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ABSTRACT

An organic-inorganic nanocomposite !98Au/PG4D was synthesized using polyamidoamine G4
dendrimer and applied as an anticancer agent against 4T1 carcinoma tumor as well as for
biodistribution and human absorbed dose investigation. Radionuclide !98Au was produced by
irradiation of natural gold (197Au) in a medium flux reactor with 3x1011n/cmZ2s flux of thermal neutron.
Gamma spectroscopy exhibited only one characteristic peak of 198Au at 411 KeV as well as a
radiochemical purity of more than 82% (using ITLC) was obtained for final formulation of 198Au/PG4D
(37MBq). A single intratumor injection of 3.26MBq (88uCi) of 198Au/PG4D resulted in statistically
significant 65% growth inhibition in 4T1 tumor volume after 20 days. Biodistribution investigations
showed that the tumor had a maximum accommodated activity owing to 198Au/PG4D of 81.27% and
79.37% at 4 and 24 h post injection. The human'’s absorbed dose, furthermore, was extrapolated via the
biokinetics data of mice so that the doses absorbed in the critical organs such as the bone, lung, spleen,
kidney, and liver are 0.0669, 1.1, 0.221, 0.0983 and 0.282 mGy/MBq, respectively.
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1. Introductions

Radiotherapy by external or internal
irradiation is one of the most powerful manners,
however, frequently resulting in disturbance
and undesired effect on normal tissues and
organs [1]. So, a great deal of research has
focused on the internal radiation therapy by
intratumor injection of a radiopharmaceutical
into the target tumors. Most of beta-emitting
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radionuclides have been investigated for
applying in internal radiation therapy purposes.
[2-4]. Some studies have been conducted using
the radioactive !'98Au for immunoconjugates
using colloidal gold nanoparticles range from 1
to several hundred nanometers in size [5]. As
198Au (t1,,=2.69 days) decays dominantly by a
beta emission (98.99%, 960.7 KeV) and gamma
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rays (96%, 411 KeV), it is expected to be a
suitable radionuclide for suppressing tumor
growth and simultaneously ideal matter for
tracing the drug in targeting cancer cells [6,7]. It
has then reported that the antibody coated gold
particles with 40-50 nm diameters against
ErbB2 receptors expressed maximal stage of
internalization in ErbB2-overexpressing breast
cancer cells [8,9]. Nanoparticles with size of
almost 100 nm can penetrate into highly
permeable tumor walls while, only 30-nm
nanoparticles or smaller are able to extravagate
and entrance to the poorly permeable tumors to
cause distinct therapeutic effect [8].

Many of biomedical dendrimers, on the other
hand, are extensively applied as a carrier of
colloidal metal thanks to their capability for
inhibiting nanoparticles aggregation [10,11].
Polyamidoamine dendrimers (PD) can be
applied for these scopes because of possessing
a plenty of functional groups appropriate for
chelating of metal cations, and interior voids in
the structure which make it ideal for hosting
small metal components [12]. As the average
clinical tumor is only a small fraction of the
overall volume and weight of a patient, the
tumor acquires a very tiny portion of cardiac
output. So, the direct intratumor injection of
anticancer agents could be addressed for this
problem [13-15]. Taking this observation into
account, we came up with some experiments to
evaluate the impact of intratumor injection of
an organic-inorganic nanocomposite containing
198Au radionuclide on 4T1 tumor. 4T1 breast
carcinoma derived from Balb/c mice shares
many characteristics with naturally occurring
human breast cancer. 4T1 breast carcinoma
derived from Balb/c mice shares many
characteristics with naturally occurring human
The 4T1 tumor
tumorigenic and invasive and in contrast to

breast cancer. is highly
most other tumors, it can spontaneously
metastasize from the primary tumor in the
mammary gland to multiple distant sites
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including lymph nodes, liver, blood, brain, lung,
and bone [16-17]. So, it can be applicable as a

model for studies of anticancer drugs
effectiveness [18]. This research includes
preparation of a composite by labeling

generation four of polyamidoamine dendrimer
(PD) with 198Au, study the effect of a single dose
delivery of 198Au nanoparticles for treating mice
bearing 4T1 carcinoma tumor, biodistribution
of 198Au and estimation of human absorbed
dose.

2. Experimental
2.1 Materials

PG4D dendrimer was purchased from
Sigma-Aldrich. Hydrogen tetracholoroaurate
(HAuCls.3H20), sodium borohydride (NaBH4),
DMSO (Dimethyl
hydroxide were received from Merck. RPMI
medium 1640, Fetal bovine serum (FBS),
gentamicin, penicillin G, streptomycin, trypsin
and EDTA were purchased from Gibco. 4T1
mice breast adenocarcinoma cell was obtained

sulfoxide) and sodium

from National Cell Bank of Iran Pasteur
Institute. The 4T1 cells were cultured and then
passaged and finally injected into the mice for
creating breast tumors around 3 weeks after
injection. For animal anesthesia ketamine and
xylazine was purchased from
Woerden-Holland).

Transmission electron microscopy (TEM,
Philips-EM208S) was applied to study the

morphology of prepared nanocomposites;

(alfasan

besides Gamma spectrometry was performed
by liquid scintillation spectrometer model
Wallac 1220 Quantulus. Bertold beta counter,
Lb123 Model, was used for beta counting.
Studies of biodistribution in animals were
conducted according to the approving protocols
the ethical the
Radiopharmaceutical and

set by committee of
Research
Development Lab (RRDL), Nuclear Science and

Technology Research Institute of Iran. A high
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purity germanium (HPGe) detector which was
coupled with a Canberra™ multichannel
analyzer (model GC1020-7500SL, Canberra
Industries, Inc. CT) and a dose calibrator model
ISOMED 1010 were applied for -careful
of distributed
different organs of mice. Imaging was prepared

determination activity in
via a Siemens camera at 140 keV, with high
sensitivity, totally parallel to the collimator
after administration of the radio-compound.
The distance of the mouse to high energy septa
was set to be 12 cm. The useful field of view
(UFOV) was 540 mmx400 mm. The spatial
resolution was 10 mm FWHM at the CFOV.
Sixty-four projections were obtained for 30
seconds per view with a 64X64 matrix.

2.2 Preparation of 197’Au/PG4D and 198Au/PG4D
nanohybrids

The nano-particle of 197Au/PG4D was
prepared according to our previously published
article, as well as production of radioactive
198Au/PG4D which was

neutron bombardment condition at Tehran

performed under

Research Reactor as previously reported [19].
Due to the large cross section of 197Au, it
captures neutrons efficiently. The samples
placed in quartz vials were irradiated by
thermal neutron flux of 1 X 1011 n/cmz.s for 2 h
at the Tehran Research Reactor (TRR).

2.3 Quality control

The radionuclidic purity of the synthesized
198Au/PG4D solution was evaluated for the
probable presence of other radionuclides using
HPGe detector. stability of
198Au/PG4D in final formulation was tested in

Radiochemical

vitro at pH~7.5 and at the following time points:
2, 8, 24 and 48h. The stability was evaluated in
fresh human serum and PBS by instant thin
layer chromatography (ITLC) method. In these
experiments, a 70:30 of methanol-water
mixture was chosen as the mobile phase and

number 1 Whatman cellulose paper as the
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stationary phase. 100uL(37MBq) of the
198Au/PG4D was poured into the human blood
serum and PBS (phosphate buffered saline) and
incubated at 37 °C. Thereafter the proportion of
free 198Au to 198Au/PG4D was determined [19,
20, 21].

2.4 Tumor inoculation and in vivo study

0.1 mL serum free medium 4T1 breast

cancer cell solution was subcutaneously
injected in the left flank female Balb/c mice with
almost 105-106 cells. The nodules of 95% of
tumor bearing mice reached a volume of
589450 mm3 after approximately 3 weeks.
After that, the tumor bearing mice were divided
into 4 groups and used for the in vivo survey as
follows: Group 1: PBS treated group with 5
mice; Group 2: 197Au/PG4D treated group by
intratumor injection with 3 mice, and Group 3:
198Au/PG4D treated group by

injection with 6 mice. The test animals of group

intratumor

3 were received a single injection of 198Au/PG4D
into the tumor. The mice in group 3 were
divided into two distinct group, with 3 members
in each, for conducting two different tests
including tumor volume determination versus
time, and pharmacokinetics evaluation
purposes. All the mice were weighed and
numbered before the treatment and their initial
tumor volumes were recorded. The control
animals, however, received an injection of 100
uL of PBS. The tumor volume of 3 mice was
evaluated over a period of 20 days for each
mouse. The width and length of tumors were
determined via a digital caliper and then
evaluated according to 0.4 (LxXW?2) formula;
where L and W are length and width,
respectively [22,23]. Another group included of
3 tumor bearing mice, treated with single dose
of 198Au/PG4D, was tested to evaluate the
pharmacokinetics distribution of 198Au/PG4D
nanocomposite in critical organs of them.

We conducted another study on a group

including 3 normal mice treated by 198Au/PG4D
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via intravenous injection for evaluation the
pharmacokinetics and extrapolation to human
data. In the latest group, all of 3 normal mice
were undergone scarification at prearranged
times 4h, 24h and 48h post injection in order to
obtain dosimetry data. The amount of absorbed
activity in the different tissues were counted
with a y-ray scintillation. The lungs, heart,
spleen, liver, kidneys, intestine, femur and the
muscles surrounding the femur were dissected,
weighed and counted.

2.5 Statistics

All the tests were repeated three times and
data was presented as the mean £SD. Statistical
surveys were drawn by applying a three and
four-way analyses of variance ANOVA with post
hoc testing to compare Sidak tests. Pair-wise
comparisons between treatments were made
IBM SPSS
Statistic 23, using Microsoft Excel. A p-Value of
< 0.05
significant.

via independent sample t-test,

was contemplated statistically

2.6 Dosimetry

The estimated human absorbed dose was
calculated using the mass correction approach
(kg/g method) [24
performed by the extrapolation of animal

] and its evaluation was

biodistribution data to humans [24]. The animal
data were obtained by intravenous injection to
3 normal mice. The biodistributions were
assessed during 4h, 24h, and 48h time intervals.
On the other side, the 73kg mass information for
the typical adult male was taken from ICRP89
[25]. Based on the %ID as a function of time for
each ex-studied part of body, the time-
integrated activity coefficients (t) (Bqg-h/Bq)
and the cumulative activities in source organs
are calculated [26]. Finally, the absorbed doses
of human organs were calculated in accordance
with the MIRD recommended approach using
the Matlab software, MIRDOSE program along
with the S-values of 19Au and predicted
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time-integrated activity coefficients(t), [27].
the

MIRDOSE software's source organs: the liver,

The followings were considered as
kidney, bone, spleen, muscle, and red blood
cells. The activity accumulated in the bone was
assumed to partition between cortical and

trabecular bone equally.

3. Results and discussion
3.1 Quality control of 198Au/PG4D nanocomposite

The radionuclidic purity of the 198Au/PG4D
nanocomposite was examined by beta and
gamma spectroscopy. The beta specrtoscopy
was performed at different time intervals for
evaluation of the decay constant to assure the
revealed peak was related to the 198Au (Fig. 1).
It was illustrated that the sole beta energy peak
is around 137KeV that is one third of maximum
energy of 198Au beta emission. As it can be seen
in Fig.1 there is a deviation in the spectrum
during the passing time of measurment that is
due to the reduction of constant leading term
for the transition and energy-dependent terms
are not negligible any longer. This finding is in
accordance with the data reported by D.
Parsignault [28].

Sangle Speckun

138
1%
148

e 198 Ay
1%
1
12
120
118
118
108

12h
»"'N m‘“ﬂ

0 s 100 1M 20 0 M W0 400 450 WO S50 60 B0 N0 7 0 €M M0 W 100

R

c.p.m

onacBNEEERERBRRAARE

Energy

Fig. 1. Beta spectroscopy of 198Au/PG4D
nanocomposite and inset: its gamma spectroscopy data.

The HPGe spectrum of radioactive 198Au
presented at inset of Fig. 1 revealed a peak at
411.8 KeV (23.35 + 0.41 Bg/cc). According to
the literatures, 199Au (t1/2 = 3.2 days) exhibits
two characteristic gamma peaks at about 208
and 158 KeV [6, 26]. As revealed in the inset, the
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presented spectrum showed no remarkable
emissions except than the 411.8KeV, which is
attributed to 198Au. 199Au can be produced by
double neutron capture on 197Au targets; yet in
the TRR reactor, utilized in this research, owing
to the low flux of neutron, the possibility of
199Au production is too low so that it cannot be
detected. Hence, absence of 1°°Au and other
radionuclides would be authenticated by this
analysis.

TEM analyses of nanoparticles (Fig. 2)
conducted to perceive the size and morphology
of particles revealed spherical shape for both of
198Au/PG4D 197Au/PG4D
197Au/PG4D, however, has shown smaller

and composites.
particle size compared to 198Au/PG4D. This
could be attributed to partial polymerization of
PG4D owing to bombardment with neutron.
stability of 198Au-
nanoparticles at time intervals 2, 8, 24 and 48 h
was evaluated at 37°C by means of ITLC in PBS
and human serum which are shown in Fig. 3.
The 198Au/PG4D stability in PBS and serum
after 2h were determined to be 93.25+6.23%
and 96.58+3.54%, respectively. However, after
48h, it decreased to 81.32+2.35% in the PBS,
and to 82.784+6.87% in the human serum
samples. In general, stability decreases over the

Radiochemical

time that could be attributed to protein
interactions such as albumin in the serum
[29-31].

3. 2 In vivo anticancer efficacy of 197Au/PG4D
and 198Au/PG4D targeted nanoparticles

The growth rate of 4T1 breast tumors versus
time after treatment with one dose of
198Au/PG4D,
197Au/PG4D nanocomposites and PBS is shown
in Fig. 4. Experiments illustrated that non-
radioactive 197Au/PG4D (3.17%x10-7 mol) has no
significant inhibitory effect on tumor growth in
comparison with the group treated by PBS.

As shown in Fig. 4, the radioactive
198Au/PG4D (3.26MBq) exhibited superior

radioactive non-radioactive

39

Journal of Nuclear Research and Applications Volume 4 Number 1 Winter (2024) 35-44

antitumor effect in comparison with the non-
radioactive 197Au/PG4D. Not only was no
remarkable increment of tumor volume
observed in the mice treated with 198Au/PG4D
from day 0 to 20 of post injection (p <0.05), the
volume vividly underwent a decrement at day 6
measurement. The mean tumor volume during
6 days in the 198Au/PG4D, 197Au/PG4D and PBS

(b)

Fig. 2. TEM photos of 197Au/ PG4D (a) and
198Au/ PG4D materials (b) [19].
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Fig. 3. PBS and serum stability of 198Au/PG4D
radiolabeled composite at various time intervals.
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treated groups were 464.01, 795.01 and 789.12
mm3, respectively. Furthermore, on the 20t
day, the mean tumor volume in the 198Au/PG4D,
197Au/PG4D and PBS treated groups were

636.11, 1606.89 and 1829.12 mms,
respectively. The tumor volume of the mice,
received  19Au/PG4D, was  suppressed

significantly compared to tumor volume in the
non-radioactive 197Au/PG4D treated group 20
days after treatment.
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Fig. 4. Change of tumor volume versus time in the 4T1
cancer bearing Balb/c mice recived intratumoral injection
of 197Au/PG4D, 198Au/PG4D and PBS at day 0 of study.

According to Table 1, the 197Au/PG4D
treated group showed a bit more gentle tumor
growth in comparison with the PBS treated
group, however, the discrepancy was not
statistically significant (P = 0.804). In the case

Journal of Nuclear Research and Applications Volume 4 Number 1 Winter (2024) 35-44

of 198Au/PG4D treated group, a statistically
significant (P = 0.001) decrease of tumor
growth of over 65% was observed. These
results illustrate that the 3.26MBq (88uCi)
by 198Au /PG4D

nanocomposite directly into the tumor was

radiation carried
adequate to meaningfully inhibit the tumor
growth thanks to the radioactive dose, rather
than probable toxicity of the non-radioactive
197Au/PG4D compound.

Fig. 5
absorbed dose per gram of organs in the tumor

represents the percentage of
bearing mice at different time post injection of
3.26MBq (88uCi) of 19Au/PG4D labeled
nanocomposite. Biodistribution studies
revealed that the retention of compound at the
tumor up to 24h post injection is remarkable.
The average particle size of the 198Au/PG4D,
about 60 nm, is suitable enough to potentially
enable passive accumulation in the tumor via
the known enhanced permeation and retention
(EPR) effect [28, 31]. In the case of probable
leak from the tumor, the injected 198Au/PG4D
labeled specially
accumulate in the reticuloendothelial (RE)
system. According to Fig. 5, 198Au/PG4D evades
the capture of reticuloendothelial system and

nanocomposite  would

the activity observed different organs such as
spleen and lung and is low too. [t reveals that the
amounts of leak of nanocomposite to these
organs are low.

Table 1. Changes in growth rates between the days 0 and 20 as mixed procedure, SE: standard error;

DF: degrees of freedom from independent sample t-test.

Experiment DF Mean+ SE t- Value p- Value
PBS vs. 198Au/PG4D (3.26MBq) 54 672.82136 5.232 0.001
PBS vs. 197Au/PG4D 54 33.35+38.11 0.213 0.804
197Au/PG4D vs. 198Au/PG4D (3.26MBq) 40 639.45+34.19 5.788 0.001

The y-biodistribution of 198Au/PG4D in the
tumor bearing Balb/c mice was also studied by
SPECT imaging. The inset of Fig. 5 shows the
incidence images of mice bearing tumor right

40

4h and 24h after injection. After 198Au/PG4D
3.26MBq (88uCi) injection in tumor, due to the
decay of 198Au by gamma emission, imaging
opportunity for detecting the injection site
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activity is available. As shown in Fig. 5, the
198Au/G4D complex is majorly accumulated at
the injection site and no significant leaks are
observed even 24 h post injection. This result is
in accordance with 198Au/PG4D biodistribution
results presented in the inset of Fig 5. It could be
due to successful accumulation of radioactive
nanocomposite in the tumors via the known
EPR effect. At the end, animal was anesthetized
by intra-peritoneal injection of Ketamine and
(65 13  mg/kg). The
biodistribution is in accordance with other
radiopharmaceuticals that used PG4D for
labeling [32, 33].

Xylazine and
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Fig. 5. Distribution of 198Au/PG4D in different organs of
tumor bearing Balb/c mice, 4h, 24h and 48h after tumor
injection (n=3)- inset: incidence images of tumor of Balb/c
mice 4h and 24h after tumor injection.

3.3 Dosimetry

Implementing the estimated percentage of
the injected activity (%ID) for human, the
time-integrated activity coefficients and
cumulated activities of source organs were
determined by MIRD schema,
regression analysis and MATLAB software [25].

non-linear

The calculated %ID for humans from
extrapolation of %ID/g data of mice and
obtained human absorbed dose from

198Au /PG4D by MIRD schema have been shown
Fig. 6 and Fig. 7. The estimated
time-integrated activity coefficients and human
absorbed dose of 198Au/PG4D by also were
presented in Table 2.

in
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Fig. 6. (a) Biodistribution of labelled nanocomposite in the
mice at 4h, 24h and 48h after injection, (b) Human’s
%ID/organ extrapolated from %ID/g of mice.
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Fig. 7. The obtained human absorbed dose from
198Au/PG4D using MIRD schema.

After the residence time estimation, they
were applied to obtain the absorbed doses of
organs using MIRDOSE schema and the data is
presented in Table 2. It can be seen in Table 2
that the absorbed dose in sensitive organs like
the spleen, liver, bone, red marrow, and kidney
are 0.221, 0.282, 0.0669, 0.125 and 0.0983
mGy/MBgq, respectively.

A good number of previous works revealed
that permeation of gold nanoparticles is a size
dependent phenomenon [34-36]. Sonavane et
al. evaluated the biological distribution of
differently size gold nanoparticles (NP) up on
intravenous administration in mice. According
to Sonavane research, In the case of 15, 50 and
100 nm size gold nanoparticles stabilized with
biodegradable/biocompatible stabilizer, higher
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accumulation of gold was observed in liver, lung
and spleen and trace amount was observed in
organs like brain, heart, kidney, pancreas and
stomach. In case of 200 nm size gold NP, highest
concentration of gold was observed in the liver
followed by spleen lung and kidney.

Table 2. Estimated coefficients of time-integrated activity
and human absorbed dose of 198Au/PG4D by MIRD
schema.

coefficients of

) . Absorbed dose
Organs time-integrated (mGy/MBq)
activity (Hour) M q
Blood 2.62
Heart 0.05 1.32E-01
Lung 5.83 1.10E4+00
Stomach 0.034 8.40E-02
L intestine 0.108 5.68E-2
Liver 2.297 2.82E-01
Spleen 0.173 2.21E-01
Kidney 0.091 9.83E-02
Bone 1.020 6.69E-02
Red Marrow 0.94 1.25E-01
Remainder 2.497 -
Total Body 2.069 5.94E-2
EFF DOSE 1.96E-01
EQUIV mSv/MBgq
2.16E-01
EFF DOSE mSv/MBq

Similar to earlier observations about gold
nanocomposites, 198Au/PG4D with the highest
population of particle size at about 60 nm also
showed high level of gold concentration in the
in lung, liver, and in the next spleen whilst, trace
amount was seen in other organs (fig. 6). In our
present study, the obtained results were in
congruence with Sonavane findings. There is a
list of factors that can influence nanoparticle-
cell interactions at the nano-bio interface
including size, shape, charge of nanoparticle,
ligand density, Receptor expression levels,
Internalization mechanism and cell properties
(phenotype, location) [37]. However, there is
still the

accumulation in the liver and lung is due to

debate as to whether rapid

simple filtration or increased binding
opportunities between the
system (MPS)

nanoparticles [38].

mononuclear

phagocyte cells and the
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4. Conclusion

In the present study, a radioactive organic-
inorganic nanocomposite (198Au/PG4D) was
prepared and its inhibitory effect against the
growth of 4T1 cancer cells was evaluated in
comparison with non-radioactive 197Au/PG4D.
Moreover, the suitability of the prepared
radioactive compound for tumor treatment
following intratumoral injection was evaluated
in tumor-bearing BALB/c mice. A single dose of
3.26MBq (88uCi) 198Au/PG4D
nanocomposite saline,

radioactive

in normal directly

injected into the mice 4T1 breast cancer tumors,

brought about a statistically significant

reduction of tumor growth rate within a short
time frame. This study, hence, discloses the fact
that radioactive 198Au/PG4D nanohybrid can
deliver curable doses to tumors along with the
evidence for good in vivo tolerance makes these
particles ideal candidates for future medical
applications. The estimation of absorbed dose
by human organs from 198Au by 198Au/PG4D
nanocomposite by vein injection for vital organs
was performed and reveals that further
preclinical evaluation must be performed to
estimate the dosimetry, toxicity, as well as
biokinetics of this radiopharmaceutical.
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