the nucleus of 4.8
Gy on lymphoma cells induced DNA damage and produced an important increase in the
apoptotic cell population (98%), mostly in late-stage (irreversible) apoptosis (Azorín-Vega et
al., 2018). As previously mentioned, our intention during the cytotoxicity evaluation was to
evaluate differences between 177Lu treatments without inducing cell death, which is why doses
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below 2 Gy were used. However, for the study of the synergistic therapeutic effect, doses of 8
Gy were applied (Table III.5.2).
Table III.5.2. Biokinetic Model and Radiation Absorbed Doses Produced By 0.5 Bq/Cell Of
Radiopharmaceuticals to The Mda-Mb-231 Cancer Cell Nuclei Within 72 H
Radiopharmaceutical

Biokinetic model

Cellular location

A(t)

𝑵

Dose

𝒕=𝟕𝟐 𝒉

= ∫

𝑨(𝒕)𝒅𝒕

(Gy)

177

Lu

Total dose
to cell
nuclei (Gy)

𝒕=𝟎
177Lu-BN-PLGA(PTX)

0.400

Membrane

𝐴(𝑡) = 0.089𝑒 −3.96𝑡 + 3.730𝑒 −0.009𝑡
+ 0.780𝑒 −0.007𝑡

8712

0.332

Cytoplasm

𝐴(𝑡) = 9.880𝑒 −10.004𝑡 + 0.159𝑒 −0.008𝑡
+ 0.337𝑒 −0.008𝑡

1004

0.075

177Lu-BN

0.659

Membrane

𝐴(𝑡) = 0.422𝑒 −25.404𝑡 + 6.25𝑒 −0.008𝑡
+ 1.98𝑒 −0.010𝑡

15912

0.594

Cytoplasm

𝐴(𝑡) = 0.439𝑒 −28.704𝑡 + 0.132𝑒 −0.012𝑡
+ 0.337𝑒 −0.008𝑡

904

0.065

In vitro cytotoxicity
Fig. III.5.6 shows that 177Lu-BN-PLGA(PTX) caused a significant decrease in cell viability
than BN-PLGA(PTX), 177Lu-BN or PTX.
At 72 h of treatment, 0.4 Gy of radiation absorbed dose was deposited to the nucleus of a MDAMB-231 cell treated with 177Lu-BN-PLGA(PTX). At this time point, the viability decreased to
78.9 ± 2.61 %, which was significantly different compared to BN-PLGA (94.1 ± 0.5 %,
p<0.001), PLGA (92.2 ± 3.2 %, p<0.001), PTX (85.0 ± 1.8 %, p<0.001) and 177Lu-BN (87.4 ±
3.3 %, p<0.001), even when in the late the radiation absorbed dose was 0.659 Gy (Table III.5.2).
After 72 h, the cell viability produced by 1.5 µM of free PTX (85.0 ± 1.8 %) was significantly
different (p<0.001) when compared with the survival rate (78.9 ± 2.61 %) produced by 177LuBN-PLGA(PTX). At this time point, an important amount of PTX (72%) has been released
contributing to cell toxicity (Fig. III.5.3). This results are expected since a concentration of 15
µM of PTX is required to produce significant cell death (Hasima et al., 2010). Furthermore,
the encapsulation of PTX on PLGA nanoparticles enhances the cytotoxic effect (Fig. III.5.6).
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FIG III.5.6. Effect on cell viability after exposure of MDA-MB-231 cells to sublethal doses of paclitaxel (1.5 µM)
and 177Lu radiation doses (< 1 Gy) in different nanosystems.

In terms of radiosensitization, nanoparticles encapsulating chemical compounds have been
proposed to enhance the response to radiation (Bergs et al., 2015). In Fig. III.5.6, synergistic
effect between chemotherapy and radiotherapy is observed. The high decrease in viability
produced by 177Lu-BN-PLGA(PTX) between 0 and 24 h is mainly attributed to the PTX
cytotoxic effect (see Fig. III.5.7).
The synergistic effect of chemotherapy and radiotherapy produced by the 177Lu-BNPLGA(PTX) nanosystem was evident when doses of PTX=30 µM and radiation absorbed doses
of 8 Gy were used. As can be observed in Fig. III.5.7, the greater cytotoxic effect for the
radiolabeled nanosystem was observed between 24 and 72 h (highest slope) due to at this time,
a significant PTX and radiation delivery has occurred.
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FIG III.5.7. Effect on MDA-MB-231cell viability after exposure to
PLGA(PTX). PTX=30 µM, radiation dose= 8 Gy at 72 h.
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Hemocompatibility
The non-hemolytic behavior of the 177Lu-BN-PLGA(PTX) supports the suitability for the
intravenous administration (0.97 ± 0.05 %). The systems can be classiﬁed as non-hemolytic
materials, based on the hemolysis value lower than 2 % (Escudero-Castellanos et al., 2017).
In vivo studies
Figure III.5.8a, shows a representative SPECT image of mouse with a MDA-MB-231
pulmonary tumor model. The tumor-to-blood ratio reveals suitable contrast, with a significant
accumulation of 177Lu-BN-PLGA(PTX) nanomedicine in tumor tissue after 72 h of injection
with a standard uptake value (SUV) of 3. The ex-vivo biodistribution results of 177Lu-BNPLGA(PTX) also showed a high tumor uptake in MDA-MB-231 lesions (Fig. III.5.8b).
However, future studies are required to obtain a complete 177Lu-BN-PLGA(PTX) biokinetic
profile for the in vivo absorbed dose assessment and for evaluation of the therapeutic efficacy
in different breast cancer models.
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FIG III.5.8. a) micro SPECT-CT image (72 h) in athymic mice with pulmonary tumor model (MDA-MB-231 cells).
b) biodistribution of 177Lu-BN-PLGA(PTX) in athymic mice with subcutaneous tumor model (MDA-MB-231 cells),
72 h post administration.

Conclusions
177

Lu-BN-PLGA(PTX) nanoparticles are suitable systems for the bimodal therapy of breast
cancer due to the synergistic effect on cell viability of the 177Lu radiation delivery and the
controlled release of paclitaxel. The radiolabeling of BN-PLGA(PTX) with Lu-177 allows the
acquisition of GRPr overexpression images in breast cancer tumors, making the monitoring of
disease progression possible. Further studies are needed to determine the therapeutic efficacy
of 177Lu-BN-PLGA(PTX) in different breast cancer preclinical models.
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Abstract
This third report covers the research activities carried out in the last term of the CRP which
have been devoted to (i) synthetize a second generation of ionising radiation-engineered PVPbased nanogels able to conjugate targeting ligands and macrocyclic chelators for radioactive
ions, with enhanced tissue-specific accumulation and reduced liver uptake; (ii) better elucidate
the mechanism of nanogel formation in order to increase the confidence on the nanogels
manufacturing process, enable product development and process optimisation.
To the first aim, we have designed nanogel particles with smaller size, more or more accessible
carboxyl groups. The nanogels have been characterised for their size, molecular weight and
functional groups.
To the second aim, we have combined a systematic experimental investigation on the structure
and physico-chemical properties of e-beam irradiation-synthetized PVP nanogels from dilute
aqueous solutions with the numerical simulation of the kinetics of the radiation chemistry of
aqueous polymer solutions exposed to a sequence of electron pulses. The numerical simulations
are based on a deterministic approach encompassing the conventional homogeneous radiation
chemistry of water as well as the chemistry of polymer radicals. Both experiments and
numerical simulations were performed for initially air-saturated systems as well as for initially
N2O-saturated systems.
The results of the experiments in combination with the simulations reveal new insights about
the crucial role of transient O2 concentration in N2O- saturated systems as well as the impact
of the initially present O2 in air-saturated systems. For the first time
the typical trends of size/molecular weight change with increasing the dose or the polymer
concentration are qualitatively reproduced.
(this report contained unpublished data and was removed from the working material version)
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III.7. MALAYSIA
The aim of this project is to provide significant improvement in the delivery of diagnostic and
therapeutic agents through the use of nanotechnology. The ability of nanosized, radioactive
and targeted nanomaterials to deliver optimum therapeutic payloads as well as diagnostic
imaging contrast, at tumor sites, addresses the most important 'unmet clinical need' in medicine.
Nanoscale therapeutic systems have emerged as novel therapeutic modalities for cancer
treatment and are expected to lead to major advances in cancer detection, diagnosis and
treatment. At Nuklear Malaysia covalently cross-linked nanogel for PEG-DA (polyethylene
glycol-diacrylate) using an inverse micelle system for irradiation with electron beam has been
developed. Nanogels are nanometer sized hydrogel nanoparticles (<100 nm) with threedimensional networks of cross-linked polymer chains. They have attracted growing interest
over the last several years owing to their potential biomedical applications such as drug
delivery systems (DDS) and bioimaging. In addition, as part of an international collaborative
project to develop new diagnostic and therapeutic nanoceuticals we will also be evaluating the
suitability of other agents from our international partners. Poly Lactic-co-Glycolic Acid
(PLGA) nanoparticles was provided by our collaborators from Nanyang Technological
University, Singapore. At the conclusion of this project, we found that PLGA’s can be
functionalized with targeting ligands. Being amenable to chelator conjugation to radiometals
such as gallium-68 and lutetium-177 allows imaging and therapeutic application of the
nanoconstruct to be explored. Conjugation reactions has been optimized and radiolabeled
products has been found to be stable over the study period. Furthermore, it was determined
that the harsh labelling conditions did not affect the physical properties of the nanoconstruct.
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III.8. MEXICO
Nanosized Delivery Systems for Radiopharmaceuticals: Nanosized Radiolabelled
Polyamidoamine Dendrimers for Tumor Imaging and Targeted Therapy
Chief Scientific Investigator (CSI): Ocampo-García Blanca E.
Secondary CSI: Ferro-Flores Guillermina
Main Additional Scientific Staff: Enrique Morales Avila, Brenda Gibbens-Bandala, M.
Trujillo-Nolasco, Alejandra Ancira Cortez, Alondra Escudero-Castellanos, Clara SantosCuevas, Jaimes-Aguirre, L.Héctor Mendoza-Nava, Flor de María Ramírez, Liliana ArandaLara, Orocio-Rodríguez E., Miranda-Olvera M.
I: Preparation and in vitro evaluation of radiolabeled HA-PLGA nanoparticles as novel
MTX delivery system for local treatment of rheumatoid arthritis
Abstract
The aim of this research was to synthesize 177Lu-DOTA-HA-PLGA(MTX) as a novel, smart
drug delivery system with target-specific recognition, potentially useful in radiosynovectomy
for local treatment of rheumatoid arthritis. The polymeric nanoparticle system was prepared
and chemically characterized. The MTX encapsulation and radiolabeling were performed with
suitable characteristics for its in vitro evaluation. The HA-PLGA(MTX) nanoparticle mean
diameter was 167.6 nm ± 57.48, with a monomodal and narrow distribution. Spectroscopic
techniques demonstrated the effective conjugation of HA and chelating agent DOTA to the
polymeric nanosystem. The MTX encapsulation was 95.2 % and the loading efficiency was
6 %. The radiochemical purity was 96 ± 2 %, determined by ITLC. Conclusion: 177Lu-DOTAHA-PLGA(MTX) was prepared as a biocompatible polymeric PLGA nanoparticle conjugated
to HA for specific targeting. The therapeutic nanosystem is based on bi-modal mechanisms
using MTX as a disease-modifying antirheumatic drug (DMARD) and 177Lu as a
radiotherapeutic component. The 177Lu-DOTA-HA-PLGA(MTX) nanoparticles showed
properties suitable for radiosynovectomy and further specific targeted anti-rheumatic therapy.
1. METHODS
1.1. Preparation of PLGA nanoparticles
PLGA nanoparticles were prepared by the single emulsification-solvent evaporation method
(Stevanović, Jordović and Uskoković, 2007; Jaimes-Aguirre et al., 2017). Some modifications
to the procedure were performed. Briefly, 1 mL of PLGA/acetone solution (15 mg/ mL) was
added to 1.32 mL of methanol and stirred via vortex for 15 seconds. The solution was then
slowly dropped over a solution of PVA (7.3 mL, 0.25 % w/v) and the mixture was sonicated
for 10 min in an ice bath. Acetone and methanol were eliminated by vacuum with a rotary
evaporator (67 °C, 40 rpm, 20 min). Nanoparticles were purified by centrifugal filtration
dialysis (MWCO 30 kDa; 4,400 rpm for 30 minutes). The filtrate was suspended, lyophilized
and stored for physicochemical characterization (DLS, SEM, FT-IR) and further use.
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1.1.1. Preparation of the PLGA(MTX) nanoparticles
PLGA(MTX) nanoparticles (Figure III.8.1a) were prepared with the nanoparticles described
above. In order to optimize the drug loading capacity in the nanoparticle systems, increased
concentrations of MTX (100 to 1000 ¬µg/mL) were added to the mixture. After the reaction
time, the nanoparticle suspension was recovered via a centrifugal filtration dialysis system
(MWCO 30 kDa; centrifugation of 4,400 rpm for 30 minutes). The amount of encapsulated
drug was determined indirectly by measuring free MTX in the supernatant (UV-Vis; =304
nm) in relation to the initial amount added. The encapsulation efficiency (%EE) and loading
efficiency (% LE) were calculated as follows:
% 𝐸𝐸 =

𝑀𝑇𝑋 𝑎𝑑𝑑𝑒𝑑 − 𝑀𝑇𝑋 𝑓𝑟𝑒𝑒
× 100
𝑀𝑇𝑋 𝑎𝑑𝑑𝑒𝑑

% LE =

𝑀𝑇𝑋 𝑎𝑑𝑑𝑒𝑑 − 𝑀𝑇𝑋 𝑓𝑟𝑒𝑒
× 100
𝑃𝐿𝐺𝐴 𝑎𝑑𝑑𝑒𝑑

1.2. Hyaluronic Acid (HA) conjugation to PLGA and PLGA(MTX) nanoparticles
A hyaluronic acid solution (pH 4.75; 1 mL; 1.25 mM) was added to 9 mL of PLGA or
PLGA(MTX) nanoparticles (0.01 g) in injectable-grade water, along with 0.0479 g of EDC (25
mM) and 0.0108 g of NHSS (5 mM). This solution was stirred for 4 h at room temperature.
Then, 1 mL of EDA solution (0.003 g) in water was added to the HA solution and the mixture
was stirred for 4 h at room temperature to obtain HA-PLGA and HA-PLGA(MTX) conjugated
nanoparticles. The mixture was purified via a centrifugal filtration dialysis system (MWCO 30
kDa). Finally, HA-PLGA and HA-PLGA(MTX) nanoparticles were washed and suspended in
2 mL of injectable-grade water (Figure III.8.1b).
1.2.1. DOTA conjugation to PLGA(MTX), HA-PLGA or HA-PLGA(MTX) nanoparticles
Lyophilized PLGA(MTX) (4 mg), HA-PLGA (2.4 mg) or HA-PLGA(MTX) (1.1 mg,
equivalent to 2.3 X 10-4 mmol of MTX) nanoparticles were dissolved in 40 μL of injectablegrade water and 100 μL of DMF. Afterwards, 8.1, 4.8 and 2.2 mg of HATU were respectively
added (2:1 wt/wt, with regard to NPs), as a carboxylic acid-activator, to a 100 μL of DMF,
followed by the addition of 100 μL of DIPEA (10 μL DIPEA/300 μL DMF). The mixture was
stirred for 15 min at room temperature. Then, 100 μL of DOTA (1 mg/ 100 μL DMF) was
added and the mixture was stirred for 1 h at room temperature. Finally, the mixture was purified
through dialysis (MWCO 30 KDa).
1.2.2. Preparation of radiolabeled nanoparticles with 177Lu
Briefly, a 100 μL aliquot of DOTA-PLGA, DOTA-HA-PLGA and DOTA-HA-PLGA(MTX)
(1 mg/250 μL H2O) was diluted with 100 μL of 1 M acetate buffer at pH 7.0, followed by the
addition of 10 μL (3 MBq) of the 177LuCl3 solution (ITG, Germany). The mixture was
incubated at 37°C in a dry block heater for 3 hours. The solution was then centrifuged at 2,500
g for 20 minutes (MWCO 30 KDa). The 177Lu-DOTA-HA-PLGA and 177Lu-DOTA-HAPLGA(MTX) nanoparticles were washed twice with 2 mL of water. The membrane activity,
corresponding to 177Lu-DOTA-HA-PLGA, 177Lu-DOTA-HA-PLGA(MTX) and free 177Lu in
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the filtered solution, was measured in a dose calibrator (Capintec, USA). In order to calculate
the radiochemical purity, ITLC with a mobile phase of NaCl 0.9 % and HCl 0.02 M, was
performed, where free lutetium was identified at the solvent front.
2. RESULTS AND DISCUSSION
2.1. Chemical characterization
2.1.1. Size of nanoparticles
Table III.8.1 shows the size behavior during nanoparticle loading and conjugation. The MTX
was incorporated into the mixture through the organic solvent phase in order to increase surface
area contact with PLGA, maximizing the entrapment efficiency.
Table III.8.1. Characteristic distribution parameters in nanoparticulate system mean diameter, SD, PDI and Z
potential.

Sample

Diameter (nm) ± SD

PDI

Z potential (mV)

PLGA

152.9± 53.3

0.197

- 19.0

PLGA(MTX)

166.1± 46.31

0.151

- 21.9

HA-PLGA

161.4± 20.13

0.197

- 22.2

HA-PLGA(MTX)

167.6± 57.48

0.328

- 18.6

FT-IR
The HA-PLGA(MTX) nanoparticle spectrum shows an intense and wide band at 3340 cm-1,
corresponding to the overlapping between the (N-H)υ vibration of HA and the (O-H)υ of PLGA
nanoparticles. At 2973, 2874 and 2706 cm-1, the bands are due to the (C-H)υ groups. The band
at 1637 cm-1 corresponds to (C=O)υ of the ester in PLGA nanoparticles, with contribution from
the (C-N)υ of amide I. This band confirms the PLGA conjugation with HA. The band at 1562
cm-1 corresponds to the (N-H)δ and (C-N)υ of amide II, present in the hyaluronic acid, and
confirms the surface modification of PLGA nanoparticles. The bands at 1481, 1379 and 1255
cm-1 correspond to (N-H)δ, (C-O)υ and (C-C)υ vibrations from amide III, respectively. Lastly,
bands at 1184, 1045 and 1005 cm-1 are related with (C-H)δ and (C-O)υ, present in MTX, PLGA
nanoparticles and HA (Park et al., 2002).
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FIG III.8.1. Size distribution of nanoparticulate systems: a) (PLGA NPs, HA-PLGA and HA-PLGA(MTX)); SEM
images of b) PLGA nanoparticles and c) DOTA-HA-PLGA nanoparticles.

The DOTA-HA-PLGA(MTX) nanoparticle spectrum shows a band at 3350 cm-1,
corresponding to (N-H)υ and (O-H)υ; at 2996 and 2949 cm-1, corresponding to (C-H)υ; at 1753
cm-1, corresponding to (C=O)υ; at 1643 cm-1, corresponding to (C=O)υ and amide I (C-N)υ; at
1560 cm-1, corresponding to (N-H)δ and amide II (C-N)υ; at 1425 cm-1, corresponding to (NH)δ, (C-O)υ and amide III (C-C)υ; at 1388 cm-1, corresponding to (C-O)υ and (N-H)δ; at 1169,
1090 and 1043 cm-1, corresponding to (C-H)δ and (C-O)υ vibrations. Finally, bands near 944
and 750 cm-1 confirm the presence of (C-S)υ corresponding to the cysteine present in the
chelating agent DOTA (Luna-Gutiérrez et al., 2013).

FIG III.8.2. FT-IR spectra of a) PLGA(MTX) nanoparticles, b) HA-PLGA(MTX) nanoparticles and c) DOTA-HAPLGA(MTX) nanoparticles.

2.1.2. UV-Vis
The MTX entrapment was followed spectrophotometrically by UV-Vis. Figure III.8.3a showed
evidence of MTX loading. First, the PLGA nanoparticle spectrum shows a characteristic
increase in absorbance in the UV region, with a particular band near 250-280 nm (Vangara,
Liu and Palakurthi, 2013). The MTX spectrum indicates strong transitions in the UV region
with bands well-defined at 258 nm, 304 nm and 351 nm (Ayyappan et al., 2010). The
PLGA(MTX) nanoparticles generated a complex spectrum, with apparent additivity from
PLGA and MTX in a certain region. A well-defined band with significant increase in intensity
was observed near 260 nm, which is a result of the overlapping between n→π* transitions from
common carbonyl groups of PLGA and MTX. Specific evidence of MTX entrapment was
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observed through the presence of a characteristic band near 304 nm, which demonstrated that
MTX was loaded.
The HA conjugation to PLGA nanoparticles was also demonstrated (Figure III.8.3b). The HA
spectrum shows a well-defined band at 252 nm, corresponding to carbonyl groups of the HA
molecule. When HA is conjugated, the resulting HA-PLGA NP spectrum presents a
bathochromic shift to 270 nm, due to the exchange of the oxygen atom and the nitrogen atom
of ethylene diamine (EDA), generating a new amide bond. The chelating agent DOTA was
also attached to the nanoparticle surface by the HATU reaction. Functionalization of HAPLGA nanoparticles with DOTA showed a complex spectrum with the presence of similar
bands identified in the HA-PLGA and DOTA spectrums, demonstrating adequate
functionalization(Aranda-Lara et al., 2016).
2.2.

177

Lu radiolabelling

The radiochemical purity of the multifunctional 177Lu-DOTA-HA-PLGA(MTX) nanoparticle
was 96 ± 2 %, determined by ITLC. Radiolabeling of HA-PLGA modified nanoparticles was
carried out using the chelating agent DOTA. Chelating anchorage to the nanoparticle surface
and posterior radiolabeling does not have significant influence over the hydrodynamic radio.
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FIG III.8.3. UV-Vis spectra of a) PLGA nanoparticles, MTX and PLGA(MTX) nanoparticles; b) HA, PLGA
nanoparticles, HA-PLGA nanoparticles and DOTA-HA-PLGA nanoparticles.

2.3.

Methotrexate (MTX) loading in PLGA nanoparticles

The phenomenon of adsorption in PLGA nanoparticles showed a linear increase of the
entrapped drug in the polymeric matrix as a function of the increase in the amount of
methotrexate, methotrexate accessibility during nanoparticle formation improves the load with
respect to preformed nuclei for the loading of drugs. Maximum entrapment efficiency (EE)
was found near 95 %, with a corresponding loading efficiency (LE) of 6 % (see Figure III.8.4).
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FIG III.8.4. Entrapment and loading efficiency of methotrexate (MTX) in PLGA nanoparticles

2.4.

In vitro drug release profile

To evaluate the potential of HA-PLGA(MTX) nanoparticles as a drug carrier, the in vitro
release of MTX at two different pH values (7.4 and 5.3), was evaluated. Figure III.8.5 shows
that the polymeric nanoparticles preserve their stability at physiologic pH, with a maximum
release of MTX near 25 % of the loaded drug. The profile is characterized by a bi-phasic
response. The initial and fast phase (“burst”) reaches at least 16 % of the drug- releasing
capacity after 3 hours. The slow phase continues with the release of less than 5 % of the total
drug content in the posterior 70 hours.
70

MTX cumulative release [%]

60
50
40
30
20
10

pH 5.3
pH 7.4

0
0

10

20

30

40

50

60

70

80

Time [h]

FIG III.8.5. In vitro release profile of HA-PLGA(MTX) nanoparticles at pH 5.3 and 7.4.

2.5. In vitro cellular uptake study
Figure III.8.6a shows the results for the uptake assay on RAW 264.7 cells. Passive uptake (nonspecific uptake) was determined using the 177Lu-DOTA-PLGA(MTX) treatment. A significant
difference, with an eight-fold increase in nanoparticle uptake, was observed when hyaluronic
acid was present (177Lu-DOTA-HA-PLGA and 177Lu-DOTA-HA-PLGA(MTX)). The
internalization assay (Figure III.8.6b) showed a linear and positive correlation with regard to
nanoparticle uptake.
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FIG III.8.6. Cellular uptake of 177Lu-DOTA-HA-PLGA, 177Lu-DOTA-HA-PLGA(MTX) and 177Lu-DOTAPLGA(MTX) nanoparticles by blocked HA-receptor RAW 264.7 cells and non-blocked receptor RAW 264.7 cells

2.6.

Cell viability assay

The effect of the treatment with 177LuCl3, 177Lu-DOTA-HA-PLGA, 177Lu-DOTAPLGA(MTX) and 177Lu-DOTA-HA-PLGA(MTX) nanoparticles, as well as MTX, HA-PLGA,
PLGA(MTX) and HA-PLGA(MTX) nanoparticles (Figure III.8.7) was evaluated in RAW
264.7 cells and analyzed by the ANOVA test, followed by the Bonferroni test for media
comparison (significance level set at p≤ 0.05).
The response to MTX was characterized by a reduction of 50 % in cell viability, with a recovery
in proliferation phase after 48 h. Methotrexate is characterized by cellular uptake mediated by
folate carrier FC receptors. When cells were exposed to free MTX, cell proliferation showed a
significant inhibition of 50 % at 24 and 48 h, whereas PLGA(MTX) and HA-PLGA(MTX)
reached a maximum cytotoxic effect of 42 % and 32 % at 24 h, respectively, and 31 % and 20
% at 48 h, respectively.
In the HA-PLGA and HA-PLGA(MTX) groups, the response at 120 h was superior to 75 % in
cell viability(Mondalek et al., 2010; Wang et al., 2011). The group exposed to 177Lu-DOTAHA-PLGA(MTX) was significantly inhibited when compared to 177Lu-DOTA-PLGA(MTX)
and PLGA(MTX) (p < 0.05), which was attributed to the increase in cell uptake and
internalization as a result of the presence of HA.
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FIG III.8.7. Cell viability of RAW 264.7

The present study demonstrates the development of a multifunctional system based on
polymeric PLGA nanoparticles conjugated to hyaluronic acid for methotrexate delivery, a drug
used as the gold standard in RA treatment. Additionally, the system was conjugated to the
DOTA chelating agent and posteriorly radiolabeled with 177Lu, for radiosynovectomy.
In order to assess its therapeutic potential, 177Lu-DOTA-HA-PLGA(MTX) nanoparticles need
to be tested on in vivo models to elucidate the physiological kinetics as well as dosimetry
evaluation of radiolabeled nanoparticles in normal and abnormal synovial tissue.
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II: 177Lu-Bombesin-PLGA(Paclitaxel): A targeted controlled-release nanomedicine for
bimodal therapy of breast cancer
Abstract
PLGA(PTX) nanoparticles were synthesized using the single emulsification-solvent
evaporation method with PVA as a stabilizer in presence of PTX. Thereafter, the activation of
PLGA carboxylic groups for BN attachment through the Lys1-amine group, was performed.
Results of the chemical characterization by FT-IR, DLS, HPLC and SEM/TEM demonstrated
the successful synthesis of BN-PLGA(PTX) with a hydrodynamic diameter of
163.54±33.25 nm. The entrapment efficiency of paclitaxel was 92.8±3.6%. The nanosystem
showed an adequate controlled release of the anticancer drug, which increased significantly
due to the pH change from neutral (pH=7.4) to acidic conditions (pH=5.3). After labeling with
177
Lu and purification by ultrafiltration, 177Lu-BN-PLGA(PTX) was obtained with a
radiochemical purity of 99±1%. Studies of cellular uptake, internalization and effect on cell
viability, carried out in MDA-MB-231 breast cancer cells (GRPr-positive), demonstrated a
177
Lu-BN-PLGA(PTX) specific uptake and a significantly higher cytotoxic effect for the
radiolabeled nanosystem than the unlabeled BN-PLGA(PTX) nanoparticles. Using a
pulmonary micrometastasis MDA-MB-231 model, the added value of 177Lu-BN-PLGA(PTX)
for tumor imaging was confirmed.
PHYSICOCHEMICAL CHARACTERIZATION
Was performed by measuring hydrodynamic diameter and zeta potential. The morphology was
examined through SEM. Infrared Spectroscopy was also performed
Entrapment Efficiency
The efficiency of paclitaxel encapsulation was evaluated indirectly, by measuring through
HPLC analysis, the concentration of non-encapsulated PTX in the filtered solution obtained
from the ultracentrifugation process (MWCO 30 kDa, 2500g, 20 min). This value was then
subtracted from the amount of paclitaxel used to prepare PLGA(PTX)[1]. The encapsulation
efficiency, expressed as a percentage, was calculated as the quotient between the amount of
drug loaded and of drug added to the reaction mixture.
In vitro PTX release
For the in vitro drug release studies, a solution of phosphate-buffered saline (PBS) containing
0.05% Tween-20, at pH 7.4 or pH 5.3, simulating physiological pH or tumor microenvironment
respectively, was used. Briefly, 10 mg of PLGA(PTX) were dispersed in 1 mL of release
medium and placed in a dialysis membrane (MWCO 30 kDa). [2].
Bombesin conjugation efficiency
Was determined by measuring free BN in the filtered solution after ultracentrifugation. A BN
standard curve (r2=0.999, 0.07-2.2 mg/mL) was used in this analysis.
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In vitro studies
1. In vitro binding assay and non-specific binding
MDA-MB-231cells were harvested through trypsinization and seeded in 24-well culture plates
(1x105 cells/well, 0.5 mL). After 24 h, the medium was removed and the cells were incubated
with adequate treatment dilution (177Lu-BN-PLGA(PTX) or 177Lu-BN, equivalent to 50 kBq
per well) for 45 min at 37°C. Each well was then rinsed twice with PBS. To displace the
membrane-bound radiopharmaceutical fraction, cells were incubated twice (5 min, 37°C) with
500 µL of 20 mM Gly/HCl, and the activity of the total withdrawn volume was transferred to
counting tubes. The cells were then incubated twice with 500 µL of a 1 M NaOH solution (5
min, 37°C); this fraction (cytoplasm and nucleus) represented nanosystem internalization. The
total volume was transferred to counting tubes. Radioactivity in each tube was measured in a
gamma NaI(Tl) detector (NML Inc., USA). An aliquot with the initial activity was measured
as the radioactivity standard in each treatment. The uptake percentage was calculated. Nonspecific binding (cells with blocked receptors) was determined in parallel, in the presence of
5.7 µM Lys1Lys3(DOTA)-BN with 10 min of pre-incubation.
2. Cytotoxicity studies
To compare the cytotoxic effect produced by 177Lu-BN-PLGA(PTX), different treatments
(PLGA, PLGA(PTX), BN-PLGA, 177Lu-BN-PLGA(PTX), PTX, 177Lu-BN) were evaluated in
MDA-MB-231 cells, mainly to compare the PTX contribution, since the effect produced by
the β-emission of 177Lu is well-documented. A sublethal dose was used in order to determine
differences among treatments without the cell-killing effect. The concentration of nanosystems
for radiolabeling was calculated in terms of PTX content and adjusted to 1.5 µM to use one
tenth of the lethal dose based on previous reports (breast cancer cells IC50=15 µM [3]).
The cytotoxic activity was measured using a Cell Proliferation Assay (XTT) kit, according to
the manufacturer’s protocol (Roche Diagnostics GmbH, Mannheim, Germany).
3. Study of the synergistic therapeutic effect
In order to evaluate the chemotherapeutic (PTX) and radiotherapeutic (177Lu) synergistic effect
of the radiolabeled nanosystem on cell viability, 1×104 cells/well were exposed to 177Lu-BNPLGA(PTX) or unlabeled (BN-PLGA(PTX) nanosystems (30 µM in terms of PTX content).
The viability was evaluated through the XTT protocol at 24, 48 and 72 h.
4. Estimation of radiation absorbed doses to the MDA-MB-231cell nucleus.
To estimate the radiation absorbed doses to the MDA-MB-231 cell nucleus, the following
equation was used:
𝐷𝑁←𝑆𝑜𝑢𝑟𝑐𝑒 = (𝑁𝑀 × 𝐷𝐹𝑁←𝑀 ) + (𝑁𝐶 × 𝐷𝐹𝑁←𝐶 )

(1)

Where DN ←Source represents the mean absorbed dose to the nucleus from source regions
(membrane and cytoplasm) and NM and NC are the total number of nuclear disintegrations that
occurred in the membrane and cytoplasm. DFN ←M and DFN ←C denote the dose factors specific
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for 177Lu, from membrane and cytoplasm regions to the nucleus configuration. The dose factor
geometries were obtained from the S values reported by Goddu and Budinger (cell radius= 10
µm, nucleus radius= 5 µm) [4].
5. Hemocompatibility
The hemolytic assay was performed in agreement with the standard ISO 10 993-4. Brieﬂy, 200
μL of each treatment (n = 3) were placed in contact with 5 % human RBC. Trials were
immediately incubated at 37°C for 1 h with negative (isotonic saline) and positive controls
(distilled water). Optical density (OD) produced in each treatment was measured at 415 nm
(Lambda Bio, Perkin Elmer, USA).
In vivo studies
Tumor induction. Animals received an intravenous (caudal vein, for pulmonary tumor model)
or subcutaneous (upper back, for subcutaneous tumor model) inoculation of 1x106 MDA-MB231 cancer cells suspended in 0.1 mL of phosphate-buffered saline, and 2 weeks after
inoculation the animals were used for the imaging or biodistribution studies, respectively.
1. Imaging
To verify the in vivo nano-radiosystem retention in induced pulmonary tumors, SPECT-CT
images were acquired using a micro-SPECT/CT scanner (Albira, ONCOVISION; Gem
Imaging S.A., Valencia, Spain) at 72h after intravenous 177Lu-BN-PLGA(PTX) administration
(5 MBq in 0.1 mL PBS).
2. Biodistribution
The subcutaneous tumor model animals received 5 MBq in 0.1 mL of 177Lu-BN-PLGA(PTX).
After 72 h post-injection, the mice were euthanized, and the blood and main organs were
removed and placed into pre-weighed plastic test tubes. The radioactivity was measured in a
well-type scintillation Na(Tl) detector along with two aliquots of standards (representing 100%
of injected activity) and expressed as percentages of the injected dose per gram (%ID/g) or per
organ (%ID/organ).
RESULTS AND DISCUSSION
The application of polymeric nanoparticles for PTX release, GRPr targeting and targeted
radiotherapy with 177Lu has been studied in this research in order to provide a dual therapeutic
effect on MDA-MB-231 breast cancer cells.
Preparation of PLGA and PLGA(PTX) nanoparticles
Scanning Electron Microscopy micrographs showed that the designed nanosystems presented
a well-shaped spherical form. The morphology was not modified by PTX incorporation or the
grafted BN. The hydrodynamic diameter measured by DLS correlated with microscopic
analyses. All nanoparticle systems showed a hydrodynamic diameter less than 200 nm (by DLS)
and a monomodal distribution. A narrow polydispersity was observed for PLGA and
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PLGA(PTX) systems (Table III.8.1). However, the PDI increased as a result of
functionalization with BN (0.2896 and 0.2987).
1. Conjugation of Bombesin to PLGA or PLGA(PTX)
Bombesin was conjugated to the PLGA or PLGA(PTX) by the coupling peptide reaction, using
HATU as the activator molecule. The zeta potential showed a significant decrease from -18.9
mV to -11mV in BN-PLGA and from -19.0 mV to -12.3 mV in BN-PLGA(PTX). The
reduction in Z potential values suggests that the peptide interaction and arrangement on the
nanoparticle surface originates changes in the electrostatic environment surrounding the
nanoparticle. The positive amine, amide bonds and neutral hydrocarbon chains of
Lys1Lys3(DOTA)-BN could contribute to the reduction of the zeta potential. BN conjugation
efficiency, indirectly measured by HPLC, was calculated to be >97%.
Radiolabeling Efficiency and Radiochemical Purity
Radiolabeling efficiency of the nanosystems was determined by ultracentrifugation (45%) and
after purification, radiochemical purity (evaluated by ITLC) was 99 ± 1 %.
Infrared Spectroscopy
Characteristic vibrational modes were observed, such a s (C-H)υ from the co-polymer carbon
skeletal between 2942 cm−1 and 2918 cm−1 , (C=O)υ vibration of the ester group at 1737 cm−1,
(C-H)δ from bonds between monomeric units of lactide-glycolide (L-G: 1376 cm−1),
glycolide-glycolide (G-G: 1425 cm-l) and lactide-lactide (L-L: 1453 cm−1) and (C-O)υ, (O-H)δ
and (O-H)υ as evidence of stabilization with PVA. The spectrum showed stretching (-N-H)
vibrations characterized by a broad and asymmetric band centered at 3442 cm-1, The band
found at 2945 cm-1 was assigned to (-C-H) from asymmetric and symmetric stretching
vibrations. The amide I region mainly associated with a (C=O) stretching vibration was
identified at 1732 cm-1, whereas (C-N) stretching was found at 1274 cm-1. The IR spectrum
corresponding to paclitaxel-loaded PLGA nanoparticles showed no difference with regard to
the empty nanoparticle spectrum. These spectra did not display the characteristic intense bands
from free PTX; they may have been masked by the bands produced by the polymer. [5, 6]. The
spectra of pure Lys1Lys3(DOTA)BN showed characteristic peaks at 3283, 1646 and 1533 cm1
, corresponding to –NH stretching, C=O stretching (Amide I) and –CN (amide II), as
previously reported [7]. BN-conjugated nanoparticles (BN-PLGA(PTX) showed the
contribution of characteristic vibrations from each component. The peaks at 1666 cm-1 and
1536 cm-1 on BN-PLGA(PTX) from amide stretching vibrations makes the presence of BN in
PLGA nanoparticles evident.
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Encapsulation efficiency (EE)
The efficiency of hydrophobic paclitaxel encapsulation in BN-PLGA(PTX) was calculated by
subtracting the free drug measured in filtered solution from the total amount used to prepare
the nanoparticles. HPLC analysis was carried out at λmax= 227 nm, using a standard curve
related to the absorption and PTX concentration (6.0-300.0 µg/mL r2=0.997). The efficiency
of drug encapsulation was 92.8% ± 3.6, in agreement with similar reports [5, 8, 9].
In vitro release
To evaluate the controlled release capacity of PTX from BN-PLGA(PTX), the nanosystem was
evaluated in simulated physiological pH (7.4) and acidic microenvironment tumor conditions
(pH 5.3).
The kinetic drug release profiles exhibited biphasic patterns with release during the first 25 h
of 66.8% and 63.7% at pH 5.3 and 7.4, respectively, followed by a slow and continuous release
for 15 days. Significant differences (p<0.05) dependent on pH were observed, the maximum
amount of drug release was reached at pH 5.3 (84.8%), whereas at pH 7.4 the maximum release
was 77.1% of the total entrapped drug. As it is known, the higher release at pH 5.3 is attributed
to the effect of hydrolysis and degradation of the polymer [10].
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In vitro uptake study
The results showed a specific uptake of 177Lu-BN-PLGA(PTX) de 4.58 ± 0.42 %. Cell uptake
was significantly reduced (p<0.05) when GRP receptors of MDA-MB-231 cells were blocked
by pre-incubation (10 min before treatment exposure) with free Lys1Lys3BN peptide.
The specific uptake of 177Lu-BN was also confirmed. It was the highest uptake value observed
(8.20 ± 0.49 %), which was effectively diminished (1.6 ± 0.26 %) when receptors were
previously blocked in presence of 5.7 µM Lys1Lys3(DOTA)-BN (10 min of pre-incubation).

.
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Dose estimation
Based on the uptake (radioactivity in membrane) and internalization (radioactivity in
cytoplasm) results as well as 177Lu decay properties, the biokinetic models of 177Lu-BNPLGA(PTX) and 177Lu-BN were obtained, and the radiation absorbed doses were calculated.
In vitro cytotoxicity
Figure below shows that 177Lu-BN-PLGA(PTX) caused a significant decrease in cell viability
when compared to BN-PLGA(PTX), 177Lu-BN or PTX.
Since the in vitro binding assay demonstrated specific uptake at 45 min of treatment exposure,
the uptake and consequent observed cell death without a significant difference (p<0.05) for the
PLGA(PTX) group ( 90.56 ± 7.30 %), compared with BN-PLGA(PTX) (84.84 ± 2.52 %), was
attributed to the delivered PTX as a result of the unspecific invagination produced by the
cooperative weak interactions between NPs and cells. Moreover, it was expected that the
endocytic pathways having low efficiency was favored by the exposition time (72 h) for both
treatments. [11, 12].
After 72 h, the cell viability produced by 1.5 µM of free PTX (85.0 ± 1.8 %) was significantly
different (p<0.001) when compared with the survival rate (78.9 ± 2.61 %) produced by 177LuBN-PLGA(PTX). At this time point, an important amount of PTX (74%) had been released,
contributing to the cell toxicity. These results are expected, since a concentration of 15 µM of
PTX is required to produce significant cell death [3]. Furthermore, the encapsulation of PTX
on PLGA nanoparticles enhances the cytotoxic effect.

In terms of radiosensitization, nanoparticles encapsulating chemical compounds have been
proposed to enhance the response to radiation [13]. In the above figure, the synergistic effect
between chemotherapy and radiotherapy is observed. The high decrease in viability produced
by 177Lu-BN-PLGA(PTX) between 24 and 48 h is mainly attributed to the radiosensitization
effect produced by PTX.
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The synergistic effect of chemotherapy and radiotherapy produced by the 177Lu-BNPLGA(PTX) nanosystem was evident when doses of PTX=30 µM and radiation absorbed doses
of 8 Gy were used. As can be observed in figure below, the greater cytotoxic effect for the
radiolabeled nanosystem was observed between 24 and 72 h (highest slope) due to the fact that,
at this time, a significant PTX and radiation dose delivery had occurred.
Hemocompatibility
The non-hemolytic behavior of the 177Lu-BN-PLGA(PTX) supports the suitability for the
intravenous administration (0.97 ± 0.05 %). The systems can be classiﬁed as non-hemolytic
materials, based on the hemolysis value being lower than 2 % [14].
In vivo studies
These figures show a representative SPECT image of a mouse with a MDA-MB-231
pulmonary tumor model. The tumor-to-blood ratio reveals suitable contrast, with a significant
accumulation of 177Lu-BN-PLGA(PTX) nanomedicine in tumor tissue after 72 h of injection
with a standard uptake value (SUV) of 3. The ex vivo biodistribution results of 177Lu-BNPLGA(PTX) also showed a high tumor uptake in MDA-MB-231 lesions. However, future
studies are required to obtain a complete 177Lu-BN-PLGA(PTX) biokinetic profile for the in
vivo absorbed dose assessment and for the evaluation of the therapeutic efficacy in different
breast cancer models.
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1. INTRODUCTION
In this country report, the work performed after 3rd RCM (held on 2-5 May 2017) is being
presented. The contents of report include:
➢ Radiolabeling (with Tc-99m), Quality Control, and Imaging studies of Papain NP’s
received from Brazil
➢ Optimization of labeling condition for labeling papain NP’s with 99mTc
➢ Radiolabeling (with Ga-68), Quality Control, and Imaging studies of DOTA-BBN,
WSSF-DOTA-BBN, WSCS-DOTA-BBN and PEGMA-DCWSCS-DOTA-BBN
received from Thailand
➢ Radiolabeling (with Ga-68), Quality Control, and Imaging studies of PLGA-DOTABBN received from Singapore
➢ Decorating Albumin-Au NP’s with DOTA-BBN
➢ Cell culture including receptor binding affinity with PC-3 cells
➢ Biodistribution studies in tumor-bearing animal models
➢ Conclusion
➢ References
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 DOTA-Bombesin and sent the final product, e.g., Papain-NP’s-DOTABombesin to Pakistan for radiolabeling with Tc-99m and complete bioevaluation analysis.
Similarly, lab in Thailand has synthesized/ characterized WSSF-DOTA-BBN, WSCS-DOTABBN and PEGMA-DCWSCS-DOTA-BBN, and lab from Singapore has synthesized/
characterized PLGA-DOTA-BBN and sent me samples in Pakistan for radiolabeling with Ga68.
2. MATERIALS
Papain nano particles were provided by working group in Brazil that were manufactured by
desolvation using ethanol followed by crosslinking with gamma irradiation. Sodium
pertechnetate was produced from fission based PAKGEN 99Mo/99mTc generator that was eluted
with 0.9% saline to get pertechnetate (99mTcO-4). All reagents and chemicals used in this study
were of analytical grade. Healthy local male rabbits (Sprague Dawley, average wt. 900 ± 50 g)
were obtained from the animal house of the Institute. The equipment used in these experiments
consist of Gamma counter (Scaler Timer ST7), vortex mixer, centrifuge and paper
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chromatography apparatus. The ethical committee of Institute of Nuclear Medicine and
Oncology, (INMOL), Lahore, Pakistan granted approval to use animals for biodistribution and
scintigraphic purpose.
3. EXPERIMENTAL METHODS AND RESULTS
3.1 Synthesis of Papain NP’s
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.
3.2 Labeling Protocol of Papain NP’s with Tc-99m
The following materials in specified quantity were used to develop radiolabeled formulation:
•
•
•
•
•

15µL of papain solution was taken in a glass vial
20µL of SnCl2 solution was added
20µL of NaBH4 solution was added
pH of mixture was 7
99m
Tc was added followed by incubation for 20 min

3.3 Radiosynthesis of 99mTc-Papain nanoparticles
Papain nano particles were labeled with 99mTc by taking 15µL of papain solution in a glass vial
that contains 0.3mg of papain. In this solution, 20µL of SnCl2 (0.2mg) solution was added. pH
of mixture was 7. Na99mTcO4 was added to the mixture and incubated for 20 min at room
temperature. Radiochemical purity of 99mTc-complex was assessed by using Whatman No. 3
chromatographic paper and ITLC-SG strips as stationary phase. Both phases performed equally
well so Whatman paper 3 was selected as stationary phase due to its low price while acetone
and saline were used as mobile phase.
3.4 Quality Control of 99mTc--Papain nanoparticles
In order to calculate the content of free 99mTcO4 – in the formulation, about ~2 μl of sample was
spotted on Whatman No. 3 chromatographic paper and developed in acetone as an eluting
solvent. Free 99mTcO4− moved to solvent front along with mobile phase, while hydrolyzed
99m
TcO2 and labeled complex remained at baseline. The radioactivity counts were measured in
ST7 gamma counter. To assess the amount of colloid, the sample was spotted on Whatman No.
3 paper and developed in saline. In this system, the free and labeled complex moved with
solvent front leaving behind the colloid. After this, percentage of labeled complex was
measured that was more than 90%.
3.5 Optimization of Labeling Conditions of 99mTc-papain nanoparticles
The radiolabeling efficacy of 99mTc-papain NP’s was tested by varying following factors. The
effect of each factor is shown either in tabular or graphic form:
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➢
➢
➢
➢
➢
➢
➢

Effect of Amount of Ligand
Effect of Amount of NaBH4
Effect of Amount of SnCl2
Effect of pH
Stability at Room Temp
Serum Stability
Lipophilicity

3.5.1 Effect of Amount of Ligand
The amount of 99mTc-papain nanoparticles was changed and labeling efficacy was checked for
each amount given in figure below. It was started from 10µl and changed up to 30 µl but it was
found that increasing the amount beyond 15 µl decreased the labeling yield so 15µl was the
final volume that contains 0.3mg of nanoparticles.

Labelling Efficiency %

Effect of Amount of Ligand
100%
80%
60%
40%
20%
0%

Labelling
efficiency
10µl 15µl 20µl 30µl
(0.2mg) (0.3mg) (0.4mg) (0.6mg)
Amount of Ligand µl

FIG III.9.1. Graph showing radiolabeling efficacy at various amounts of ligand

3.5.2 Radiochemical Stability and Serum stability of 99mTc -Papain Nanoparticles
To study the stability of the 99mTc-Papain nanoparticles after radiolabeling, we evaluated the
percent binding at various time intervals (e.g., 20 min, 2h, 4h, and 24h) at room temperature.
Change in stability of the 99mTc-Papain nanoparticles was analyzed at each time interval by
Whatman 3MM paper strips to determine any dissociation of the complex. The stability of the
99m
Tc-Papain nanoparticles in human serum was also checked. For this purpose 6 ml blood was
taken from a healthy human volunteer and allowed to stand for 1.5h at room temperature (25°C
± 2) and serum was separated on a centrifuge at 300 rpm for 5 min. Normal human serum 1.7
ml was mixed with 0.2 ml of 99mTc-Papain nanoparticles and incubated at 37°C. The 0.2 ml
aliquots were withdrawn during the incubation at different time intervals up to 24 h and
subjected to chromatographic determination for evaluation of stability at various time intervals.
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Serum Stability
Labelling Yield ( %)

30min
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24hrs

Time Elapsed

(b)
FIG III.9.2. Graph showing stability A) at room temperature and B) in human serum

3.5.3 Effect of pH
The effect of pH was studied by formulating the radiolabeled construct at varying pH values,
e.g., 5, 6, 7, 8, and 9, and determining the radiochemical purity of each formulation. Data clearly
indicate that radiolabeling yield is highly pH dependent, e.g., at pH 5, it was 60%, then
increasing to maximum value of 85% at pH 7 and then dramatically decreased to 35% at pH
9.0. These data are shown in Fig. III.9.3.
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FIG III.9.3.Graph showing radiolabeling efficacy at various pH values

3.5.4 Lipophilicity
To study lipophilicity, 100 μL of labeled complex was mixed with 200 μL of phosphate buffer
of pH 6.6, 7.0 and 7.6 in three separate vials along with 200μL of n-octanol in each vial.
Contents of three vials were shaken well then allowed to set for 10 min without disturbance.
After appearance of two layers in each vial, both upper and lower layers were separated and
counted their activity in well-shaped gamma counter. The Lipophilicity data showed that 99mTcpapain had maximum binding at the hydrophilic layer that reflected the hydrophilic nature of
complex.
3.6 Studying 99mTc-Papain Nanoparticles Scintigraphy in Rabbit
To study the scintigraphy in rabbit animal models, a single-headed Siemens integrated
ORBITER gamma camera system interfaced with high resolution parallel hole collimator was
used. It was connected to an online dedicated computer (Macintosh operating system 7.5
software used on the ICON™ Workstation). Each animal was placed on a flat hard surface with
both hind legs spread out and all legs fixed with surgical tape. Diazepam injection (2 ml) was
injected into the left thigh muscle. 177Lu-Kanamycin (0.2 ml) containing 8.0 MBq of activity
was then injected intravenously into the marginal ear vein of rabbit. To study the biodistribution,
whole body of the rabbit was scanned at 10 min, 20 min, and 45 min, post injection intervals.
3.6.1 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.
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3.6.2 Animal Preparation
Healthy local Lahore breed rabbits (aged 12-16 weak; 900 ± 50g) were used. All animals were
anesthetized by intramuscular ketamine injection (50mg/Kg). A solution of 99mTc-compound
(2 mCi/ml) 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 99mTc. Any activity
remaining in the syringe was measured and used to calculate the exact dose injected.

Dynamic study 15 min post inj (Ant)

Dynamic study 15 min post inj (Post)

(a)

Ant 20 min

Post 20 min

Ant 1h

Ant 3h

Post 3h

Ant 4h

Post 1h

Post 4h

Ant 2h

Post 2h

Ant 24h

Ant 24h

(b)

FIG III.9. 4. (a) Dynamic images of rabbit (in anterior and posterior views) at 15 min post injection of 99mTcPapain NPs, (b) Static images of rabbit (in anterior and posterior views) at various time intervals of post injection
of 99mTc-Papain NPs

3.6.3 Imaging Protocol
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
(in some cases beyond 96h), post injection. To obtain clear visualization, images were acquired
from various (additional) positions, e.g., anterior, posterior, left lateral, right and lateral, etc.
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3.7 Labelling of DOTA-Bombesin derivatives with 68Ga
The following DOTA-Bombesin conjugated nanoconstructs received from collaborating labs
were radiolabeled with Ga-68, established their quality control tests and then evaluated their
biocompatibility potential by performing the imaging studies on PET. As an experimental
procedure, the radiosynthesis of 68Ga-DOTA-BBN derivative was performed using 30 μg of
peptide. Two hundred μL 0.4M ammonium acetate with an initial pH of 7.0 and approximately
37 MBq of 68GaCl3 in 0.1M HCl (eluted from a 68Ge/ 68Ga generator) was added to the precursor.
The reaction mixture was heated for 30 min at 95°C. The reaction was quenched by adding 10
μL of 0.1M EDTA. Following peptides were labeled with Ga-68 by using above method (Table
III.9.1).
Table III.9.1. Various polymer-based NP’s decorated with DOTA-BBN
Compound

Sequence

BBS-1

DOTA-BBN

BBS-11

PLGA-DOTA-BBN

BBS-111

WSSF-DOTA-BBN

BBS-IV

WSCS-DOTA-BBN

BBS-V

PEGMA-DCWSCS-DOTA-BBN

3.8 Quality Control of 68Ga-DOTA-BBN Analogs
The radiochemical yield was determined by means of Instant Thin Layer Chromatography
(ITLC). Silica gel ITLC was used as stationary phase to which 10 μL of the radioactive product
was pipetted. The mobile phase was a mixture of NH4OAc (0.4M, pH 7.0) and 100% methanol
(4:1). The detection was done on ITLC System (Perkin Elmer).
a)

b)

c)

d)
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FIG III.9.5. Radiochemical purity as determined by Thin Layer Chromatography (TLC) of a) 68Ga-DOTA-BBN,
b) 68Ga-WSSF-DOTA-BBN, c) 68Ga-WSCF-DOTA-BBN, d) 68Ga-PEGMA-DCWSCS-DOTA-BBN

The nanoconstruct 68Ga-DOTA-BBN remained stable till 4h after radiolabeling and
radiolabeled peak appeared as 96%, in 0.1M sodium citrate solvent.
3.9 Imaging of 68Ga-DOTA-BBN conjugated nanoconstructs in Rabbits
The imaging of 68Ga-DOTA-BBN conjugated nanoconstructs was studied in rabbit models at
PET scanner as a function of time. The same breed of rabbits as already mentioned for testing
99m
Tc-papain nanoconstructs was used. As an experimental procedure, 1.5-2.0 mCi of labeled
nanoconstruct in 700-900 µl was injected into rear ear vein of animal. The injection point was
carefully masked so that it could not interfere during study. The whole body view of the animal
was developed at 5 min post injection time which was followed by another whole body view at
45 min post injection. Similarly, pelvic views were also acquired at similar time points. The
objective of this study was to test the biocompatibility, biodegradability, pattern of organ uptake
and excretion of the radiotracer from the body. The PET scans of animal models are shown in
Fig. III.9.6 and Fig. III.9.7.
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A)

B)

5 min

15 min

45 min

1h

5 min

15 min

45 min

1h

FIG III.9.6. Animal Studies with A) 68Ga-DOTA-BBN and B) 68Ga-PEGMA-DCWSCS-DOTA-BBN at various time
points in whole body and pelvic views

5 min

15 min

45 min

1h

2h

FIG III.9. 7. Animal Studies with 68Ga-PLGA-DOTA-BBN at various time points in whole body and pelvic views
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3.10 Decorating Albumin-Au-Nanoparticles with DOTA-BBN
This part of activity was performed in collaboration with research group from Argentina, so
most of the consumables were provided by Argentina and conjugation was done in Pakistan. It
was a three day protocol for which brief experimental description is given below:
➢ On Day 1, peptide activation with C-Reg was done and incubated at 25°C for 24h
➢ On Day 2, peptide purification followed by NP coupling was done. Coupling was
checked by measuring absorbance on UV/Vis. Suspension was agitated gently at 25°C
for 24h
➢ On Day 3, NP’s suspension was purified by PD-10 column

FIG III.9. 8. UV/Vis spectrum of Albumin-Au-Nanoparticles conjugated with DOTA-BBN, showing absorbance
only at 280 nm

3.11 Cell Culture (PC-3 cells)
For cell culture, we used the human prostate adenocarcinoma cell line PC-3. It was purchased
from European Collection of Cell Culture (Salisbury, England). As an experimental procedure,
cells were maintained in DMEM GLUTAMAX-I, supplemented with 1-10% fetal calf serum,
100 IU/ml penicillin G sodium, 100 g/ml streptomycin sulphate, 0.25 g/ml amphotericin B.
The incubation of cell culture was done at 37C in an atmosphere containing 7.5% CO2. Cells
were observed for confluency on daily basis and the passaging was performed weekly after
detaching them from flask by using trypsin/EDTA (0.25%).
3.12

Receptor Binding Affinity

As described above, we used PC-3 cells to determine the binding affinity to GRP receptors for
the different BBS analogs. For this purpose, confluent PC-3 cells were placed in 48-well plates
(300,000 cells/well). The binding buffer including protease inhibitors was used. Its composition
was: 50 mM HEPES, 125 mM NaCl, 7.5 mM KCl, 5.5 mM MgCl2, 1 mM EGTA, 5 g/l BSA,
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2 mg/l chymostatin, 100 mg/l soybean trypsin inhibitor, 50 mg/l bacitracin. Incubation was
done for 1h at 37°C with 15,000-25,000 cpm [125I-Tyr4]BBN per well and enhancing
concentration of the various unlabeled analogs. Afterwards, cells were washed twice with cold
PBS (1x) and solubilized with 400 l (2x) of 1 N NaOH at 37°C. Cells were counted in a gcounter to determine the bound activity. Non-linear regression analysis using Graph Pad Prism
TM was used to determine IC50 values for the displacement of binding of [125I-Tyr4]BBN by
the different analogs. Data are shown in Table III.9.2. Data are shown as mean ± SD of 2 times
in triplicate
Table III.9.2 Binding data of various polymer-based NP’s decorated with DOTA-BBS tested on human prostate
carcinoma PC-3 cells.
Compound

IC50 (nM)

BBS-1

DOTA-BBN

1.9 ± 0.5

BBS-11

PLGA-DOTA-BBN

15.0 ± 1.9

BBS-111

WSSF-DOTA-BBN

14.1 ± 2.3

BBS-IV

WSCS-DOTA-BBN

19.7 ± 4.0

BBS-V

PEGMA-DCWSCS-DOTA-BBN

22.7 ± 3.7

AXNPs

Nanoparticles of AX

n.d.

GXNPs

Nanoparticles of GX

n.d.

n.d. stands for “binding not detected with PC-3 cells”

The binding data exhibited that the affinity for the GRP receptor as tested in PC-3 cells, showed
that the analogs retained the binding properties of the natural BBS but approximately with a
10-fold reduction in IC50 values. All these BBN nanoconstructs rather showed a rather rapid
extent of internalization which increased with time, reaching a maximum within 45 min and
remained constant up to 4h. It is anticipated that the therapeutic effect of nano payload is higher,
if the injected radionuclide is internalized compared to analogs residing on the cell surface, due
to potentially longer retention in the target tissue. These binding data demonstrate that the
formulation of nanoconstructs affected neither the affinity for the GRP receptor, nor the
internalization pattern. It could be due to the reason that development of nanoconstructs did not
dramatically alter the C-terminal structure of the peptide, which is mandatory to retain the high
binding affinity to the receptor and biological activity.
3.13

Biodistribution Studies

All animal experiments were conducted after approval of the Institutional Ethical Committee
and in strict compliance with the national laws. To perform these studies, we used 6 to 8 weeks
old male rats (30-35 g). Tumor xenografts were induced by subcutaneously injecting PC-3 cells
at a concentration of 5 x 106 cells/animal and allowed to grow for 10-12 days. On the day of
the experiment, the animal received the radioactive nano conjugate (0.3 to 2.5MBq/animal)
intravenously, into the tail vein. The animals were sacrificed by cervical dislocation and
dissected. After dissection, tumors and other body organs were removed and weighed. Each
organ was counted for amount of radioactivity in a well-type g-counter. All data were expressed
as percentage of injected dose per gram of tissue (% ID/g) with reference to the total injected
activity.
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All analogs exhibited a rapid clearance from blood pool and most of organs. Among all organs
removed, the highest uptake was found in colon for all of them while the uptake in liver was
the second highest for the all analogs which may be due to the lipophilicity of the molecules.
Tumor uptake was rather low for all the three analogs. The uptake in brain was significantly
low which might be due to the reason that the analogs do not cross the blood-brain barrier. The
dissection data are shown in Table III.9.3. Data are shown as percentage of injected dose/gram
of tissue (% I.D./g) ± S.D. (n = 2). These data indicate that uptake in these organs is GRPspecific. In some organs, e.g., intestine and lung, a non-specific uptake was also observed for
these analogs.
Table III.9.3. Biodistribution of the 68Ga-DOTA-BBS analogs
Organ

BBS-1

BBS-11

BBS-111

BBS-IV

BBS-V

2h

2h

2h

2h

2h

Blood

1.62 ± 0.45

1.23 ± 0.25

1.45 ± 0.25

1.34 ± 0.35

0.89 ± 0.21

Bone

0.45 ± 0.12

0.21 ± 0.08

0.38 ± 0.11

0.18 ± 0.05

0.16 ± 0.03

Brain

0.15 ± 0.09

0.08 ± 0.03

0.09 ± 0.05

0.06 ± 0.04

0.05 ± 0.03

Colon

4.32 ± 2.25

4.25 ± 1.45

4.71 ± 1.43

4.34 ± 1.78

4.85 ± 0.98

Heart

0.87 ± 0.23

0.08 ± 0.03

0.54 ± 0.21

0.65 ± 0.32

0.14 ± 0.05

Intestine

2.24 ± 0.98

2.35 ± 0.78

1.87 ± 0.54

1.65 ± 0.45

1.87 ± 0.68

Kidney

2.78 ± 0.46

2.54 ± 0.62

2.52 ± 0.54

2.32 ± 0.62

1.32 ± 0.39

Liver

1.65 ± 0.65

0.98 ± 0.42

1.97 ± 0.78

2.12 ± 0.78

1.35 ± 0.55

Lung

1.45 ± 0.24

0.87 ± 0.54

0.95 ± 0.42

0.85 ± 0.21

1.43 ± 0.52

Muscle

0.26 ± 0.13

0.09 ± 0.02

0.32 ± 0.04

0.21 ± 0.03

0.05 ± 0.01

Pancreas

1.65 ± 0.32

1.87 ± 0.54

2.13 ± 1.12

1.68 ± 0.65

0.79 ± 0.26

Spleen

0.21 ± 0.12

0.08 ± 0.02

1.54 ± 0.27

0.68 ± 0.21

1.65 ± 0.65

Stomach

1.87 ± 0.46

1.32 ± 0.65

1.35 ± 0.59

1.25 ± 0.37

1.58 ± 0.21

Tumor

4.25 ± 1.11

3.14 ± 0.87

3.24 ± 1.24

2.24 ± 0.89

2.05 ± 0.57

Table III.9.3 shows the complete biodistribution studies that were performed in PC-3 tumor
induced mice. All conjugates exhibited a rapid clearance from the blood pool and approximately
all non-targeted organs. Liver uptake for all the analogs was also significant which might be
due to the lipophilicity of the compounds. A higher uptake of radioactivity in pancreas could
be due to fact that mice pancreas is a GRP receptor-rich organ.
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4. Conclusion
In this research work, we have extensively studied the radiolabeling, quality control, cell culture,
receptor binding affinity of radio nanoconstructs with cancer cells, animal studies of 99mTcpapain NPs and 68Ga-DOTA-BBN conjugated nanoconstructs in animal models. Cell binding
assays of DOTA-Bombesin analogs with cancer cells demonstrate their ideal therapeutic
potential to be further investigated as feasible theranostic agents. Furthermore, the
biodistribution data in tumor-bearing mice is another positive indicator leading towards further
development of these novel nanoconstructs as potential feasible theranostic agents.
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III.10. POLAND-IARC
Progress Report1
M. Matusiak, B. Rurarz, J. Winczewski, A. Adamus, R. Czechowska-biskup,
B. Rokita, S. Kadlubowski, P. Ulanski
Institute of Applied Radiation Chemistry (IARC), Lodz University of Technology, Lodz,
Poland
Abstract
This report sums up the studies performed at the Institute of Applied Radiation Chemistry
(IARC), Lodz University of Technology within the framework of the CRP Project in the final
period of the CRP.
Radiation-based synthesis, characterization and delivery to Project Partners of
chemically decorated (with bombesin-DOTA moieties) polymer nanogels as carriers for
radioisotopes. Studies on the radiation synthesis of poly(acrylic acid) (PAA) nanogels have
been performed to enhance our understanding of the process and to establish relationships
between the synthesis parameters and product properties. An optimized procedure has been
elaborated and PAA nanogels have been synthesized and characterized, to be used in further
steps of this study. After preliminary tests of the coupling procedure on a model compound,
two methods, A and B (described in more detail in the report) have been developed to link
bombesin-DOTA molecules to PAA nanogels. Further tests have demonstrated that method A
is more practical, thus it was selected as the main synthetic procedure. The obtained nanogels
coupled with bombesin-DOTA have been characterized to determine their chemical structure
and selected physicochemical properties. These products have been sent to the partners in Italy,
Mexico and Poland (Polatom). Partners from Italy and Mexico reported problems encountered
when processing the lyophilized products, mainly related to insufficient solubility. Polatom has
successfully performed radioisotope binding tests, which were followed by preliminary animal
study. Some limited uptake (increasing in time for 24 hours) of the products by the pancreatic
tumor tissue has been observed, in particular for samples injected by the intravenous way. The
fact that the uptake is relatively low may be caused by too large size of the product in the
physiological conditions. Data seem to indicate also another problem related to potential nonselective binding of radioactive isotope ions by carboxylate groups. Finally, further solubility
studies have been performed in an attempt to address the problems encountered by partner labs
in Italy and Mexico.
(this report contained unpublished data and was removed from the working material version)

1

Due to space limit, only exemplary/selected data are presented here. More data and details of the experimental
procedures have been presented in annual reports and in the publications.
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III.11. POLAND-POLATOM
Nanosized delivery systems of radiopharmaceuticals
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 in vitro and in vivo evaluation
of radiolabeled nanoconstructs obtained from partners of this CRP. Nanoparticles were
radiolabeled with luttetium-177, ittrium-90 and gallium-68. The biological evaluation was
carried on AR42J cells, normal Wistar rats and on immunodeficient mice with subcutaneously
induced tumors.
2. MATERIALS AND METHODS
2.1. Nanoparticles
2.1.1. Nanogels Palermo
Carboxyl functionalized 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 to -40 mV),
colloidal stability in aqueous solutions upon storage at 5°C and 37°C up to three months
conjugated with DOTA-BBN (table III.11.1).
Table III.11.1. Characteristic of nanogel-bombesin-DOTA
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2.1.2. Nanogels Poland-IARC
Poly(acrylic acid) nanogels, highly hydrophilic, contain carboxylic groups than can be used for
conjunction with coupling agent or amino groups of bombesin-DOTA molecules.
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. The nanogels coupling with bombesin-DOTA was performed by adding a
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
toluene-4-sulfonate
(DMT/NMM/TsO-) as a coupling agent. This compound activates carboxylic groups, which can
easily react with the amino groups on bombesin. The addition of bombesin was conducted in
different ratios resulting the nanoparticles summarized in the table below.
Sample

Mass [mg]

Amount of DOTA/nanogel

MITR1

9.4

0

MITR2

4.2

140

MITR3

4.2

28

MITR4

3.8

14

MITR5

5.8

0

2.1.3. Nanogels Argentina
Gold nanoparticles covered by a multilayer of albumin crosslinked by gamma irradiation. The
schema of the synthesis is presented below. Scheme of the proposed hybrid NP preparation to
yield a core/shell Au/Alb-NPs

More details can be found in Argentina CRP report.
2.2. Radioisotopes
177

Lu – LutaPol; radioactive concentration - 200GBq/ml ; specific activity > 500 MBq/mg; in
0.04M HCl.
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90

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

68

Ga obtained from Eckert Ziegler Ge/Ga generator. 1300MBq / 5 Ml 0.1M HCl elution.

2.3. Radiolabelling
2.3.1. Nanogels Palermo, Italy
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-bombesin-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 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 exclusion chromatography (PD10 end mini PD10 columns
eluted with PBS) or by ultrafiltration (Amicon ultra centrifugal filters; 2mL 3kDa, 2 times
filtration with addition of ascorbic acid buffer).
2.3.2. Nanogels Poland-IARC
For the radiolabeling 300 MBq of [177Lu]LuCl3 or 90YCl3, 1 mL of ascorbic acid buffer (50
mg/mL) were added to the 0.25mL of DOTA-MITR. The resulting solution was incubated for
30 min at 800C.
Radiolabeling yield was determined by 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.
2.3.3. AuALB nanoparticles, Argentina.
The nanoparticles were labelled with 177Lu (40 MBq) in ascorbic acid buffer pH 4.5 (50mg/mL)
and alternatively in 0.5M ammonium acetate. The labeling mixture was incubated in
temperatures ranging from 40 to 65oC for time from 15 to 90 min. Radiolabelling yield was
evaluated by 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.
The 68Ga labelling (40 MBq) for various amounts of gold nanoparticles was performed at pH
4.5 obtained, by addition to the labelling mixture, 1 M sodium acetate. The labelling mixture
was incubated at 37 and 60°C. The radiochemical yield was tested at 15, 30 and 60min
incubation time points.
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2.4. Biological evaluation
2.4.1. Binding and internalization study
The specificity of 177Lu-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 177Lu-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
2.5.2.1. Nanogels, Palermo, Italy

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 177Lu-DOTA-bombesine-nanogels, 177Lu-nanogels were compared in
normal Wistar rats in order to determine tissue localization and excretion. The biodistribution
of 90Y/177Lu-DOTA-bombesine-nanogels and 90Y-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 177Lu - 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).
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 rats pancreatic AR42J cells in
200 μL PBS. Biodistribution studies were initiated when tumors reached a volume 100–300
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mm. Groups of 5 mice were injected via the tail vein with 13.5 MBq (31μg) of 90Y-DOTAbombesin-nanogel and 12.8 MBq (0.74μg) of 90Y-bombesin. At 1 h post-injection (p.i.) mice
were euthanized by isoflurane overdose, dissected and organs isolated. Tissue radioactivity was
measured and expressed as the percent injected dose per organ (%ID) and per gram (%ID/g).
Based on the detection of Cerenkov radiation, to noninvasively image of the biodistribution of
beta-emitting radionuclides in small animals, the PhotonIMAGERTM System (Biospace LAB)
was applied. The tumor-bearing BALB/c Nude (CAnN.Cg-Foxn1nu/Crl) mice were
intravenously injected with 90Y-DOTA-bombesin-nanogel and 90Y-bombesin and optically
imaged after 1 h p.i.
The second biodistribution study was performed in Balb/c Nude mice with subcutaneously
induced tumors with AR42J cells (ATCC CRL1492). The animals where divided into two
groups. In the first group the labeled nanogels where injected intravenously (0,042mg, 0.1mL,
14.1MBq) and the animals where sacrificed at 2, 4, 24 and 48h time points. The radioactivity
accumulated in selected organs were measured ex vivo in NaI scintillation counter with whole
body measurement adapter.
In the second group the labelled nanogels were injected directly into the tumor. The
radioactivity distribution was measured at 2, 4, 24 and 48h time points with the same
methodology as applied for intravenous injection. Results are presented in table III.11.2.
Imaging – 90Y-DOTA-BBN-Nanogels:
The imaging study was performed for Balb/c Nude mice with subcutaneously induced tumors
with AR42J cells (ATCC CRL1492). The 90Y-DOTA-BBN-Nanogels were injected directly to
the tumor in dose of 21 MBq/0.05 mL. The Cherenkov imaging was performed by BiospaceLab
OptiImager at 1, 2.5, 24, 48 and 120h after injection. For each time point the mice was imaged
from the back and abdominal side.
3. RESULTS AND DISCUSSION
3.1. Radiolabeling of DOTA-bombesin-nanogels, Palermo, Italy
Study on 177Lu 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 177Lu but still in HPLC as well in TLC
chromatography methods some smaller labelled species (not corresponding with free isotope
or labelled bombazine were observed) (figure III.11.1).
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Lu-bombesin-nanogel
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FIG III.11.1. 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 III.11.2).
Table III.11.1. 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 90Y labelling study resulted in comparable initial RCP of radiolabeled nanogels. The
changed to ultrafiltration purification resulted in 99% pure RCP nanogels (figure III.11.2).
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FIG III.11.2. TLC radiochromatogram of amicon ultara purified 90Y-DOTA-bombesin-nanogel.

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 laboratory
for very long period due to holidays) could been affected by some stability issue due to improper
storage.
The third batch of nanoparticles used for the kinetic in vivo study was labelled with high
radiochemical yield > 95% and did not require purification. The radiochromatogram is
presented in figure III.11.3.

FIG III.11.3. TLC radiochromatogram of 177Lu-DOTA-bombesin-nanogel.
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3.2. Radiolabeling of DOTA-bombesin-nanogels, Poland-IARC
All of nanogels obtained were studied for the labelling with 90Y and 177Lu. The only particles
that labelled sufficiently were the MITR2 particles (conjugation of 140 BBN-DOTA/particle).
The radiochemical purity of the labelled MITR2 particles are summarized in tables III.11.3-4.
Table III.11.2. Radiochemical purity depending on the specific activity of nanoparticles

177Lu-MITR2
177Lu
90Y-MITR2
90Y

9.82
GBq/mg

9.32
GBq/mg

13.8±1.2
86.2±1.2

20.2±1.7
79.8±1.7

2.79
GBq/mg

0.8 GBq/mg

0.68
GBq/mg

0.189
GBq/mg

99.0±1.1
1.0±1.1

98.1±0.7
2.0±0.6

99.5±0.7
0.4±0.6

99.0±0.1
1.0±0.1

Table III.11.3. Labelling yield of all MITR particles

177Lu-MITR2
177Lu

MITR 2
0,68 GBq/mg

MITR3
0,71 GBq/mg

MITR4
0,76 GBq/mg

MITR5
0,78 GBq/mg

98,1±0,7
2,0±0,6

57,4±5,3
42,6±5,3

8,1±0,6
91,9±0,6

0,7±0,1
99,3±0,1

3.3. Radiolabelling of Au/ALB nanogels, Argentina
The 177Lu radiolabeling yield in various conditions were studied. The maximum yield was
achieved when labeling was performed in 0.5M ammonium acetate pH 5.0 and heating at 65oC.
The cumulative results are presented in figure III.11.4.
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FIG III.11.4. The 177Lu labelling yield of BBN-DOTA-NHP.

The best 68Ga radiolabelling yields was achieved for 100µL of particles incubated at 60°C. The
comparable radiolabelling yields was achieved for 100µL of particles incubated 60min at 37°C.
Unfortunately, 1h incubation time results in significant decay of gallium and should be avoided.
The summary of the labelling results is presented on figure III.11.5.
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FIG III.11.5. Radiolabelling yield of Albumin/Gold nanoparticles in various conditions.

3.4. In vitro studies
In the in vitro cell binding studies carried out with AR42J cells, 177Lu-DOTA-bombesinnanogel and 177Lu-bombesin were used in different amounts (table III.11.5).
Table III.11.4. Amount of compounds used for in vivo experiments.
Amount of [µg/well]:
177Lu-bombesin-nanogel

177Lu-bombesin

Experiment 1

16.25

8.0

Experiment 2

30.0

4.0

Experiment 3

35.0

8.0

Higher total binding was observed for 177Lu-DOTA-bombesin-nanogel than for 177Lu-bombesin
conjugates (table III.11.6).
Table III.11.5. Comparison of total binding for radiolabeled nanogel and bombesin
177Lu-bombesin-nanogel

177Lu-bombesin

No.

total binding

internalization

total binding

internalization

1

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%
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Free 177Lu
total binding

internalization

1.3 ± 0.3%

0.2±0.2%

However, the total binding of 177Lu-DOTA-bombesin-nanogels were determined by the used
amount of nanogels for experiment (figure III.11.6) and the relation had linear character.

FIG III.11.6. Relation of total binding and amount of 177Lu-DOTA-bombesin-nanogels

3.3. Biodistribution study
3.3.1. Biodistribution of DOTA-bombesin-nanogels, Palermo, Italy
Biodistribution of 177Lu-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 III.11.7) and accumulation of both fractions showed a similar pattern in
all examined tissues
Table III.11.6. Biodistribution of the 177Lu-DOTA-bombesin-nanogels fr. 2 and 3 in tissue/organs collected at 1 h
p.i.v. from Wistar rats (n=5)
177Lu-bombesin-nanogel for 2
%ID±SD
blood
lung
liver
kidneys
stomach
colon
small intestine
pancreatic
muscle
femur
urine [%ID]
injection

0.21 ± 0.04%
88.63 ± 0.98%
0.35 ± 0.06%
0.04 ± 0.01%
0.18 ± 0.08%
0.26 ± 0.09%
0.04 ± 0.01%

%ID/g±SD
0.26 ± 0.03%
0.17 ± 0.05%
12.49 ± 1.60%
0.20 ± 0.04%
0.02 ± 0.01%
0.02 ± 0.01%
0.04 ± 0.02%
0.06 ± 0.02%
0.01 ± 0.01%
0.20 ± 0.05%

1.06 ± 0.03%
27 µg (4.3 pmol), 7.4 MBq in 200 µL
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177Lu-bombesin-nanogel fr 3
%ID±SD
0.21 ± 0.06%
84.11 ± 1.66%
0.69 ± 0.26%
0.06 ± 0.02%
0.20 ± 0.15%
0.27 ± 0.10%
0.04 ± 0.02%

%ID/g±SD
0.29 ± 0.09%
0.16 ± 0.04%
12.04 ± 0.99%
0.39 ± 0.16%
0.04 ± 0.01%
0.02 ± 0.01%
0.04 ± 0.02%
0.05 ± 0.03%
0.01 ± 0.01%
0.21 ± 0.06%

4.20 ± 0.40%
27 µg (4.3 pmol), 7.4 MBq in 200 µL

The significant difference was noted between 177Lu-DOTA-bombesin-nanogels and 177LuDOTA-bombesin as a control. The urinary elimination for 177Lu-DOTA-bombesin was almost
35 times faster than for 177Lu-DOTA-bombesin-nanogels and the liver uptake was 165 times
lower (table III.11.8).
Table III.11.7. Biodistribution of the 177Lu-DOTA-bombesin-nanogels and 177Lu-DOTA-bombesin as a control in
tissue/organs collected at 1 h p.i.v. from Wistar rats (n=5)
177Lu-bombesin-nanogell
%ID±SD
blood
lung
liver
kidneys
stomach
colon
small intestine
pancreatic
muscle
femur
urine [%id]
injection

0.31±0.07%
84.84±2.53%
0.37±0.07%
0.06±0.06%
0.12±0.06%
0.35±0.13%
0.06±0.05%

%ID/g±SD
0.34±0.06%
0.22±0.04%
13.16±1.28%
0.20±0.03%
0.03±0.01%
0.02±0.01%
0.05±0.01%
0.08±0.07%
0.00±0.00%
0.13±0.04%

0.07±0.02%
2.44±0.77%
24 µg (3,8 pmol), 6.8 MBq in 200 µL

177Lu-bombesin
%ID±SD
0.16±0.03%
0.66±0.18%
6.48±0.25%
0.23±0.04%
1.12±0.30%
2.17±0.54%
0.88±0.20%

%ID±SD
0.17±0.02%
0.11±0.02%
0.08±0.02%
3.91±0.54%
0.17±0.02%
0.16±0.02%
0.28±0.04%
1.33±0.22%
0.04±0.02%
0.06±0.04%

0.03±0.02%
77.20±2.37%
0.15 µg (37 pmol), 8 MBq in 200 µL

Consequently, the in vivo behavior of 90Y-DOTA-bombesin-nanogels and
bombesin in tumor-bearing BALB/c Nude mice was evaluated (table III.11.9).

90

Y-DOTA-

Table III.11.8. Biodistribution of the 90Y-DOTA-bombesin-nanogels and 90Y-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)
90Y-bombesin-nanogel
%ID ±SD
%ID/g ±SD
blood
lung
liver
spleen
pancreatic
kidneys
GIT
stomach
femur
tumour
muscle
urine [%ID]
Injection

3.82±0.73%
22.79±7.15%
2.91±0.09%
0.70±0.17%
3.50±0.32%
4.32±1.31%
0.32±0.03%
0.31±0.07%
8.35±3.69%

52.67±8.44%
18.77±2.18%
18.00±7.11%
21.44±1.85%
3.68±0.72%
9.06±0.91%
1.65±0.71%
1.04±0.05%
5.01±1.01%
8.60±3.85%
1.95±1.27%

2.67±0.84%
31 µg (5 pmol), 13.5 MBq in 100 µL

90Y-bombesin
%ID±SD
%ID/g±SD
0.16±0.19%
0.60±0.60%
0.15±0.14%
2.01±1.29%
1.97±1.70%
4.40±2.89%
0.33±0.32%
0.04±0.03%
3.87±3.86%

0.24±0.09%
0.36±0.08%
0.26±0.10%
0.37±0.39%
11.02±2.36%
3.06±0.46%
0.93±0.09%
0.77±0.14%
0.33±0.10%
0.93±0.30%
0.25±0.16%

73.83±29.97%
0.74 µg (362 pmol), 12.8 MBq in 100 µL

The tissue distribution of 90Y-DOTA-bombesin-nanogels and 90Y-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 bloodrich 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) of 4.5 was observed at 1 h and at the same time
very low tumour to blood ratio (T/B) equal 0.16.
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The mice injected with 90Y-DOTA-bombesin-nanogels and 90Y-DOTA-bombesin were
optically imaged at 1 h p.i.. Accumulation of 90Y-DOTA-bombesin-nanogels in tumour tissue
was visualized as well as in the liver and spleen (figure III.11.7).

FIG III.11.7. In vivo Cerenkov optical imaging of mouse bearing AR42J cells xenograft following injection of
90
Y-DOTA-bombesin-nanogels (31 µg, 0.4 GBq/mg) at 1 h after i.v. injection

The kinetic study of biodistribution was performed in Balb/c Nude mice with subcutaneously
induced tumors with AR42J cells (ATCC CRL1492). The animals where divided into two
groups. In the first group the labeled nanogels where injected intravenously (0,042mg, 0.1mL,
14.1MBq) and the animals where sacrificed at 2, 4, 24 and 48h time points. The radioactivity
accumulated in selected organs were measured ex vivo in NaI scintillation counter with whole
body measurement adapter. Results are presented in Table III.11.10.
In the second group the labelled nanogels were injected directly into the tumor. The
radioactivity distribution was measured at 2, 4, 24 and 48h time points with the same
methodology as applied for intravenous injection. Results are presented in table III.11.11.
Table III.11.9. Biodistribution of BBN-DOTA-Nanogells in BALB/c Nude mice with subcutaneously induced
tumors with AR42J cells, intravenous injection
177Lu-NG 2h
BALB/c NUDE
(n=4)
mass 23.0 ± 2.1g

177Lu 4h
BALB/c NUDE
(n=3)
mass 22.3 ± 0.9g

177Lu-NG 24h
BALB/c NUDE
(n=4)
mass 20.8 ± 1.3g

177Lu-NG 48h
BALB/c NUDE
(n=3)
mass 20.7 ± 3.0g

%ID/g

SD

%ID/g

SD

%ID/g

SD

%ID/g

SD

blood

6.19%

0.92%

3.61%

0.55%

1.01%

0.30%

1.16%

0.76%

lung

2.57%

0.53%

1.46%

0.23%

2.33%

2.31%

1.22%

0.40%

liver

56.30%

3.80%

58.97%

5.78%

66.42%

5.57%

70.51%

30.01%

spleen

1.01%

0.61%

0.46%

0.16%

0.23%

0.05%

0.22%

0.01%

kidneys

4.89%

0.51%

4.92%

0.63%

2.62%

0.43%

1.44%

0.83%

intestines

0.54%

0.11%

0.58%

0.05%

0.82%

0.19%

0.59%

0.35%
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stomach

0.52%

0.09%

0.56%

0.04%

0.53%

0.21%

0.21%

0.16%

femur

3.85%

0.74%

3.79%

1.47%

2.58%

0.50%

4.89%

2.46%

tumour

1.59%

0.32%

1.49%

0.24%

1.29%

0.27%

0.96%

0.26%

muscle

0.27%

0.14%

0.20%

0.03%

0.18%

0.06%

0.06%

0.01%

urine [%ID]

11.79%

5.11%

13.07%

1.00%

13.60%

2.03%

18.45%

3.44%

Table III.11.10. Biodistribution of BBN-DOTA-Nanogells in BALB/c Nude mice with subcutaneously induced
tumors with AR42J cells, intratumoral injection
177Lu-NG 4h pi
BALB/c NUDE mice (n=4)
mass 20.8 ± 0.7g

177Lu-NG 24h pi
BALB/c NUDE mice (n=4)
mass 21.6 ± 2.0g

177Lu-NG 48h pi
BALB/c NUDE mice (n=3)
mass 21.9 ± 1.9g

%ID

SD

%ID

SD

%ID

SD

blood

0.91%

0.73%

0.08%

0.02%

0.10%

0.04%

lungs

0.05%

0.02%

0.02%

0.01%

0.02%

0.03%

liver

1.97%

0.66%

2.07%

1.91%

3.51%

2.41%

spleen

0.02%

0.01%

0.01%

0.00%

0.01%

0.00%

kidneys

0.76%

0.46%

0.34%

0.10%

0.14%

0.01%

intestines

0.59%

0.09%

0.23%

0.06%

0.25%

0.10%

stomach

0.04%

0.02%

0.02%

0.00%

0.02%

0.01%

femur

0.07%

0.03%

0.04%

0.02%

0.03%

0.00%

tumor

65.88%

5.24%

78.29%

6.10%

67.89%

17.21%

Muscle

0.00%

0.00%

0.01%

0.00%

0.01%

0.01%

Urine

8.10%

4.35%

4.91%

0.11%

7.45%

1.40%

The imaging of 90Y-DOTA-BBN-Nanogells was performed for Balb/c Nude mice with
subcutaneously induced tumors with AR42J cells (ATCC CRL1492). The 90Y-DOTA-BBNNanogels were injected directly to the tumor in dose of 21MBq/0.05mL . The Cherenkov
imaging was performed by BiospaceLab OptiImager at 1, 2.5, 24, 48 and 120h after injection.
For each time point the mice was imaged from the back and abdominal side. The images are
presented at Figure III.11.8.
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1h

48h

2.5h

24h

120h

FIG III.11.8. Optic imaging of physiological distribution of
tumor.
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90

Y-DOTA-BBN-Nanogels after direct injection to

III.12. SINGAPORE
Radioactive Nanomedicine – Imparting radioactivity to particulate drug delivery
systems
Abstract
Nanotechnology has found its presence in many industries and applications, and one such
promising application is in the biomedical arena. It has been exploited for the development of
nanomedicine, for drug delivery and bioimaging purposes. For example, drug delivery in the
form of nanomedicine utilizes nano-sized particles to transport and release pharmaceutical
compound into the body, to achieve the most desirable therapeutic outcome and in the safest
possible manner. Here, we review some of the particulate drug delivery systems that have been
developed in the School of Materials Science and Engineering (MSE), Nanyang Technological
University (NTU), Singapore. Towards the end, a summary of the results obtained till date, in
contribution towards the CRP, will be reported.
1. Multilayered Particulate Systems
Double-layered ternary-phase microparticles composed of a poly(D,L-lactide-co-glycolide)
(50:50) (PLGA) core and a poly(L-lactide) (PLLA) shell impregnated with poly(caprolactone)
(PCL) particulates were loaded with ibuprofen (IBU) and metoclopramide HCl (MCA) through
a one-step fabrication process. MCA and IBU were localized in the PLGA core and in the shell,
respectively. The aim was to study the drug release profiles of these double-layered ternaryphase microparticles in comparison to binary-phase PLLA (shell) / PLGA (core) microparticles
and neat microparticles (FIG. III.11.1). The particle morphologies, configurations and drug
distributions were determined using scanning electron microscopy (SEM) and Raman
mapping. The presence of PCL in the PLLA shell gave rise to an intermediate release rate of
MCA between that of neat and binary-phase microparticles. The ternary-phase microparticles
were also shown to have better controlled release of IBU than binary-phase microparticles. The
drug release rates for MCA and IBU could be altered by changing the polymer mass ratios [1].
Ternary-phase microparticles, therefore, provide more degrees of freedom in preparing
microparticles with a variety of release profiles and kinetics. This study presents a feasible
route to load radiopharmaceuticals into such particles and would be further explored.
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FIG III.12.1. (a) Double-layered microparticle; (b) Fluorescent-labelled double-layered sub-micron particle; (c)
Raman mapping of drug-loaded double-layered microparticle; (d) Sequential release of two different drugs from
double-layered microparticle; (e) Different morphologies of double-layered microparticles. Ref: PCT Application
no. PCT/SG2010/000215; Acta Biomaterialia 2012; 8: 2271.

2. Microencapsulation of Nanoparticulates
Drug delivery is the administration of pharmaceutical agent(s) to achieve a therapeutic effect
in patients. Conventional drug-delivery strategies often require repetitive drug administration
and this can lead to strongly fluctuating drug levels that may pose undue physiological
discomfort to the recipient. Furthermore, certain drugs at high concentrations can sometimes
trigger undesirable toxicity or immunological responses in the patient, which can be
detrimental. Proper drug administration requires a fine balance between time, dosage, and mode
of delivery, and, more importantly, should aid in improving patient compliance and clinical
outcomes. To help realize a multiple-drug delivery system, the design of a polymeric
microcapsule that can house different drug-loaded particles using a modified
solid/water/oil/water (S/W/O/W) emulsion technique was developed. A simple emulsion
technique was devised to encapsulate multiple fluorophore-loaded particles within a single
polymeric microcapsule (FIG. III.12.2(a)). The largeness in size for the microcapsules had been
selected to present insights into the interior structure of the construct as precedence to
miniaturization of the system. Visual analyses (SEM and CLSM) had confirmed the feasibility
of this methodology (FIG. III.12.2(b)). Two drugs of different hydrophilicities were also loaded
into PLLA microparticles and successfully encapsulated in the PLGA microcapsule. Drug
release studies showed that the PLGA shell provided a means to retard burst release, while
controlling the release [2-4]. The results presented offer more opportunities to further examine
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the system’s effectiveness as a drug delivery platform for radiopharmaceuticals, which would
be explored in future research undertakings.
(a)

(b)

FIG III.12.2. (a) Schematic representation of simultaneously encapsulation of particles loaded with two different
dyes within a single microcapsule; (b) FESEM images of a typical microcapsule excised to disclose the crosssection region. (a–c) Subsequent magnification had revealed the presences of smaller PLLA microparticles
residing within the hollow space of the microcapsule. Note that no microparticles were found on the outer shell
region of the microcapsule. Ref: Assigned Singapore Patent No. 190009; Advanced Healthcare Materials 2012;
1: 159.

Using sodium dodecyl sulphate micelles as template, hollow-cored calcium phosphate
nanocapsules were produced. The surfaces of the nanocapsule were subsequently silanised by
a polyethylene glycol (PEG)-based silane with an N-hydroxysuccinimide ester end groups
which permits for further attachment with bisphosphonates (BP). Characterizations of these
nanocapsules were investigated using Field Emission Scanning Electron Microscopy
(FESEM), Transmission Electron Microscopy, Fourier Transform Infra-Red Spectroscopy, Xray diffraction, X-ray photoelectron spectroscopy and Dynamic Light Scattering. To further
validate the bone-targeting potential, dentine discs were incubated with these functionalized
nanocapsules. FESEM analysis showed that these surface-modified nanocapsules would bind
171

strongly to dentine surfaces compared to non-functionalized nanocapsules. We envisage that
respective components would give this construct a bifunctional attribute, whereby (1) the shell
of the calcium phosphate nanocapsule would serve as biocompatible coating aiding in gradual
osteoconduction, while (2) surface BP moieties, acting as targeting ligands, would provide the
bone-targeting potential of these calcium phosphate nanocapsules [5-6]. Such nanocapsules
can be considered for the delivery of Sm-153-EDTMP for bone targeting.

FIG III.12.3. (a) Schematic representation of coating drug-loaded PLGA particles with calcium phosphate layer;
(b) SEM images of PLGA particles showing calcium phosphate nanoparticles coated on its surface. Ref: USA
Appl. No.: 13/885,931 and Europe Appl. No.: 11842961.2; PCT/SG2010/000214; Journal of Materials Science:
Materials in Medicine 2014 Accepted

4. Hydrophilic-Hydrophobic Core-Shell Particles
Current focus on particulate drug delivery entails the need for increased drug loading and
sustained release of water soluble drugs. Commonly studied biodegradable polyesters, such as
poly(lactide-coglycolide) (PLGA) and poly(L-lactide) (PLLA), are lacking in terms of loading
efficiency of these drugs and a stable encapsulation environment for proteins. While hydrogels
could enable higher loading of hydrophilic drugs, they are limited in terms of controlled and
sustained release. With this in mind, the aim was to develop microparticles with a hydrophilic
drug-loaded hydrogel core encapsulated within a biodegradable polyester shell that can
improve hydrophilic drug loading, while providing controlled and sustained release. Herein,
we report a single step method of fabricating microparticles via a concurrent ionotropic gelation
and solvent extraction. Microparticles fabricated possess a core–shell structure of alginate,
encapsulated in a shell constructed of either PLGA or PLLA. The cross-sectional morphology
of particles was evaluated via scanning electron microscopy, calcium alginate core dissolution,
FT-IR microscopy and Raman mapping (FIG. III.12.4). The incorporation of alginate within
PLGA or PLLA was shown to increase encapsulation efficiency of a model hydrophilic drug
metoclopramide HCl (MCA). The findings showed that the shell served as a membrane in
controlling the release of drugs [7]. Such gel-core hydrophobic-shell microparticles thus allow
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for improved loading and release of water soluble drugs and can be considered for the loading
of fluid based hydrophilic radiopharmaceuticals.

FIG III.12.4. Schematic diagram of alginate-PLGA/PLLA core-shell particle and SEM images of subsequent
particles prepared accordingly. Release profile from such a particle is found on the bottom right corner. Ref:
PCT/SG2013/000051; Biomaterials Science 2013; 1: 486.

5. Results Obtained for CRP
The key project objective is to produce polymeric (synthetic and natural) nanoparticles for the
development of new generation of nanoparticle-based tumour specific radiopharmaceuticals.
Bombesin-conjugated PLGA nanoparticles will be co-produced by Thailand/Singapore.
The team has produced PLGA-NH2 nanoparticles of sizes ~200nm (FIG. III.12.5a). The
hydrodynamic size of these nanoparticles were further validated using dynamic light scattering
(DLS) (FIG. III.12.5b). These PLGA nanoparticles were subsequently sent to Thailand to be
conjugated with bombesin.
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a.

b.

FIG III.12.5. (a) PLGA nanoparticles under FESEM of sizes ~200nm; (b) DLS measurement of hydrodynamic
size of PLGA nanoparticles

These nanoparticles were conjugated with bombesin, and results from FTIR and EDX showed
successful conjugation (FIG. III.12.6). At the same time, the particle sizes after conjugation
remained unchanged at ~200nm (FIG. III.12.7), while nanoparticles are now negativelycharged upon conjugation.
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FIG III.12.6. (a) FTIR spectra showing conjugation of Bombesin onto PLGA nanoparticles; (b) EDX confirming
Bombesin conjugation
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FIG III.12.7. (a) TEM images of Bombesin-conjugated PLGA nanoparticles; (b) DLS and Zeta Potential
measurements of Bombesin-conjugated PLGA nanoparticles

6. Conclusions
Particulate drug delivery systems can be developed for the delivery of drugs. Such delivery
systems shown here include multi-layered particles, microencapsulation of nanoparticles,
ceramic-polymer hybrid particles and hydrophobic-hydrophilic core-shell particles. Of these,
PLGA nanoparticles of sizes ~200nm were prepared and characterized. These were sent to
Thailand for further bombesin conjugation. FTIR and EDX showed successful conjugation.
TEM and DLS results showed that particle sizes remained unchanged at ~200nm, while
conjugated nanoparticles are now negatively-charged.
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Abstract
Progress in two models of polymeric nanoparticles (NPs) conjugated with DOTA-BBN as
radiopharmaceuticals and targeting nanocarriers is proposed. The overall development works
includes i) developed and characterized nanoparticles (NPs), ii) developed protocol for DOTABBN conjugation and characterization and quantitative analysis, iii) observed performance of
the obtained NPs, such as change of NPs properties, kinetic stability, in vitro stability in
biological media, cytotoxicity with cancer cell lines (e.g., PC-3 and LNCaP), and cellular
internalization of the NPs with and without DOTA-BBN conjugation. The development of NPs
was carried out in the country and the performance of the NPs in terms of radiolabeling and
biological testing were collaborated with the member state though exchange students, sample
contribution and discussion. There two main routes of the developments, i.e., i) development
of the DOTA-BBN conjugated natural polymers for green and ready synthesis of stable and
targeting 197AuNPs and radioactive 198AuNPs as theranostic agents and ii) development of
DOTA-BBN conjugated natural polymeric nanoparticles and nanogels for proper radiolabeling.
For the 1st strategy, we successfully develop water soluble chitosan (WSCS) and water-soluble
chitosan gallate (WSCS-GA) derivative nanoparticles and their conjugation with DOTA-BBN
to obtain WSCS-DOTA-BBN and WSCS-GA-DOTA-BBN, respectively. Effective green
synthesis of AuNPs using the conjugated polymer nanoparticle template as reducing,
stabilizing and targeting agent were successfully carried out. WSCS-GA-DOTA-BBN NPs
exhibited great reducing power and stabilizing efficiency to create stable AuNPs. The Au-core
and hydrodynamic sizes (DH) of AuNPs prepared in WSCS-DOTA-BBN are 70 nm and 20 ±
9 nm, respectively and the surface charge is in the range of ±25 to ±30 mV. In the case of
AuNPs prepared in WSCS-GA-DOTA-BBN, the AuNPs is quite stable with Au-core size of
~20 nm and the DH of 50 nm (~40-60 nm). AuNPs/ WSCS-GA-DOTA-BBN exhibited very
stable in all biological media (Csy, His, BSA, HAS, NaCl, and PBS pH 5, 7 and 14), whereas
AuNPs/WSCS-DOTA-BBN are stable in Csy, HAS, BSA and His. It was significantly found
that AuNPs internalized into prostate cancer cells (i.e., PC-3 and LNCaP) and they killed the
cancer cells with the IC50 in the range of 3-60 ug/mL depending on types of NPs, cancer cell
lines and incubation times. In addition, the developed DOTA-BBN conjugated natural polymer
also effectively create radioactive 198AuNPs with very high stability up to 7 half-lives (~18
days). The work regarding to the 1st model have been successfully performed in collaboration
with USA and will be strengthen for sustainable development. For the 2nd model, the prototypes
of DOTA-BBN conjugated water-soluble chitosan polysaccharide, silk fibroin polypeptide,
amphiphilic core-shell chitosan nanoparticles, and PAA-PEO nanogels were developed and
provided to the member states (i.e., Mexico, Italy, Egypt, and Pakistan) for radiolabeling (177Lu
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and 68Ga) and biological testing. The coordinated collaborators have taken their own efforts
based on their experience in radiolabeling to work with our new DOTA-BBN conjugated NPs.
The results and achievement bring us to move forward to additional challenge of the
development of DOTA-BBN conjugated polymeric NPs as nanocarriers for efficient
radiopharmaceuticals approach.
Preparation of water-soluble chitosan nanocolloid templates for AuNPs synthesis
To prepare WSCS-NPs without any derivatization at amino (–NH2) and hydroxyl (–OH)
groups, a simple γ-ray irradiation was exposed to chitosan in a common aqueous acetic acid
solvent. It has been reported in many literatures that irradiation of CS in homogeneous aqueous
solution could effectively reduce its molecular weight. It is well known that the solvent mainly
absorbs the energy of radiation. Therefore, the degradation occurs through indirect effect. The
molecular weight of CS efficiently reduced in aqueous acetic acid solution (CS-HOAc) than
that of aqueous colloid and dried solid. Among such γ-irradiated conditions, irradiating CS in
acid solution could induce dramatic chain scission and molecular weight reduction. The
formation of the nanometer-sized particles of the precipitated product (i.e., water-insoluble CS)
prepared from the acid condition was investigated. Particles with non-uniform shape and
boarder particle size distribution were obtained (data not shown). According to our previous
work, it is also important to note that most irradiated product could not precipitate by
neutralizing with NaOH, when CS-HOAc solution was irradiated with the dose higher than 40
kGy. Thus, it was assumed that the irradiated CS product became water-soluble in neutral pH.
Hence, WSCS-NPs were therefore simply prepared by starting with the irradiated aqueous CSHOAc. The GPC measurements (data not shown) indicated a dramatic decrease of the
molecular weight of the obtained WSCS when compared with the original CS. The Mn and
Mw of WSCS were as small as 3800 and 4800 g/mol; whereas, that of CS were 26,400 and
258,800 g/mol, respectively. The obtained WSCS has very narrow molecular weight
distribution (MWD) with a polydispersity index (PDI) of 1.26; while, CS showed very broad
MWD (PDI = 9.80) (Fig III.13.1). As can be noticed, the morphology of WSCS-NPs was
mostly spherical in nano-dimensional range.
(B)

(A)

(C)

FIG III.13.1(A) Representative TEM micrographs of WSCS-NPs (top) in different states: (a) individual NPs
(b) aggregating-state NPs, (c) agglomerated-NPs state. Particle size distribution (bottom) of (d) individual
NPs, as in (a) and (e) agglomerated-NPs, as in (c). (B) SEM micrographs of freezed dried WSCS and (C)
particle size distribution from SEM image [1]
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Although WSCS are oligomer, which defined by its molecular weight, the morphology and
size were also observed using TEM to provide the morphological information on a nanometer
scale of particles. The WSCS-NPs were diluted with distilled water before dropping on TEM
grid and observed directly in dried form. Fig. III.13.1 A(a)–A(c) displays the representative
TEM micrograph of the WSCS- NPs. As can be noticed, the morphology of WSCS-NPs was
mostly spherical in nano-dimensional range. There were mainly three morphological features,
i.e., individual NPs (Fig. III.13.1A(a)), aggregating state NPs (Fig. III.13.1A(b)) and
agglomerated NPs (Fig. III.13.1A(c)). An attempt to clarify the particle sizes and distribution
of the individual and agglomerated NPs were determined from TEM images in Fig. III.13.1A(a)
and A(c), respectively. WSCS-NPs had narrow size distribution with two ranges of the average
particle sizes, i.e. 122 nm for individual NPs (Fig. III.13.1A(d)) and 505 nm for the
agglomerated NPs (Fig. III.13.1A(d)). Dynamic light scattering (DLS) was used to investigate
hydrody- namic diameter of the WSCS-NPs suspensions in aqueous solutions. The WSCS-NPs
presented two different particle sizes as indicated by two peaks (data not shown). The particle
sizes of swollen WSCS-NPs are 15.40 7 0.47 and 72.56 7 1.06 nm. The particle sizes observed
from DLS agree with the nanodimension and particle size estimated from TEM images. The
particle sizes of WSCS-NPs observed from DLS are somewhat bigger than that determined
from TEM. It can be assumed that the WSCS-NPs observed by DLS are expanded in water
phase while that of measured by TEM might have shrunken upon drying process and TEM
measurement. The morphological information of the lyophilized WSCS-NPs powder was
investigated by SEM (Fig. III.13.1(B). The particle size and its distribution of the lyophilized
WSCS-NPs was determined and plotted as shown in Fig. III.13.2(d). The dried particles power
had narrow particle size distribution with an average size of 97572 nm.
The antioxidant activities of the WSCS-NPs compared with CS dissolved in acetic acid (CSHOAc) and that after subtracted from HOAc (CS) were determined. After mixing the WSCSNPs solution into DPPH∙ solution, purple color of the DPPH∙ solution faded rapidly (data not
shown) indicating the encountering the proton- radical scavengers. Fig. III.13.2 shows the
antioxidant capacity evaluated by plotting the concentration of WSCS-NPs, CS-HOAc and CS
against the percent of the DPPH∙ scavenging activities. It was found that the DPPH∙ scavenging
activities of WSCS-NPs and CS-HOAc increased along with the increase of concentrations.
By using the DPPH∙ with an initial concentration of 150 μM, the antioxidant activities of
WSCS-NPs and CS-HOAc reached around 80% and 60%, respectively. Since the pure CS
could not be dissolved in water, it was dissolved in HOAc for the observation of its antioxidant
assay. To clarify the anti- oxidant activity of CS without HOAc, the antioxidant values of CSHOAc were subtracted from that of HOAc. It is seen that CS displays non-antioxidant activity
along the concentration ranging from 0 to 0.25 mg/mL. It is suggested that the antioxidant
activity of the CS-HOAc caused by the HOAc solvent. An EC50 value, which expresses the
antioxidant concentration to reduce the radical by 50%, is a good indicator to quantify the
antioxidant capacity. As shown in the plot, the EC50 of CS-HOAc in scavenging the DPPH∙
with the initial concentration of 150 μM is 0.115 mg/mL, while the EC50 of WSCS-NPs is
0.025 mg/mL. WSCS-NPs showed 4.6 times higher efficiency to scavenge the DPPH∙ than that
of CS-HOAc.

180

(A)

(B)

FIG III.13.2.(A) DPPH free radical scavenging activities of () WSCS-NPs (◆) CS-HOAc and (■) CS-HOAc
after HOAc background subtraction. Data represents mean  sd. (n=3). (B) Cell viability of (a) CS-HOAc and
(b) WSCS-NPs against human skin fibroblast CRL 2552 cells. Data represents mean  sd. (n=3) [1].

Fig. III.13.3(A) shows water-soluble silk fibroin polymer nanocolloid/nanoparticles (WSSFNPs) created by electron beam irradiation was reported. We demonstrate the effects of electron
beam irradiation doses ranging from 1 to 30 kGy on the molecular weight (MW), nanostructure
formation, antioxidant activity and reducing power of the WSSF-NPs. Electron beam-induced
degradation of SF causing MW reduction from 250 to 37 kDa (Fig. III.13.3(B)). Chemical
characteristic functions of SF still remained after exposing to electron beam. The WSSF-NPs
with the MW of 37 kDa exhibited spherical morphology with a nano-scaled size of 40 nm. The
WSSF-NPs showed greater antioxidant activity and reducing power than non-irradiated SF
(Fig. III.13.3(C)).

FIG III.13.3(A) Morphologies of SF (a) before and (b) after irradiation and (C) Molecular weight reduction [2, 3,
4].

Poly(ethylene glycol) monomethacrylate-grafted-deoxycholate chitosan nanoparticles
(PEGMA-g-DCCSNPs) (Fig. III.13.4) were successfully prepared by radiation-induced graft
copolymerization. The hydrophilic poly(ethylene glycol) monomethacrylate was grafted onto
deoxycholate-chitosan in an aqueous system. The radiation-absorbed dose is an important
parameter on degree of grafting, shell thickness and particle size of PEGMA-g-DCCSNPs.
Owing to their amphiphilic architecture, PEGMA-g-DCCSNPs self-assembled into spherical
core–shell nanoparticles in aqueous media. The particle size of PEGMA-g-DCCSNPs
measured by TEM varied in the range of 70–130 nm depending on the degree of grafting as
well as the irradiation dose (Fig. III.13.4(d)).
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(d)

FIG III.13.4. (A) Morphologies of amphiphilic core-shell chitosan nanoparticle observed by (a) TEM and (b)
AFM and (c) AFM depth profile. (B) Plot of the irradiation dose against degree of grafting and particle size [5]

Poly(acrylic acid)-poly(ethylene oxide) (PAA-PEO) interpolymer complexes IPCs (Fig.
III.13.5(B)) were prepared with equimolar stoichiometric ratio of repeating units and converted
to crosslinked nanogels via γ-ray irradiation of aqueous acetone solutions. The effect of acetone
concentration on the coil size of nanogels was investigated by dynamic light scattering (DLS).
pH and temperature effects on the size and surface charge of nanogels were studied by using
DLS. Zeta potentials of the PAA-PEO nanogels were between − 5.31 mV (pH = 2) and − 45.00
mV (pH = 11) depending on dissociation of PAA. Transmission electron microscopy (TEM)
(Fig. III.13.5(A)(a)) and atomic force microscopy (AFM) (Fig. III.13.5(A)(b, c) images showed
that dry PAA-PEO nanogels are spherical with diameters of ~ 100 and ~ 240 nm in the swollen
state as determined by DLS. PAA-PEO nanogels synthesized in 25% (v/v) acetone/water
mixture exhibited size stability over a period of 2 months. This simple method of preparing
nanogels from polymer pairs avoids tiresome synthesis of corresponding block copolymers as
precursors of functional nanogels.
The changes in the size and zeta potential of IPCs and nanogels were followed over a pH range
of 1–11, and the results are shown in Fig. III.13.5(B). It was possible to investigate the behavior
of IPC only until pH = 4, above which the loose structure of the complex started to be destroyed
by strong repulsive forces due to negative charge buildup on PAA moieties. Fig. III.13.5 (B)(a)
shows that the size of IPC was highest at the lowest pH and reduced with increasing pH. The
zeta potential of the complexes decreased from a value of zero at pH=1 to −29 mV. If the size
and charge behaviors of IPCs and IPC nanogels are compared be- tween the pH range of 1–4
in Fig. III.13.5(B)(a, b), one can see that they behave exactly in the same way. However, due
to disintegration of IPCs at higher pH values, neither properties could be measured reliably.
The behavior of nanogels was exactly the same until a pH of 4 Fig. III.13.5(B)(b), above which
showed a continuous increase in size up to 1000 nm and a monotonous decrease in surface
charge down to − 65 mV at pH = 11. Since the PEO moieties of the IPC nanogels are nonionic,
pH dependence of size of the nanogels are controlled by the degree of dissociation of PAA
chains. The higher the dissociation at higher pHs, the larger will be their sizes due to
electrostatic repulsion of carboxylate ions on the chains. It is important to note that even at
higher pH values, the IPC nanogels showed shape and size stabilities though with different
numerical values.
IPC nanogels showed stability in size around 240 nm with a narrow size distribution (low PDI)
for 2 months, whereas size of the IPCs tended to increase continuously with storage time
showing signs of disintegration (Fig. III.13.5(C)). These results demonstrated that the storage
time of 2 months does not affect the stability of IPC nanogel size due to permanent covalent
bonding established by radiation-induced crosslinking. Fig. III.13.5(D) shows the DLS curves
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of nanogels at higher pHs retaining their unimodal distributions not showing any evidence of
disintegration.
(A)

(B)

(C)

(D)

FIG III.13.5. (A) Morphologies of amphiphilic core-shell chitosan nanoparticle (B) Effect of pH on
the size (squares) and zetapotential (circles) of (a) PAA-PEOIPC in 25%(v/v) acetone/water system
and (b) PAA-PEO IPC nanogels in 25% (v/v) acetone/water system obtained by irradiation at 2 kGy.
(C) DLS behavior of PAA-PEO IPC nanogels at different pH. (D) Stability of PAA-PEOIPC nanogels
in 25% v/v acetone/ water system obtained by γ-irradiation at 2 kGy, after storage for various periods.
Numbers in- side parentheses represent poly- dispersity index (PDI) [6, 7].

Green synthesis of 197AuNPs using WSCS and WSSF nanocolloid template: Developed
protocol approach for one-pot synthesis of radioactive 198AuNPs.
Two different CS solutions, i.e., CS-HOAc and WSCS, were used as polymer template paying
a role of stabilizing agent for the synthesis of AuNPs via γ-ray irradiation. It is known that CS
was simply dissoluble in acetic acid, therefore CS-HOAc was selected as a comparative
solution. Under acidic condition, it is well-known that the amino groups (-NH2) at C-2 position
can be protonated to form ammonium ion (-NH3+) (Fig. III.13.6A). Preparation of the AuNPs
in neutral-pH of CS is particularly important for biomedical application. Hence, the originally
prepared WSCS without chemical derivatization was considered for green synthesis of AuNPs
in comparison with the conventionally acidic CS-HOAc solution. It is therefore expected that
in our system Au(III) ions would form complexation with CS-HOAC and WSCTS. The CSHOAc and WSCTS solutions is in acidic condition (pH ∼3.5) and less acidic condition (pH
∼6.4), respectively. It is assumed that both CS-HOAc and WSCTS form complexation with
Au(III) ions and the mode of controlling the particle size might be mainly due to the template
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effect. Up on irradiation, the initial AuNPs formed by reduction of Au(III) coordinated to
glucosamine moieties. Consequently, their sizes are related to the mean number of Au(III) ions
coordinated to glucosamine units in a CS chain. Therefore, it is suspected that the shorter CS
chain provided the lower amount of Au(III) ions coordinated on its glucosamine units, leading
to form smaller particle size of AuNPs in WSCS (Fig. III.13.6B(c)) when compared with CSHOAc (Fig. III.13.6(c)).

FIG III.13. 6(a) Chemical structures of (A) CS-HOAc and (B) degraded fragments of WSCS, (b) stabilization of
AuNPs in (A) or (B), and (c) possible AuNPs formation in (A) or (B) templates [8].

Spherical AuNPs were successfully prepared in CS-HOAc (pH ∼3.5) and WSCS (pH ∼6.5–
7.0) under γ-ray irradiation as seen in TEM (Fig. III.13.7(A)), AFM (Fig. III.13.7(B)) images
and color physical appearance (Fig. III.13.7(C)). The different amounts of the AuNPs were
optimized in different CS nanocolloid template systems and different irradiation doses of 0.01–
50kGy. It was proved that WSCS nanocolloid in aqueous solution is an effective natural
polymer template for controlling the AuNPs size and enhancing the amount of AuNPs
formation. In the dose range of 0–50 kGy, the particle sizes of AuNPs formulated in WSCS
were very small in the range of 5–25 nm (Fig. III.13.7(D)). The absorbed dose of 1 kGy is a
practically low and effective dose for synthesizing a high amount of AuNPs with an average
size of ∼10 nm. AuNPs in WSCTS (0–100 μM) showed non-toxicity and they promoted cell
proliferation to the human skin fibroblast cell; whereas AuNPs in CTS-HOAc exhibited more
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toxic (Fig. III.13.7(E)). WSCTS is applicable and promising for AuNPs production in water as
well as in biological pH for biomedical applications.
Formation of the gold nanocolloid in water-soluble silk fibroin nanocolloid/nanoparticles
(WSSF NPs) template was assessed by a change in color of the HAuCl4 aqueous solution after
adding an amount of the WSSF-NPs (Fig. III.13.8). Physical appearance of the HAuCl4
aqueous solution containing different concentrations (0.0005–0.3 mg/mL) of non-irradiated SF
and WSSF-NPs prepared from the irradiation dose of 10 kGy are revealed in Fig. III.13.8A(a)
and A(b), respectively. By increasing their antioxidant and reducing power efficiencies, WSSFNPs potentially created gold nanocolloids. In the case of non-irradiated SF, the color of the
HAuCl4 solution was slightly changed from pale yellow to pale violet by adding nonirradiated
SF with the concentration around 0.05–0.3 mg/mL. Although the color of the HAuCl4 solution
rarely changed, the SPR absorption around 550 nm was somewhat observed. By preparing gold
nanocolloidal in WSSF-NPs (Fig. III.13.8A(b)), the HAuCl4 solution significantly changed
from pale yellow to dark violet color particularly at the WSSF-NPs concentrations of 0.2 and
0.3 mg/mL.

FIG III.13. 7(A) TEM images of AuNPs synthesized in (a) CS-HOAc and (b) WSCTS using (i) 0.1 mM HAuC4l/0
kGy, (ii) 0.5 mM HAuCl4/0kGy and (iii) 0.5 mM HAuCl4/ 0.2 kGy. (B) AFM images of AuNPs synthesized in (a)
CTS-HOAc and (b) WSCTS containing 0.5 mM HAuCl4 after irradiation with the dose of 10 kGy. (C) Physical
appearance of AuNPs synthesized in (i) CTS-HOAc and (ii) WSCTS containing HAuCl4 precursor concentrations
of (a) 0.1 and (b) 0.5 mM HAuCl4 after γ-ray irradiation with various doses: (1) 0, (2) 0.01, (3) 0.04, (4) 0.2, (5)
1, (6) 10 and (7) 50 kGy. (D) Comparative plots between particle sizes (Histogram) observed by TEM images (n
= 200) and SPR absorbance intensities at λmax of AuNPs synthesized in WSCTS) containing HAuCl4 precursor 0.5
mM [8].
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FIG III.13.7(B). (a) Physical appearance and UV–vis spectra of gold nanocolloids prepared in aqueous solution
of (a) non-irradiated SF and (b) 10-kGy irradiated WSSF-NPs with different concentrations [2, 3, 4]. (b) Plot of
WSCS concentration and absorbance at maximum wavelength of WSCS0 (non-irradiated), WSCS10 (10 kGy) and
WSCS25 (25 kGy).

Cellular internalization of the 197AuNPs-WSCS in PC-3 cell line.
Cellular internalization of the 197AuNPs-WSCS in PC-3 was observed using dark field
microscope (Fig. III.13.8(A)) and TEM image (Fig. III.13.8(B)). The AuNPs-WSCS with the
diameter of 95 nm and the zeta potential of +30 mM was prepared. It was found that the AuNPsWSCS significantly internalized into PC-3 cells. Cancer receptor-specific AuNPs will allow
efficient targeting/optimum retention of engineered AuNPs within tumors and thus provide
synergistic advantages in oncology as it relates to molecular imaging and therapy, the peptide
conjugated AuNPs.

FIG III.13.8. AuNPs internalized into PC-3 cell line. (A) PC-3 cells without AuNPs and (b) AuNPs-WSCS in
humic acid (Size = 95 nm, Zeta potential = +30 mV, 76 ul/ml; 4 h) into PC-3 cell line by dark field microscope
and (B) as in (b) but observed by TEM [7]. (Observed at the University of Missouri, USA) [9].
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Conclusions
The research activities under this CRP proved that i) irradiation technology would be efficient
to produce several polymer nano-constructions, i.e., water-soluble biopolymer nanocolloids
(chitosan and silk fibroin polymer peptide) [1, 2, 3, 4], amphiphilic core-shell chitosan
nanoparticle [5] and inter-polymer complex PAA-PEO nanogels [6, 7], ii) targeting peptide
can be successfully conjugated onto biopolymer nanoparticle and the conjugation can be
analyzed through several techniques (i.e., FTIR, 1H-NMR, XPS, SEM-EDX) [10, 11], iii) the
biopolymer nanocolloids template as well as their functionalized product and their peptide
conjugates are effectively used for green and one-pot synthesis of AuNPs further develop an
analogue radioactive 198AuNPs for radiopharmaceuticals [8, 12, 13, 14], vi) the synthesized
AuNPs are very stable in all biological media and they also are stable under the storage
condition, v) AuNPs-WSCS could internalized into PC-3 prostate cancer vi) NPs having
targeting peptide would be a candidate for providing AuNPs more effective for cellular
internalization [9] and killing cancer cells. The coordinated research project and data learned
from all member states will be move forward to strengthen the interdisciplinary field of
nanoscience and nanotechnology for diagnosis and therapy. Collaboration initiated under this
CRP by sharing protocol for peptide conjugation to Singapore, sending exchange student to
USA in order to perform the research in this interdisciplinary fields, contributing biopolymer
NPs samples to Mexico, Pakistan, Egypt for testing and seeing their opportunity for other types
of radiolabeling. Strengthening the collaboration in the fields of nanotechnology and
radiopharmaceuticals will be continued through all possible activities in the future.
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Abstract
We have completed all experimental and theoretical studies relating to investigations on
prostate tumor therapy using tumor specific radioactive gold nanoparticles (Au-198)
functionalized with Mangiferin (MGF). Production and full characterization of MGF-198AuNPs are described in the full report. In vivo therapeutic efficacy of MGF-198-AuNPs,
through intratumoral delivery, in SCID mice bearing prostate tumor xenografts are described.
Singular doses of the nano-radiopharmaceutical (MGF-198-AuNPs) resulted in over 85%
reduction of tumor volume as compared to untreated control groups. The excellent anti-tumor
efficacy of MGF-198-AuNPs are attributed to the retention of over 90% of the injected dose
within tumors for long periods of time. The retention of MGF-198-AuNPs is also rationalized
in terms of the higher tumor metabolism of glucose which is present in the xanthanoid
functionality of MGF. Limited/no lymphatic drainage of MGF-198-AuNPs to various nontarget organs is an attractive feature presenting realistic scope for the clinical translation of
MGF-198-AuNPs in for treating prostate cancers in human patients. The comparative analysis
of MGF-198-AuNPs with other radioactive gold nanoparticles, functionalized either with
epigallocatechin gallate (EGCG) or the Gum Arabic (GA), has revealed significantly superior
tumoricidal characteristics of MGF-198-AuNPs, thus corroborating the importance of the
tumor-avid glucose motif of MGF. Oncological implications of MGF-198-AuNPs as a new
therapeutic agent for treating prostate and various solid tumors are described in the full report.
In order to estimate the tumor and local tissue doses in MGF-198-AuNPs for prostate cancer
radiotherapy, we have undertaken Monte-Carlo N-Particle code calculations. The overall
objective of this investigation was to estimate the dose distribution delivered by radioactive
gold nanoparticles (198AuNPs or 199AuNPs) to the tumor inside the human prostate as well as
to the normal tissues surrounding the tumor using Monte-Carlo N-Particle code (MCNP-6.1.1
code).
According to the MCNP results,198AuNPs are a promising modality to treat prostate cancer and
other solid cancers and 199AuNPs could be used for imaging purposes.
CRP Research Report:
Over 85% of all cancers in human patients belong to solid tumors. 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, iodine125 or palladium-103 radioactive seeds and, Y-90 immobilized glass microspheres
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(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, radioactive gold nanoparticles of Au-198 and Au-199 engineered to
sizes in the range 15-30 nm (and hydrodynamics sizes in the 30-85 nm) would be highly
attractive for penetrating tumor vasculature to provide optimum therapeutic payloads to solid
tumors for complete remission of primary prostate tumors (Fig III.14.1). Such an approach has
the potential to minimize/stop metastases because once the primary prostate tumor is destroyed;
it stops the recruitment of proliferating tumor cells into the bone marrow. The following
sections of the CRP report provide details on: (i) Production of radioactive gold nanoparticles,
(ii) Transformation of radioactive gold nanoparticles into laminin receptor-specific agents for
treating prostate cancers and (iii) Overall oncological implications of functionalized
radioactive gold nanoparticles in cancer therapy.

FIG III.14.9 Tumor penetration: Radioactive Brachy Seeds vs MGF-198AuNPs

Experimental:
Production of Radioactive Gold Nanoparticles: Au-198 was produced by direct irradiation
of natural gold foil or metal Au-197 (n, γ). 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 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, β) 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.
190

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 Au198 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 (6 mL) 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.
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 discoveries
and extensive research have shown that they transform radioactive gold-198 precursors into
the corresponding phytochemical-encapsulated radioactive gold nanoparticles (EGCG198
AuNPs and MGF-198AuNPs) as shown in Fig III.14.2.
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FIG III.14.10. Production of EGCG- AuNPs and MGF- AuNPs
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Production of Radioactive Mangiferin functionalized MGF-198AuNPs for Prostate
Cancer Treatment:
MGF-198AuNPs were synthesized by the addition of 1.55 mg of Mangiferin (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. 198Au which is used for the
production of 198AuNPs was produced by direct irradiation of natural gold foil or metal
according to the 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.
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.
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-198AuNPs, as shown in Fig III.14.3

FIG III.14.11 Therapeutic Efficacy Data of Nanotherapeutic agent MGF-198AuNPs in SCID mice

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
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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-198AuNP-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-198AuNPs in managing the
primary tumor location.
Results and Discussion:
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),26 epigallcatechin gallate (EGCG)30
and Mangiferin (MGF)31 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 that provide compelling proof 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.
Innovation: Our approach embodies a non-brachytherapy (“non-seed”) which incorporates
injectable radioactive gold nanoparticles as a new 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 a tumor-specific
phytochemical of green tea, EGCG, or MGF, without the intervention of any other toxic
chemicals. Surface conjugation of 198Au nanoparticles with non-toxic glycoprotein gum
arabic (GA) or the phytochemicals EGCG/MGF results in GA-198AuNP or EGCG193
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AuNP, and MGF-98AuNP respectively, which have demonstrated optimum in vivo
stabilities.
•

Tumor Uptake and retention though receptor mediated endocytosis: EGCG-198AuNP
specifically targets prostate tumors through the high affinity of EGCG for Laminin
receptors (Lam-67R), which are over-expressed on human prostate cancer cells (Fig
III.14.4B). Likewise, MGF-98AuNP also targets 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 tumors while minimizing
damage to neighboring tissue. Localization of this dose allows systemic chemotherapy to
radiosensitize the prostate tumor, but not increase damage to normal tissues.

Our overall approach as discussed below is a significant progress toward intratumorally
injectable therapeutic radioactive nanoparticulate agents that will be superior to traditional
seed-based radiation therapy that will abrogate the delivery problems leading to inefficacy in
treatment and severe toxic side effects.
Our overall research efforts encompassing synthesis, characterization, in vitro/in vivo stability,
tumor retention and in vivo therapeutic efficacy are outlined in the following sections:
Synthesis, characterization of nanotherapeutic agents: Our initial studies focused on the
development of Gum Arabic (GA) functionalized gold nanoparticles. GA-198AuNP was
synthesized by heating (95-100oC) a mixture of reactor produced 198AuCl4 with non-toxic
phosphino amino acid P(CH2NHCH3COOH)3(THPAL, reducing agent), referred to as ‘Katti
Peptide’ in the presence of 0.2% gum Arabic in water for 2 min. An instant reaction results in
the formation of GA labeled radioactive gold nanoparticles with over 98% yields.
Epigallacatechin gallate (EGCG) functionalized gold nanoparticles (EGCG-198AuNP) were
synthesized by stirring a aqueous solution of EGCG with reactor produced 198AuCl4. An instant
reaction results in the formation of EGCG conjugated radioactive gold nanoparticles with over
99% yield of EGCG-198AuNP in deionized water without the addition of an external reducing
agent. EGCG serves as both reducing and stabilizing agent.
In Vitro Stability and Hemocompatibility studies on Nanotherapeutic Agents: The in vitro
stability of nanotherapeutic agents GA-198AuNPs or EGCG-198AuNPs, and MGF-198AuNPs
were determined in their respective non-radioactive surrogates by monitoring the surface
plasmon resonance (λmax) and plasmon band width (Δλ) in biologically relevant media (5 %
NaCl, 0.5 % cysteine, 0.2 M histidine, 0.5 % HAS (human serum albumin), 0.5 % BSA(bovine
serum albumin)) for 60 min. These nanotherapeutic agents show high in vitro stability in all
biological fluids at physiological pH. Hemocompatibility of the nanoconstructs is assessed by
hemolysis assay by direct exposure to freshly drawn whole human blood to non-radioactive
surrogates for 2 hr at 25 °C. The hemocompatibility studies confirmed that 92% of the RBCs,
upon exposure to various concentrations of nanoparticles (GA-AuNPs/EGCG-AuNPs)
remained intact. The hemolytic indices of GA-AuNPs/EGCG-AuNPs and MGF-AuNPs, are
below the detectable level of equivalence, indicating no occurrence of hemolysis. In addition,
complement activation assay showed that GA-AuNPs, EGCG-AuNPs or MGF-AuNPs are
highly stable, and biocompatible under in vitro/in vivo conditions. These results clearly indicate
that these nanoconstructs are biocompatible and stable for clinical applications.
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Biodistribution of Nanotherapeutic agents in Prostate Tumor Bearing Mice: In order to
understand the retention and clearance of radioactive GA-198AuNPs/ EGCG-198AuNPs and
MGF-198AuNPs within prostate tumors, we have performed detailed in vivo studies of
intratumoral administration of GA-198AuNPs (1.5Ci/tumor)/EGCG-198AuNPs (3.5Ci/tumor)
to groups (n = 5) of SCID mice bearing human prostate cancer xenografts (Fig III.14.4). GA198
AuNP shows retention of over 154.05 ±40.7 %ID/gm within the tumor at 30 min that
declined to 87.0±16.9 %ID/gm by 24 hr as shown in Fig III.14.4(A). The uptake of GA198
AuNPs in various organs at different post-injection time points have also been calculated
and the results clearly indicate that there is significant accumulation of GA-198AuNPs in the
kidneys after 24 hr, 10.68 ±1.72 %ID and the main clearance route of 198Au activity wasthrough urine with 16.77 ±0.13 %ID at 24 hr. The EGCG -198AuNPs nanoparticles exhibited
slow clearance (leakage) minimal/no leakage into the blood with only 0.06 % ID/g at 24 hr as
shown in Fig III.14.4(B). Lungs and pancreas exhibited low uptake at 24 hr with only 0.33 %
ID/g and 0.22 % ID/g respectively. The uptake in the stomach peaked at 5 % ID/g at 2 hr and
decreased to 0.03 % ID/g at 24 hr. The kidneys and spleen showed slow uptake over time with
0.12 % ID/g and 1.56 % ID/g at 24 hr, respectively. The liver had 0.51 % ID/g after 30 min
that increased to 6.13 % ID/g after 24 hr. The gastrointestinal uptake contributed to the feces
having 1.71% ID after 24 hr. These data revealed that EGCG-198AuNPs clearly exhibit
excellent (93%) tumor retention over 24 hr. These pharmacokinetics confirmed excellent

FIG III.14.12 Biodistribution data of Nanotherapeutic agents in SCID mice (A) GA-198AuNP (B) EGCG-198AuNP

retention of therapeutic payloads of GA-198AuNPs/ EGCG-198AuNPs nanoparticles within
prostate tumors.
We have also performed in vivo studies of intratumoral administration of MGF-198AuNP (4
µCi/30µL for each tumor) using SCID mice (n=5) bearing human prostate cancer xenografts.
The biodistribution and tumor retention characteristics are shown in Fig III.14.5.
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FIG III.14.13 Retention profile of radioactivity of MGF-198AuNPs in tumors at 30 min, 1, 2, 4, and 24 hr after
direct injection of single dose of MGF-198AuNPs (4.0 µCi/30µL) in prostate tumor. In this figure, radioactivity
obtained from different organs was calculated as the percentage of injected dose (%ID) of each organ.

The bio distribution results have confirmed that the percentage of injected dose within tumor
(%ID) within prostate tumors at various time points was 80.98±13.39% at 30 min increasing
to 86.68±3.58% at 2 hr, and remained at 79.82±10.55% at 24 hr. Overall; there was minimal/no
leakage of MGF-198AuNPs in the liver. The (%ID) in liver was 10.65±8.31% at 24 hr,
indicating that a small amount of nanoparticles were cleared by the reticulo endothelial system
to the liver. Also, there was very low leakage of injected dose into stomach and feces,
0.10±0.16% of injected dose in stomach at 30 min decreasing to 0.02±0.02% at 24 hr, and
0.00±0.00% of injected dose in feces at 30 min increasing to 2.20±4.51% at 24 hr. These results
show that the main route of clearance is via the digestive system through the feces. In contrast,
there was no noticeable leakage into blood and lung and other organs. Therefore, our results of
intratumoral study showed that MGF-198AuNPs have excellent ability to be retained within the
tumor with very minimum leakage to non-target organs. The high tumor retention with
concomitant limited leakage are the two main factors to minimize/eliminate systemic toxicity
caused by cancer therapy agent.
These data demonstrate that the biodistributions and tumor retention of these nanotherapeutic
agents are favorable for primary tumor localization to stabilize primary disease and diminish
metastatic tumor cell release for overall disease stabilization. Therefore, detailed therapeutic
efficacy studies of all the three agents have been undertaken and the results are discussed below:
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Therapeutic Efficacy Data for Nanotherapeutic agents GA-198AuNP/EGCG-198AuNP: We
have used SCID mice bearing a flank model of human prostate cancer derived from a
subcutaneous implant of 10 million PC-3 cells for therapeutic efficacy and pharmacokinetic
studies of GA-198AuNP/EGCG-198AuNP. The overall reduction in tumor volume was 80%
three weeks after a single dose intratumoral administration of GA-198AuNP (408µCi) as shown
in Fig III.14.6(A). There was no uptake of therapeutic payload in non-target organs as the small
amount (2-5%) of the injected dose released from the tumor was subsequently cleared through
the renal pathway. Fig III.14.6(B) shows results from the single-dose radiotherapy study of
EGCG-198AuNP (136µCi) in PC-3 bearing SCID mice. The end-of-study biodistribution on
Day 42 showed that 37.4. ± 8.1 %ID (mean ± sem; n = 5) remained in the residual tumor, while
17.8. ± 6.1 %ID was noted for carcass and 2.5. ± 1.7 %ID was observed for the liver. Retention
in other tissues was negligible, with radioactivity near background levels for blood, heart, lung,
spleen, intestines, stomach, bone, brain and skeletal muscle. There was a significant reduction
in tumor volume (80%), four weeks after a single intratumoral dose of EGCG-198AuNP with
minimal uptake in non-target organs.
(A)

(B)

FIG III.14. 14 Therapeutic Efficacy Data of Nanotherapeutic agents in SCID mice (A) GA-198AuNP (B) EGCG198
AuNP

The therapeutic efficacy data for both GA-198AuNP/EGCG-198AuNP corroborate their ability
to induce tumor staticity because tumors harvested from the treatment group in both cases
consisted largely of necrotic tissue, indicating extensive tumor cell kill.
Oncological Implications: As part of this CRP, we have been exploring the development of
radioactive gold nanoparticles capable of targeting primary prostate tumors. Our investigations
focused on the development of biocompatible gold nanoparticles 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
(Fig III.14.7). For the proposed studies, we have created immunomodulating, the presence of
glucose in Mangiferin provides an ideal targeting ligand with excellent prostate tumor-avidity
through laminin receptor specificity.
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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 hr (Fig III.14.7). The tumor retention characteristics of MGF198
AuNPs are an order of magnitude higher as compared to those of GA-198AuNPs and EGCG198
AuNPs. 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

FIG III.14.15 Retention of therapeutic payloads of Gum Arabic (GA), epigallocatechin gallage (EGCG) and
Mangiferin (MGF) conjugated gold nanoparticles in prostate tumor bearing mice

cells, thus augmenting tumor uptake and retention (Fig III.14.7). The therapeutic efficacy data
of MGF-198AuNPs as depicted in Fig III.14.8 unequivocally demonstrate the superior tumor
uptake and retention characteristics exerted by Mangiferin’s xanthanoid motif which has sugar
moiety as part of its chemical structure (Fig III.14.2). Our therapeutic efficacy data have shown
that a single dose of MGF-198AuNPs completely stops prostate tumor growth with no toxicity
associated with the radiation dose to various non-target organs (Fig III.14.8).

Day 2: MGFAuNPs (160
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FIG III.14.16 Therapeutic efficacy studies of MGF- AuNPs after a single dose intratumoral administration in human
prostate cancer bearing SCID mice (mean ± SD). By day 24, treated animal tumors were much smaller than the saline
treated control group (p = 0.04). The therapeutic effect was maintained over a three-week period.

In order to estimate the tumor and local tissue doses in MGF-198-AuNPs for prostate cancer
radiotherapy, we have undertaken Monte-Carlo N-Particle code calculations. The overall
198

objective of this investigation was to estimate the dose distribution delivered by radioactive
gold nanoparticles (198AuNPs or 199AuNPs) to the tumor inside the human prostate as well as
to the normal tissues surrounding the tumor using Monte-Carlo N-Particle code (MCNP-6.1.1
code).
According to the MCNP results,198AuNPs are a promising modality to treat prostate cancer and
other solid cancers and 199AuNPs could be used for imaging purposes. Therefore, we 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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ANNEX IV: OUTREACH ACTIVITIES
CRP Partner

External collaborating
institution

Key contacts

ARGENTINA CNEA, National Atomic
Energy Commission.
ARGENTINA
ARGENTINA Universidad de San Martin
(UNSAM)
ARGENTINA
ARGENTINA Moscu State University.
RUSSIA
ARGENTINA TecnoNuclear S.A.
ARGENTINA
BRAZIL

BRAZIL
BRAZIL

BRAZIL

BRAZIL

BRAZIL
EGYPT
EGYPT

Lic. Eva Pawlak
Dr.
Radrizzani

Reason
Dosimetry
and
gamma irradiation

Martin Expert in
technology

DNA

Prof.
Vladimir
Feldman
Lic.
Carla
Salgueiro/Dra. Silvia
Castiglia
Instituto do Câncer do Dr. Roger Chammas
Estado de São Paulo
(ICESP)
BRAZIL

Irradiation with Xray sources
Isotope
radiolabelling

Ain Shams University,
EGYPT

Conjugation studies
of folic acid with
nanoparticles

Biochemistry
of
cancer;
Environment
toxicity
of
nanoparticles
in
zebrafish
(Danio
rerio)
Uberlandia
Federal Dr. Luiz R. Goulart
Biochemistry
of
University (UFU-MG)
inflammatory
BRAZIL
processes
Brazilian Nanotechnology Dr. Rodrigo Portugal Morphological
National
Laboratory
characterization by
LNNano
TEM, SEM, AFM
BRAZIL
Associação do Câncer para Dr. Vitor Lara
Clinical trials
tratamento
do
Brasil
Central. Hospital Helio
Angotti
BRAZIL
Dhanvantari
Dr. Abhaya Kumar
Technology transfer
Nano Ayushadi
Private
for clinical trials
Limited (DNA)
BRAZIL
Federal
University
of Dr
Telma
C.F. Simulation
for
Minas Gerais State.
Fonseca;
Baljeet energy
deposition
BRAZIL
Seniwal
and dose calculation
Cairo University,
Prof Ahmed Abd Encapsulation
EGYPT
Elbary
studies
Prof Ashraf Hamed
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EGYPT

King Faisal Specialist Dr Mohammed Al- Radiolabeling
NP
Hospital and Research Qahtani
with Ga-68 and
Center,
Dr Yousif Al-Malki Biological studies
SAUDIA ARABIA

ITALYPadova

University of Verona
ITALY

ITALYPadova
ITALYPalermo

ITALY
Palermo

Dr. Giulio Fracasso

Developing of antiPSCA and antimesothelin mAbs to
decorated Au-NP
CNR-ICMATE
Dr. Cristina Bolzati
Polymer conjugation
ITALY
and chelating agents
for
PEGNanosystems
National Research Council Dr Donatella Bulone Support for nanogels
(CNR)
Dr
Daniela physico-chemical
Institute of Biophysics Giacomazza
characterization and
(IBF-Palermo)
Dr Pier Luigi San biological
Institute of Biomedicine Biagio
evaluation.
and molecular immunology
(IBIM- Palermo)
Dr Marta Di Carlo
ITALY
Dr Pasquale Picone
Dr Domenico Nuzzo
- KTH - Royal Institute Of Prof. Mats Jonsson
Technology
Stockholm,
SWEDEN

Development
of
kinetic models and
numerical simulation
tools of the radiation
chemistry of the
polymer
aqueous
solutions.
ITALY
- University of Maryland
Prof. Mohamad Al Kinetic analysis of
Palermo
Maryland,
Sheikhly
pulse
radiolysis
USA
studies to support
mechanistic studies.
ITALY
- Brookhaven
National Dr Jim Wishart
Pulse
radiolysis
Palermo
Laboratory
experiments
to
Upton - New York,
support mechanistic
USA
studies.
MALAYSIA
Nuclear
Medicine Mr
Muhammad Gallium-68
Department,
National Fakhrurazi Ahmad generator, LutetiumCancer Institute, Putrajaya, Fadzil
177
MALAYSIA
MALAYSIA
Centre for Diagnostic Mr
Muhammad Gallium-68
Nuclear
Imaging, Hishar Hassan
generator
Universiti Putra Malaysia,
Selangor,
MALAYSIA
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MÉXICO

Facultad de Química,
Universidad Autónoma del
MÉXICO
PAKISTAN
International Center for
Chemical and Biological
Sciences
University of Karachi
Karachi
-75270
PAKISTAN
POLAND - Institute
of
Organic
Lodz
Chemistry, Lodz University
of Technology, Lodz,
POLAND
POLAND
Lodz

THAILAND

UNITED
STATES

Dr.
Enrique
Morales-Avila

Synthesis of PLGA
nanoparticles

Dr. Sadia Siddiq Cell Culture and
Manager,
Cytotoxicity Assays
Molecular Bank

Professor
Kolesinska

Beata Co-operation in the
peptide coupling to
nanogels

- Laboratory of Cell Cultures Professor Agnieszka
and Genomic Analysis, Wanda PiastowskaDepartment of Comparative Ciesielska
Endocrinology,
Medical
University of Lodz, Lodz,
POLAND

Consultations,
perspective planning
regarding
further
biological
and
biomedical studies
on the synthesized
materials
Warsaw University of Life Dr.
Natalia Embryo toxicity,
Sciences,
Kurantowicz
Red
blood
cell
Faculty
of
Animal
toxicity
Sciences,
Department of Animal
Nutrition
and
Biotechnology
POLAND
Dhanvantari
Nano Mr. Abhaya Kumar
Radioactive and the
Ayushadi (DNA), LTD,
non-radioactive
CHENNAI,
mangiferin
INDIS
functionalized gold
nanoparticles (MGF198
AuNP and MGFAuNP) licensed to
DNA for clinical
trials.
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ANNEX V: EDUCATIONAL TRAINING (UNDER 5 YEAR COLLECTIVE DATA)
COMPREHENSIVE SUMMARY OF EDUCATIONAL/TRAINING ACTIVITIES, AND
PUBLICATIONS/PATENTS FOR THE CRP PERIOD 2014-2019
Number of
Graduated student
publications
Planned/
Patents/
In
Country
in-progress
Publish
BSc
MSc
PhD
Awards
progress
trials
Argentina

6

2

Brazil

6

5

2

4

Egypt

3

4

1

2

Iran

1

1

2

1

1

3

1

1

Italy -Padova
Italy-Palermo

3

3

2

2

8

1

1

1
Mexico

9

Pakistan

1

Poland-IARC

6

4

1

4

2

Best BSc
Thesis

3

2
5

5

2

1

Poland-Polatom

2

Singapore

1

Thailand

4

2

2

2 Best Poster
Presentation

2

USA

12

2

1

2

1
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ANNEX VI: LIST OF PARTICIPANTS
Authority

Title Last Name

First Name

Capacity

Argentina
(Argentine
Republic)
(CI)

Mr

Grasselli

Mariano

Chief
Scientific
Investigator

CSI

contract

Brazil,
Mr
Federative
Republic of
(CI)

Lugao

Ademar

Chief
Scientific
Investigator

CSI

contract

Egypt,
Mr
Arab
Republic of
(CI)

Hafez

Tamer

Chief
Scientific
Investigator

CSI

contract

Iran,
Mr
Islamic
Republic of
(CI)

Yousefnia

Hassan

Chief
Scientific
Investigator

CSI

contract

Italy
(Italian
Republic)
(CI)

Ms

Carollo

Angela

Chief
Scientific
Investigator

CSI

agreement

Italy
(Italian
Republic)
(CI)

Ms

Dispenza

Clelia

Chief
Scientific
Investigator

CSI

agreement

Italy
(Italian
Republic)
(CI)

Ms

Melendez
Alafort

Laura

Chief
Scientific
Investigator

CSI

agreement

Malaysia
(CI)

Ms

MOHD JANIB

Siti Najila

Chief
Scientific
Investigator

CSI

agreement

Mexico
(United
Mexican
States) (CI)

Ms

OCAMPO
GARCIA

BLANCA

Chief
Scientific
Investigator

CSI

contract
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Pakistan,
Mr
Islamic
Republic of
(CI)

Khan

Irfan Ullah

Chief
Scientific
Investigator

CSI

contract

Poland,
Ms
Republic of
(CI)

Karczmarczyk

Urszula

Chief
Scientific
Investigator

CSI

agreement

Poland,
Mr
Republic of
(CI)

Ulanski

Piotr

Chief
Scientific
Investigator

CSI

contract

Saudi
Arabia,
Kingdom
of (CI)

Okarvi

Subhani

Observer

-

-

Singapore, Mr
Republic of
(CI)

Loo

Say Chye Joachim

Chief
Scientific
Investigator

CSI

agreement

Thailand,
Kingdom
of (CI)

PASANPHAN

Wanvimol

Chief
Scientific
Investigator

CSI

contract

United
Mr
States
of
America
(CI)

KATTI

Kattesh

Chief
Scientific
Investigator

CSI

agreement

Poland,
Ms
Republic of
(CI)

MATUSIAK

Malgorzata

Observer

-

-

Poland,
Ms
Republic of
(CI)

RURARZ

Beata

Observer

-

-

Mr

Ms
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