
Abstract. Aim: The purpose of this study was to develop a
folate receptor-targeted 68Ga-labeled agent for the detection
of cancer cells in mouse models of ovarian cancer by dual
positron-emission tomography (PET) and magnetic resonance
imaging (MRI). Moreover, we aimed to develop a controlled
biopolymer-based chemistry that enables linking metal-binding
(here Ga-68) chelators. Materials and Methods: The
nanoparticle (NP) agent was created by self-assembling of folic
acid-modified polyglutamic acid and chelator-modified
chitosan followed by radiolabeling with 68Ga (III) ions (68Ga-
NODAGA-FA). The structure of modified biopolymers was
characterized by spectroscopy. Particle size and mobility were
determined. Results: Significant selective binding of NPs was
established in vitro using folate receptor-positive KB and -
negative MDA-MB-231 cell lines. In vivo tumor uptake of
folate-targeted 68Ga3+-radiolabeled NPs was tested using
subcutaneous tumor-bearing CB17 SCID mice models.
PET/MR dual modalities showed high tumor uptake with 6.5
tumor-to-muscle ratio and NP localization. Conclusion: In vivo
results supporting the preliminary in vitro tests demonstrated
considerably higher 68Ga-NODAGA-FA nanoparticle
accumulation in KB tumors than in MDA-MB-231 tumors,
thereby confirming the folate receptor-mediated uptake of this
novel potential PET imaging agent. 

Nanotechnology and its medical application as nanomedicine
have been developed over the past decades to produce a new
generation of diagnostic, therapeutic and theranostic agents

(1, 2). Nanoparticle systems have been investigated and
improved as promising candidates for revolution of diagnosis
or therapy (3, 4).

In parallel with the development of nanotechnology,
increasing interest in molecular imaging supported by
nanotechnology (5), to increase the specificity and
sensitivity of medical imaging by application of multiple
modalities, has emerged (6-8). Several molecular imaging
tools are currently available, including ultrasound (US),
magnetic resonance imaging (MRI), computed tomography
(CT), single-photon-emission computed tomography
(SPECT), and positron-emission tomography (PET), and
their anatomical and functional combinations such as
PET/MRI and SPECT/CT. Increasing research and
development is helping overcome the limitations of these
techniques. Molecular imaging using nanoparticles has
several advantages such as higher sensitivity due to
concentrated targeted imaging agents or multimodality due
to different transported imaging agents (5).

Nanoparticle formulations made of biodegradable and
biocompatible biopolymers with targeting moieties provide
an efficient platform to carry diagnostic or therapeutic
agents to tumors (9, 10). Demonstrated advantages of
polymeric nanoparticles include protection of encapsulated
materials against degradation, prolonged biological half-life,
specific accumulation in tumors, and efficient cellular
internalization (11-13).

Polyelectrolyte polymers can form nanosystems via ionic
interaction between their oppositely charged functional
groups. Due to their capacity for self-assembly, these
polyelectrolyte complexes have opened up many new
opportunities by producing several types of 3D formulations,
such as particles (14), layers (15), and hydrogels (16).

Many attempts have been made to create effective
biopolymer-based polyelectrolyte complex nanosystems for
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several biomedical applications (17), especially for drug
delivery (18, 19). Several research works describe chitosan-
based polyelectrolyte complexes (20, 21) and their application
possibilities principally as drug delivery systems (22, 23).

Self-assembling nanoparticles of chitosan and poly-γ-glutamic
acid (PGA) have been widely investigated as nanostructures (24,
25) and as carriers of poorly water-soluble compounds (26),
genes (24), protein (27) or other agents (28).

Our research group has many years of experience and
professional success in the field of development of self-
assembling nanoparticles, especially from chitosan and PGA,
produced as targeted nanosystems (29, 30), or as carriers of
potential imaging agents for molecular imaging (31). Chitosan
is a renewable biomaterial, β-[1-4]-2-amino-2-deoxy-D-
glucopyranose, an amino-functional and basic linear
polysaccharide. PGA is an anionic peptide consisting of
repetitive glutamic acid units connected by amide linkages
between α-amino and γ-carboxylic acid functional groups.
Chitosan/PGA self-assembling nanoparticles can form stable
complexes with MR active Gd3+ ligand (32) or 99mTc
radionuclide (33, 34) and are therefore promising nanocarriers
for diagnostic imaging agents.

The present investigation reports the synthesis,
characterization, and in vitro and in vivo study of a novel
receptor-targeted PET imaging agent made of chitosan and
PGA, biopolymers by self-assembly. The 68Ga-labeled
nanoparticles were fully characterized, in vitro uptake and
cytotoxicity were studied, while biodistribution, and tumor
accumulation of this radiotracer were monitored using
PET/MRI in in vivo experiments.

Materials and Methods
Chemicals. Chitosan 1 (CHI) with degree of acetylation ≤40 mol%
and Mv=60-120 kDa, (purchased from Sigma–Aldrich Co., Budapest,
Hungary) was dissolved in 2.0% aqueous acetic acid solution,

filtered and dialyzed against distilled water until the pH became
neutral, then dried by lyophilization. 

Poly-gamma-glutamic acid 7 (PGA; Mw=60-120kDa; Shandong
Freda Biotechnology Co., Ltd., China) was dissolved in water (1.0%
w/w), filtered and dialyzed against distilled water, then dried by
lyophilization. 

2,2’-(7-(1-Carboxy-4-((2,5-dioxopyrrolidin-1-yl)oxy)-4-
oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (NODAGA) N l-
hydroxysuccinimide (NHS) ester 2 was purchased from CheMatech
(Dijon, France). Anti-folate-binding protein antibody (LK26) was
obtained from Abcam, Cambridge, UK. 1-[3-(Dimethylamino)
propyl]-3-ethylcarbodiimide hydrochloride (EDC), NHS, 3-[2-(2-(3-
(boc-amino)propyloxy)ethoxy)ethoxy]propylamine (PEG amine),
folic acid 5 (FA) dehydrate, 1-hydroxybenzotriazole hydrate (HOBt),
triethylamine (TEA) as well as all reagents and all solvents – with
the exception of solvents for radiolabeling – were purchased from
Sigma–Aldrich Co., Budapest, Hungary. They were of analytical
grade and were used as received. 

Coupling of chitosan 1 and NODAGA-NHS 2, synthesis of chitosan
derivative 3. Chitosan 1 (10 mg) was solubilized in 20 ml water; its
dissolution was facilitated by dropwise addition of 0.1 M HCl
solution. After dissolution, the pH of chitosan solution was adjusted
to 6.1. NODAGA-NHS ester 2 was dissolved in dimethyl sulfoxide
to produce a solution at a concentration of 10 mg/ml. The
NODAGA-NHS solution (460 μl, 10 mg/ml) was added dropwise to
chitosan solution and the reaction mixture was stirred at room
temperature for 24 h. The chitosan-NODAGA 3 conjugate (CHI-
NODAGA) was purified by dialysis (Figure 1). The modification
average rate value was 3-7%, and monomer units n and o ratio value
of n+o/o=15 to 34. The number of 2 molecules on the backbone of
1 addresses a statistical random distribution of modified polymer 3. 

Coupling of PGA 7 and FA 5 via PEG 4, synthesis of PGA derivative
8. Synthesis of folate-labeled PGA was performed using a two-step
process. Firstly, FA 5 was activated with N-hydroxysuccinimide to
5a, then it was coupled to PEG amine 4 using a reaction described
elsewhere (35). Compound 6 was identified by 1H nuclear magnetic
resonance (NMR) spectroscopy. The recorded spectrum was in good
agreement with recently published data (36). After that, FA-PEG
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Figure 1. Schematic representation of the synthesis of modified polymer 3 coupling chitosan 1 and ester 2 resulting in 3.



amine 6 was conjugated via amino groups to PGA using carbodiimide
technique. 

Secondly, 300 mg PGA 7 was dissolved in 300 ml water and 94
mg HOBt was added to the solution. The mixture was cooled to 4˚C.
Cold EDC solution (445 mg in 15 ml distilled water) was added
dropwise to the PGA 7 aqueous solution, and the resulted reaction
mixture was stirred at 4˚C for 15 minutes. In the next step, FA-PEG
amine 6 (m=100 mg in 15 ml water) was added and the solution was
stirred at room temperature for 24 hours. PGA-PEG-FA 8 was
purified by dialysis (Figure 2). The ratio of modification on average
was 5-7% in respect of the PEG-FA moieties. 

Formation of self-assembling nanoparticles 9. Stable self-assembling
nanoparticles were produced via an ionotropic gelation process
between PGA-PEG-FA 8 and CHI-NODAGA 3 conjugate. The CHI-
NODAGA solution (0.3 mg/ml, 1 ml, pH 4.0) was added into 1 ml of
0.3 mg/ml PGA-PEG-FA solution (pH 9.0) under continuous stirring
at room temperature to give an aqueous solution of (37) conjugate
nanoparticles 9 (Figure 3). Nanoparticles remained stable at room
temperature in solution at physiological pH for several weeks. 

Radiolabeling of self-assembling nanoparticles. Radiolabeling was
performed based on the general methodology for 68Ga-labeling (38).
Briefly, a 68Ge/68Ga generator (Obninsk, Eckert & Ziegler,
Germany) was eluted with 0.1 M HCl (Ultrapur®), (Merck Millipore,
Budapest, Hungary). The 1 ml fraction with the highest activity
(280±20 MBq) was buffered with 150 μl sodium acetate buffer
solution (1 M; Ultrapur®water) and 60 μl of 2% w/w NaOH to adjust
the pH to 4.5. Thereafter, a 1.290 ml aqueous solution of 0.3 mg/ml
NODAGA nanoparticles was added to the buffered eluent. The
mixture was incubated at room temperature for 15 minutes. The raw
product (68Ga-NODAGA-nanoparticle) was purified using a
Sephadex™ G-25M PD-10 column (Sartorius Stedim Hungaria Ltd.,
Budakeszi, Hungary) and sterile filtered using a sterile syringe filter
with a 0.22 μm pore size. Osmolarity was adjusted to 280±10
mOsm/l with 5% glucose solution (Figure 3).

Characterization of biopolymers and nanoparticles. Hydrodynamic size
and size distribution of particles were measured using a dynamic light
scattering (DLS) technique with a Zetasizer Nano ZS (Malvern
Panalytical Ltd., Malvern, UK). This system was equipped with a 4
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Figure 2. Schematic representation of the synthesis of 8.



mW 633 nm helium/neon laser and measured the particle size with
back scattering at a detection angle of 173˚. Each sample was measured
three times, and the average values were calculated. UV spectra of
PGA-FA conjugate were measured using a Hitachi U-1900
spectrophotometer (Auro-Science Consulting Ltd., Budapest, Hungary).
Gel permeation chromatography analysis was carried out with a Waters
e2695 Separations Module (Waters Co., Milford, MA, USA) using an
Ultrahydrogel Linear column (Waters, 7.8×300 mm, 10 μm) equipped
with a UV/Vis detector (Waters 2489 UV/Vis detector). 1H-NMR
spectroscopy measurements were carried out on a Bruker 400 MHz
instrument (Flextra Lab Ltd., Budapest, Hungary) in D2O.

Characterization of radiolabeled 68Ga-NODAGA nanoparticles.
Radiochemical purity (RCP) was examined by means of thin layer
chromatography (TLC), using TLC silica gel 60 (Merck). Plates
were developed in 0.1 M Na-citrate (Rf=0.0 for the labeled
nanoparticles and Rf=1.0 for the free metal ions). Radioactivity
values on the developed TLC plates were measured by radio TLC
scanner (MiniGita, Raytest, Elysia S.A., Angleur, Belgium). RCP%

was obtained by manual integration and comparison of the values of
the detected activity distribution was provided by using GINA Star
TLC™ v.2.18 (Raytest) software.

In order to test the stability of the 68Ga-NODAGA-nanoparticle
in mouse serum, 50 μl radiotracer solution was incubated at 37˚C in
500 μl normal mouse serum (BALB/c).

In vitro and in vivo studies
Cancer cell lines. Folate receptor-positive KB human cervical
carcinoma cell line, and folate receptor-negative MDA-MB-231
human breast adenocarcinoma cells were selected in order to
compare the activity on targeted and non-targeted cells. Both cell
lines were purchased from Cell Lines Service GmbH, Eppelheim,
Germany. Cells were grown as monolayer cultures in a 5% (v/v) CO2
humidified atmosphere at 37˚C and passaged in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum (Invitrogen
Life Technologies, Carlsbad, CA, USA). The examined cells were
maintained in FA-free RPMI supplemented with 10% fetal calf
serum for 2 days before the experiments.
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Figure 4. Comparison of spectra of the biopolymer chitosan (CHI) 1 and CHI-conjugated with 2,2’-(7-(1-carboxy-4-((2,5-dioxopyrrolidin-1-yl)oxy)-
4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (NODAGA) chelator 3.

Figure 3. Schematic drawing of preparation of nanoparticles 9 and subsequent radiolabeling procedures of radiolabeled nanoparticles 9[68Ga].
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Figure 6. Structure of poly-gamma-glutamic acid (PGA) 7 conjugated with folic acid 5 through 3-[2-(2-(3-(boc-
amino)propyloxy)ethoxy)ethoxy]propylamine (PEG amine) 4 linker.

Figure 5. 1H-Nuclear magnetic resonance spectrum of 3 chitosan–2,2’-(7-(1-carboxy-4-((2,5-dioxopyrrolidin-1-yl)oxy)-4-oxobutyl)-1,4,7-triazonane-
1,4-diyl)diacetic acid (CHI-NODAGA).



Laboratory animals. Laboratory animals were kept and treated in
compliance with all applicable sections of the Hungarian Laws and
animal welfare directions and regulations of the European Union.
The Governmental Ethical Committee approved the study
(permission no. 22. 1/609/001/2010). The experimental protocol was
approved by the Laboratory Animal Care and Use Committee of the
University of Debrecen.

The experiments were carried out using immunocompromised CB17
female SCID mice (n=12) (Laboratory Animal Core Facility, University
of Debrecen, Debrecen, Hungary). The diet and drinking water
(sterilized by autoclaving) were available ad libitum to all the animals. 

Animal model and study design. KB and MDA-MB-231 tumor
xenografts were induced by subcutaneous injection of 3×106 cells in
150 μl sterile filtered physiological saline into the femoral region of
mice. PET/MRI and ex vivo biodistribution experiments were carried
out 10±2 days after tumor cell implantation.

PET/MRI using 68Ga-NODAGA nanoparticles. Tumor-bearing mice
were injected with 7.4±0.3 MBq of 68Ga-NODAGA nanoparticles
via the lateral tail vein in 0.15 ml volume. At 90 minutes after the
injection, animals were anesthetized by 3% isoflurane with a
dedicated small animal anesthesia device and whole-body PET scans
(20-minutes static PET scans) were acquired using a preclinical
nanoScan PET/MRI system (Mediso Ltd., Budapest, Hungary) 

Radiotracer uptake was expressed in terms of the standardized
uptake value (SUV). Ellipsoidal 3-dimensional volumes of interest
(VOI) were manually drawn around the edge of the tissue or organ
activity by visual inspection using InterView™ FUSION multi-
modal visualization and evaluation software (Mediso Ltd.). The SUV
was calculated as follows: SUV=[VOI activity (Bq/ml)]/[injected
activity (Bq)/animal weight (g)], assuming a density of 1 g/ml.

Ex vivo biodistribution study. Experimental animals (n=3) were
anaesthetized and injected with 7.4±0.3 MBq 68Ga-NODAGA
nanoparticles i.v. in saline. After 90 minutes incubation, mice were
euthanized with isoflurane (3%) and blood samples were taken from
the aorta. Tissue samples were taken from each organ and their
specific activities were measured with a gamma counter (Packard
Cobra II; Canberra Packard Ltd., Budapest, Hungary). The weight
and the radioactivity of the samples were used to determine the
differential absorption ratio (DAR). 

DAR was calculated as:

                   (accumulated radioactivity/g tissue)
DAR=
                (total injected radioactivity/body weight)

Statistical analysis. Data are presented as mean±SD of at least three
independent experiments. Statistical significance was calculated by
Student’s t-test (two-tailed) using GraphPad Prism version 5.00 for
Windows (GraphPad Software, La Jolla, CA, USA) Level of
significance was set at p≤0.05 unless otherwise indicated.

Results
Synthesis and structural determination of modified polymers
3 and 8. Structures of conjugated polymers were
demonstrated by 1H-NMR spectroscopy. 1H-NMR spectra of

CHI, NODAGA-NHS ester 2 and that of the conjugated
polymer 3 (CHI-NODAGA) are shown in Figure 4. The
signal assignment is based on a published and fully assigned
spectrum of a NODAGA tBu-ester derivative (39). The
significant β and γ protons originating from NODAGA
appear in the conjugated polymer spectrum at 2.6 ppm and
1.9-2.2 ppm, respectively. 1H-NMR spectrum of 3 (CHI-
NODAGA) is shown in Figure 5. NODAGA load was
calculated from the integral values of 2D, b and γ, since these
peaks can be identified easily and only slightly overlap. The
modification rate value was 7%, and monomer units n and o
ratio value of n+o/o=15.

The new polymer PGA-PEG-FA 8 consists of three
elements: PGA polymer 7, PEG oligomer 4, and folic acid 5,
and it was synthesized as shown in Figure 2.

1H-NMR spectra of 7, 5 raw materials and the modified
polymer 8 are shown in Figure 6, and the assignments are
inserted. The h, i, j and k protons of the PEG oligomer 4 are
assigned in the spectrum of 8 modified polymer. The e, f and
g aromatic protons of FA 5 are broader, due to their relaxation
time in the polymeric environment in 8. 

Typical protons in the new polymer are: a (4.12 ppm) and
α (4.05 ppm) originate from FA 5 and PGA 7, respectively.
Typical protons of PEG 4 residue in the new polymer are in
the range of 3.50 ppm (k and j), 3.20 (h) and 1.41 ppm (i).
The protons β,β’ and γ of PGA overlap with protons b and c
of FA (range=1.75-2.40 ppm). However, protons g, f, and e
indicate the presence of FA in the new polymer PGA-PEG-
FA 8.

Formation and characterization of nanoparticles. Nano-
particles were prepared from the modified PGA 8 and
chitosan 3 biopolymers. The size exclusion chromatogram
shows a single peak that proves the homogeneity of
nanoparticles 9 (Figure 7A). The hydrodynamic size of the
self-assembling nanoparticles was 110±10 nm, with
monomodal size distribution between 70 and 150 nm (Figure
7B-D). The zeta potential of the nanoparticles was −38.8 mV
at pH 7.4 (Figure 7E). Nanoparticles remained stable at room
temperature in solution at physiological pH for several weeks
(Figure 7F).

Cytotoxicity of NODAGA nanoparticles. The viability of KB
and MDA-MB-231 cells treated with NODAGA
nanoparticles was investigated using an MTT assay. The
viability of KB cells treated with NODAGA nanoparticles
after 72 h was 91±1.8%. The viability of MDA-MB-231 cells
treated with NODAGA nanoparticles after 72 h was 89±1.3%.
Viability of KB cells without treatment was used as a control
set at 100% 

The MTT assay indicated no significant change in cell
viability at 30 μg/ml nanoparticle concentration, which was
used in the in vivo experiments.
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Figure 7. Chromatogram of 2,2’-(7-(1-carboxy-4-((2,5-dioxopyrrolidin-1-yl)oxy)-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid (NODAGA)
nanoparticles 9 displayed one monomodal fraction at 10.095 min, indicating only one kind of nanoparticle. A: The NODAGA nanoparticles 9 and
the 68Ga-NODAGA nanoparticles 9[68Ga] had narrow hydrodynamic size distribution in intensity (B), volume (C), number (D) mode and the zeta
potential (E). F: Storage stability of NODAGA nanoparticles. Size and polydispersity index of nanoparticles were recorded for 5 weeks.



Expression of folate receptors. Folate receptors were detected
using LK26 α-FR-specific monoclonal mouse antibody. As
the flow cytometric data demonstrate, KB cells express a
large number of folate receptors on their surface, and these
cells are considered to be folate receptor-positive (40). MDA-
MB-231 cells contain only a few receptors on their surface
and therefore are considered to be folate receptor-negative.
The functional analysis showed high uptake of the fluorescent
FA analog in the case of the KB cells, which was competed
off with an excess amount of natural FA. The uptake of the
MDA-MB-231 cells was low and the addition of FA did not
affect the measured fluorescence.

The radiolabeling efficiency of 68Ga-NODAGA nanoparticles
9[Ga-68]. The radiolabeling efficiency of 68Ga-NODAGA
nanoparticles was found to be more than 94% (Figure 8).
Radiochemical purity of the 68Ga-NODAGA nanoparticles
after gel-filtration was found to be 98.2±1%. The maximum
specific radioactivity value of 9[Ga-68] was 0.775 GBq/mg.

After a 3-hour incubation of 9[Ga-68] at room temperature
in mouse serum, the initial RCP% did not change. In all
experiments >95% radiochemical purity was observed

indicating that no release or serum protein-assisted
decomplexation of the radiolabel occurs under physiological
conditions within the time-frame of the in vivo experiments.

In vitro radiotracer uptake studies. Folate receptor-positive
KB and receptor-negative MDA-MB-231 cell lines were
compared in the in vitro 68Ga-NODAGA-FA nanoparticle
9[Ga-68] uptake studies (Figure 9A).

The radiotracer uptake of KB cells overexpressing the
folate receptor was found to be four-times higher than that of
the control MDA-MB-231 cells after 30 minutes of
incubation. Only moderate increase was observed at later time
points (up to 4.5-fold maximal uptake). At each time point,
significant differences (p<0.05) were observed between the
folate receptor-positive and control cell lines. Co-incubation
with 1 mM folic acid significantly reduced the uptake of the
KB cells (p<0.05), but it did not affect the observed uptake
by MDA-MB-231 cells (Figure 9B). 

Ex vivo biodistribution studies on KB xenograft tumors.
Tumor-bearing mice were injected with 68Ga-NODAGA-
nanoparticle intravenously 10±2 days after KB tumor cell
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Figure 8. Representative radio-thin layer chromatogram of 68Ga-labeled nanoparticles before gel filtration.



inoculation. Mice were sacrificed 90 minutes after tracer
injection and ex vivo biodistribution studies were performed
(Figure 10). For the quantitative analysis of the uptake by
different organs, DAR values were calculated. At 90 minutes
after the 68Ga-NODAGA-nanoparticle injection, uptake in the
liver and kidneys was relatively high (DAR values were
9.21±2.12 and 5.07±0.36, respectively). The gastrointestinal
tract (0.21±0.01), muscle (0.08±0.001), lung (0.74±0.17),
spleen (2.96±0.97), and blood (1.09±0.06) showed moderate
uptake. By taking the ratio of the DAR values of KB tumor
xenograft and muscle (T/M ratio), we found that the DAR
value of the tumor was ~6-times higher (tumor/muscle ratio:
6.54±0.6) than that of the muscle.

PET/MRI of tumor xenografts. In vivo PET/MRI experiments
were carried out 10±2 days after KB and MDA-MB-231
tumor cell implantation (Figure 11). MRI provides three-
dimensional anatomic images in a noninvasive way with
excellent spatial and contrast resolution, allowing tumor
evaluation.

However, molecular changes (including folate surface
receptors), which normally precede morphological alterations,
are not recognized by any of the traditional techniques
(Figure 11) and their detection requires functional imaging of
characteristic cell receptors.

Fusion of T1-weighted MRI and 68Ga PET images depict
both anatomical structures and the locations of the targeted
tracer, i.e. location of the FA receptors on the surface of
cancer cells.

Combined analysis of anatomical and molecular findings
allows for a more comprehensive assessment of the extent of
a neoplastic disease. 

The folate receptor positive KB tumor xenografts were
clearly visualized by using folate targeted 68Ga-NODAGA-
nanoparticle after 90 minutes. In contrast, folate receptor-
negative MDA-MB-231 tumors were seen only on MRI
images. After quantitative analysis of PET images, SUVmean
and SUVmax values of the KB tumors were found to be
0.32±0.17 and 1.75±2.13, respectively. These SUV values
were approximately two times higher than that of the MDA-
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Figure 10. Biodistribution of the 68Ga-labelled nanoparticles 90 minutes
after their injection intravenously in mice bearing KB tumors. The
uptake values are presented as means±S.D differential absorption ratio
(DAR) values of three independent experiments. The non-specific uptake
of the liver and the spleen was high, and the kidney also showed
nanoparticle accumulation. The tumor to muscle tissue uptake ratio of
the accumulated radioactivity in KB was 6.10±0.60.

Figure 9. A: Cellular uptake of the 68Ga-labeled nanoparticles at
different time points. B: Cellular uptake of 68Ga-labeled nanoparticles
at 60 min. Uptake is expressed as a percentage of the contrast agent
uptake of MDA-MB-231 cells in the earliest (30 min) measurement. KB
cells displayed a significantly higher uptake, but addition of folic acid
reduced the uptake. Values are means±S.D. of three independent
experiments.



MB-231 tumors, where the SUVmean and SUVmax values
were 0.14±0.03 and 1.03±0.13, respectively. By analyzing
T/M ratios, the 68Ga-NODAGA nanoparticle uptake in KB
tumors was significantly (p≤0.02) higher than in MDA-MB-
231 tumors.

Discussion

Small animal PET imaging techniques are well established
and widely used non-invasive methods in preclinical studies
for the detection of tumors, staging, and monitoring the
efficacy of therapy (41, 42). Folate receptor is one of the
frequent tumor-associated targets for cancer imaging because
these receptors are overexpressed on a number of cancer cell
lines, but their expression is limited in normal, healthy tissues
(43-45), except in wound healing, pregnancy, etc. 

Biodegradable nanoparticles associated with tumor
receptor binding ligands for targeting may have remarkable
potential as diagnostic imaging agents in oncology (46).
Labeling these targeted nanoparticles with positron-emitting
radionuclides is a promising method for contrast agent
applications for functional imaging. 

In this present study, we investigated a biodegradable folic
acid targeted 68Ga-NODAGA nanoparticles as a new PET
radiotracer for imaging of folate receptor-positive cells. 

The prepared self-assembling nanoparticles were 110±10
nm in size with a narrow size distribution and negative
surface charge. The quantitative radiolabeling yield for 68Ga-
NODAGA-nanoparticle was more than 95% and the
maximum specific radioactivity was 0.775 GBq/mg, therefore
the 68Ga-NODAGA nanoparticles were suitable for
performing further in vitro and in vivo investigations.

The folate receptor-positive KB (human carcinoma) and
folate receptor-negative MDA-MB-231 (human breast cancer)
cell lines were used under in vitro and in vivo conditions.
Significant differences (p≤0.05) in in vitro 68Ga-NODAGA-
nanoparticle uptake studies were observed between folate
receptor-positive and-negative cell lines over a range of
incubation times. These results correlated with our flow
cytometric measurements where the expression of receptors
was investigated. We found similar results when the
internalization of folic acid-targeted Alexa Fluor 488-, Alexa
Fluor 546- and Gd-conjugated nanoparticles were investigated
with KB and HeDe tumor cells by flow cytometry and
fluorescence microscopy (31, 32).

MTT assay showed no significant change in cell viability
in vitro, suggesting that 68Ga-NODAGA nanoparticles were
non-toxic.

For ex vivo biodistribution studies, tumor-bearing mice were
injected with 68Ga-NODAGA nanoparticles intravenously after
10±2 days after KB tumor cell inoculation. DAR values showed
high radiotracer uptake in the liver, kidneys and urine. The
reason for the high liver 68Ga-NODAGA-nanoparticle uptake
is that the hepatobiliary system of the liver represents the
primary route of excretion for particles because of the large
phagocytic capacity of Kupffer cells, and the processing
pathways of foreign particles of the hepatocytes (46). Longmire
et al. described that the renal clearance of intravascular agents
is considerable, mostly of intravenously injected nanoparticles
(46). Furthermore, kidneys may also have high folate receptor
expression in the proximal tubules (47). High radiotracer uptake
was observed in KB tumors, where the T/M ratio was 6.54±0.6.
This value indicates that our 68Ga-NODAGA nanoparticles are
applicable for the detection of folate receptor-positive tumors.
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Figure 11. Whole-body fused mini positron-emission tomography/magnetic resonance imaging (PET/MRI) of the 68Ga-labeled nanoparticles in tumor-
bearing mice. PET scans were acquired 90 minutes post injection of nanoparticles. Arrows indicate tumor locations. SUV: Standardized uptake value.



For in vivo PET imaging studies, xenograft tumors were
induced by subcutaneous injection of KB and MDA-MB-231
tumor cells into the right femoral region of the animals. Our
aim was to compare the uptake of the 68Ga-NODAGA
nanoparticles in folate receptor-positive and -negative tumors
using PET/MRI. Evaluation of uptake was based on
normalizing the radiotracer uptake tumor tissue to that of
muscle tissue, which has a low metabolic rate. A high T/M
ratio results in good contrast in preclinical and clinical PET
images (48). The 6.54±0.6 T/M ratio of 68Ga-NODAGA
nanoparticles provided good quality PET/MRI fusion images.

Our data demonstrate that this new PET tracer is suitable
for imaging folate receptor-overexpressing tumor cells.

Conclusion

The high in vivo tumor accumulation values and high T/M ratio
values demonstrate that 68Ga-NODAGA-FA nanoparticles are
promising in tumor diagnostics, and after further successful
preclinical studies may be used for functional imaging of folate
receptor-overexpressing human cancer.
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