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Abstract

The high incidence and mortality of breast cancer supports efforts to develop innovative imaging
probes to effectively diagnose, evaluate the extent of the tumor, and predict the efficacy of tumor
treatments while concurrently and selectively delivering anticancer agents to the cancer tissue. In
the present study we described the preparation of technetium—-99 m (°9™Tc)-labeled paclitaxel
(PTX) and evaluated its feasibility as a radiotracer for breast tumors (4T1) in BALB/c mice. Thin
Layer Chromatography (TLC) was used to determine the radiochemical purity and /n vitro
stability of 99MTc-PTX. PTX micelles showed a unimodal distribution with mean diameter of
13.46 £ 0.06 nm. High radiochemical purity (95.8 + 0.3%) and /n vitro stability (over than 95%),
up to 24 h, were observed. Blood circulation time of 99MTc-PTX was determined in healthy
BALB/c mice. °™Tc-PTX decays in a one-phase manner with a half-life of 464.3 minutes.
Scintigraphic images and biodistribution were evaluated at 4, 8 and 24 h after administration

of 9¥9MTc-PTX in 4T1 tumor-bearing mice. The data showed a significant uptake in the liver,
spleen and kidneys, due to the importance of these routes for excretion. Moreover, high tumor
uptake was achieved, indicated by high tumor-to-muscle ratios. These findings indicate the
usefulness of ¥MTc-PTX as a radiotracer to identify 4T1 tumor in animal models. In

addition, 99MTc-PTX might be used to follow-up treatment protocols in research, being able to
provide information about tumor progression after therapy.
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1. Introduction

Nuclear medicine is characterized by a non-invasive imaging approach for visual assessment
and quantitative measurement of molecular and biochemical properties of cells, including
tumor cells. Several radionuclides are used in nuclear medicine, including iodine-131,
indium-111, thallium-201, fluorine-18, technetium-99m, galium-67, among others [4,5].
One of the most common radiotracers for imaging is the technetium-99 m (%MTc). This
isotope has suitable physical and chemical characteristics, including a physical half-life of
6.02 h and gamma emission of low energy (140 keV) with the added advantage of abundant
availability in nuclear medicine laboratories and low cost [6-9].

Due to the high incidence and mortality of breast cancer, efforts should be done in order to
develop new probes to effectively diagnose, evaluate the extent of the tumor, and predict the
efficacy of tumor treatments in clinical and pre-clinical trials. In this context, a large number
of candidate probes labeled with 9°™Tc have been reported, including peptides,
nanoparticles, carbohydrates, and anticancer drugs [5,10-13].

Paclitaxel (PTX) is one of the most effective and most-widely used antitumor drugs with
clinical efficacy against a wide range of solid tumors, including ovarian, non-small cell lung
cancer, and head and neck tumors. PTX is a first-line treatment for patients with metastatic
breast cancer. However, PTX is poorly soluble in water, which represents a barrier for
intravenous administration [14-16]. The commercially available preparation of PTX,
Taxol®, is a micellar dispersion, composed by a 1:1 blend of Cremophor EL®
(polyethoxylated castor oil) and dehydrated ethanol, which is diluted (5-20 times) in saline
or dextrose solution (5%) for /in vivo administration [17,18]. In a micellar dispersion, tumor
accumulation is favored by the enhanced permeation and retention (EPR) effect, due to the
formation of nanoscaled particles. Nanoparticles in a range of 10 to 500 nm might
extravasate and accumulate into tumors due to the presence of large gaps between
endothelial cells allied to the impaired lymphatic drainage [19-22]. Furthermore, PTX
dispersion has functional groups that are able to form complexes with 99MTc, such as —OH.
In this way, PTX micellar dispersion, if radiolabeled, might be a promising radiotracer for
identifying tumor, and evaluating tumor progression after treatment regimens.

Thus, in the present study, PTX micellar dispersion was radiolabeled with %°™Tc and /n vitro
radiochemical stability was determined. In addition, blood circulation time was evaluated in
healthy mice. Biodistribution studies and scintigraphic images were performed to
demonstrate the feasibility of 2™Tc-PTX as a radiotracer for breast tumor (4T1) in BALB/c
mice.
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2. Material and methods

2.1. Materials

Paclitaxel was supplied by Quiral Quimica do Brasil S.A (Juiz de Fora, Brazil). Cremophor
EL®, SnCl,*2H,0 and trypsin-EDTA solution (0.5%) were purchased from Sigma-Aldrich
(S&o Paulo, Brazil). %MTc was obtained from an alumina-based %Mo/?°™Tc generator. All
other chemicals and reagents were of analytical grade.

2.2. Cell culture 4T1

The murine 4T1 cell line was purchased from American Type Culture Collection (ATCC)
(Manassas, EUA). Dulbecco’s modified Eagle’s medium (DMEM) were supplied by Gibco
Life Technologies (Carlsbad, USA). 4T1 cells were maintained in DMEM supplemented
with 10% (v/v) fetal bovine serum, penicillin (100 1U/ml), and streptomycin (100 pg/ml).
Cells were kept at 37 °C in humidified air containing 5% CO,. The cells were grown to
confluence and later harvested by trypsinization. After centrifugation (5 min at 330g), the
cells were resuspended in 1.0 ml DMEM and viability was determined with trypan blue
(1:1) (Sigma-Aldrich, S&o Paulo, Brazil) and counted in a Newbauer chamber.

2.3. Paclitaxel micellar dispersion: preparation and physicochemical characterization

For micellar dispersion, 30.0 mg of PTX were solubilized in 2.0 ml of a 1:1 (v/v) dehydrated
ethanol:Cremophor EL® mixture. The suspension was stirred vigorously for 5 min. Dynamic
Light Scattering (DLS) with a fixed angle of 90°, using Zetasizer NanoZS90 (Malvern
Instruments, England) was used to determine the mean diameter of the PTX-micelles.
Samples were analyzed after 10-fold dilution in filtered 0.9% w/v NaCl solution (cellulose
ester membrane, 0.45 pm, Millipore, Billerica, USA). Data were expressed as mean +
standard deviation of at least three different batches of each system.

2.4. Radiolabeling procedure and radiochemical purity evaluation

A 0.1 ml aliquot of the PTX dispersion was added to 300 ug of SnCl,¢2H,0 in an acid
solution (HCI 0.25 M) and adjusted to pH 7.4 using NaOH solution (0.1 M). A 0.1 ml
aliquot of Na%MTc0O, (37 MBq) was added and the solution was kept at room temperature
for 15 min.

Radiochemical purity was determined by Thin Layer Chromatography on silica gel (TLC-
SG; Merck, Darmstadt, Germany) using acetone as mobile phase to quantify free 99MTcO,".
The radioactivity was determined using a Wallace Wizard 1470-020 Gamma Counter
(PerkinElmer Inc., Waltham, Massachusetts, USA). The solution was purified from 9MTcO,
using a 0.22 pm syringe filter, as previously described by Fernandes et al. [12].

2.5. In vitro stability: Saline and plasma

TLC-SG was used to estimate the stability of 9MTc-PTX in the presence of NaCl 0.9%
(w/v), at room temperature, or murine plasma, at 37 °C. For plasma stability assessment, 90
pl of the 99MTc-PTX solution was incubated with 1.0 ml of fresh mouse plasma, under
agitation, at 37 °C. Radiochemical stabilities were determined on samples taken at 1, 2, 4, 6,
8, and 24 h after incubation.
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2.6. Blood clearance

Female BALB/c mice (6-8-week-old) were obtained from CEBIO-UFMG (Belo Horizonte,
Brazil). All animal studies were approved by the local Ethics Committee for Animal
Experiments (CEUA/UFMG) under the protocol number 268/2016. An 100 pl aliquot

of 9¥MT¢-PTX was administrated, through the tail vein, in healthy female BALB/c mice (n =
7). A small incision was made in the distal tail and blood samples (~20 pl) were collected at
5, 10, 15, 30, 45, 60, 90, 120, 240, 360, 480 and 1440 min after administration. Each sample
was weighted, and the radioactivity was measured with an automatic scintillation counter.
The percentage of injected dose per gram (%ID/g) in each sample was determined.

2.7. Tumor cell inoculation

An aliquot (100 ul), containing 2.5 x 108 4T1 viable cells, was injected subcutaneously into
the right thigh of female BALB/c mice (17-23 g). Tumor cells were allowed to grow /n vivo
for 10 days. 4T1 tumor-bearing BALB/c mice were used for biodistribution studies and
scintigraphic images.

2.8. Biodistribution studies

An aliquot (100 pl) of 3.7 MBq of ¥™Tc-PTX was injected intravenously into tumor-
bearing BALB/c mice (n = 7). At 4, 8, and 24 h after injection, mice were anesthetized with
a mixture of xylazine (10 mg/kg) and ketamine (80 mg/kg). Liver, spleen, kidneys, stomach,
heart, lungs, blood, muscle, thyroid, intestine, and tumor were removed, and placed in pre-
weighted plastic tubes. The radioactivity was measured using an automatic scintillation
gamma counter. A standard dose containing the same injected amount was counted
simultaneously in a separate tube, which was defined as 100% radioactivity. The results
were expressed as the percentage of injected dose per gram of tissue (%1D/g).

2.9. Scintigraphic images
An aliquot (100 pl) of 18 MBq of ¥MTc-PTX was injected intravenously into tumor-bearing
BALB/c mice (n = 7). Anesthetized mice were horizontally placed under the collimator of a
gamma camera (Mediso, Budapest, Hungary) coupled with a low-energy high-resolution
collimator. Images were acquired at 4, 8, and 24 h after injection using a 256 x 256 x 16
matrix size, with a 20% energy window set at 140 keV for a period of 300 s each. The
tumor-to-muscle ratio from the scintigraphic images were calculated for all the evaluated
times.

2.10. Statistical analysis

Data were expressed as mean + standard deviation (SD). D’agostino and Pearson and
Bartlett’s tests were performed to assess the normality and homogeneity of variance
analysis. Data were evaluated using Student’s £test and one-way analysis of variance
(ANOVA), followed by Tukey’s test. A P-value less than 0.05 were considered to indicate a
significant difference. Data were analyzed using the statistical software GraphPad PRISM,
version 5.00 software (GraphPad Software Inc.).
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3. Results

3.1. Particle size

The PTX micelles showed a unimodal distribution with mean diameter of 13.46 + 0.06 nm
and polydispersity index of 0.083 + 0.005. These results indicate that micelles are suitable
for intravenous administration.

3.2. Radiochemical purity and in vitro stability

Radiolabeling yields for 9°™MTc-PTX were 95.8 + 0.3% (n > 7). TLC using acetone as mobile
phase was used to quantify 9MTcO,_. 99MTcO, was removed through sterile filters (pore
diameter = 0.22 um). In this process radiocolloids remains in the filter while #™TcO,~

and 99MTc-PTX are freely filtered [12].

In vitro stabilities of %MTc-PTX in the presence of saline, at room temperature, or plasma,
at 37 °C, are depicted in Fig. 1. High stability was found (over to 95%) up to 24 h of
incubation in both media. These findings, along with the high radiolabeling efficiency,
suggest that 99™Tc-PTX might be used for further /7 vivo assays.

3.3. Blood clearance

Blood clearance for 99MTc-PTX is shown in Fig. 2. 99MTc-PTX, after administrated into
healthy female BALB/c mice, decays in a one-phase manner showing a relatively long blood
circulation time of 464.3 minutes and an area under the curve of 3456.3%IDsmin~1.

3.4. Scintigraphic images and biodistribution studies

Scintigraphic images, acquired at 4, 8 and 24 h after 9MTc-PTX i. v. treatment in 4T1
tumor-bearing mice, are shown in Fig. 3. The complex showed significant uptake in liver
and spleen due to the nanoparticles recognition by macrophages present in these organs
[5,25]. Renal excretion of 99MTc-PTX was also observed. Tumor tissue could be clearly
visualized on the images. The quantitative analysis of scintigraphic images is shown in Fig.
4. An increase over time was observed, reaching a maximum of 6.83 £ 0.52 at 24 h, which
indicates the preferential accumulation in tumor area of 9™Tc-PTX.

The biodistribution profile of 9MTc-PTX is shown in Fig. 5. As reported in the scintigraphic
images, biodistribution studies showed high uptake in liver, spleen. In addition, significant
uptake in kidneys and intestines, mainly at 4 h post-injection was observed. No significant
accumulation was found in lungs, heart, stomach, and thyroid. It is important to note the
higher tumor uptake, compared to the contralateral muscle, taken as a control was observed
(Fig. 5-inset).

4. Discussion

Nuclear medicine imaging modalities, using specific targeting moieties, play a crucial role in
the diagnosis, staging, and follow-up for patients with cancer. Radiotracer-based imaging
approaches, such as single-photon emission computed tomography (SPECT) might provide
a non-invasive /n vivo assessment providing information about tumor localization and
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progression [23,26]. The use of radionuclides combined with molecules or existing
pharmaceutical compounds, such as antitumor drugs, which preferentially accumulate in
tumor tissue, has significant importance since they might enable an early and more accurate
diagnosis [1-3].

Among chemotherapeutic agents, PTX is one of the most effective and potent antitumor
used in oncology treatment, and serves as at the forefront in metastatic breast cancer [15—
22]. PTX is commercially available as a micellar dispersion in ethanol and Cremophor EL®
(Taxol®) that has already been label with 9°MTc for animal studies [11]. However, studies
were conducted in Ehrlich Ascites tumor-bearing mice aiming to compare the tumor uptake
of a new formulation. No mention was made to 9MTc-PTX, itself, as a tumor-imaging
probe. Herein, we describe the procedures to radiolabel efficiently PTX with 9MTc.
Stability assays were carried out in order to allow /n vivo experiments (blood clearance,
biodistribution and scintigraphic images). In addition, tumor uptake was evaluated in a 4T1
tumor model, which is widely used in pre-clinical research for testing new imaging probes
and to evaluate the pharmacokinetics and antitumor activity of new potential
chemotherapeutics [12,13,27]. This mammary carcinoma cell line, derivate from a
spontaneously tumor in BALB/cfC3H mice, was originally isolated by Fred Miller and
coworkers at the Karmanos Cancer Institute [28,29]. 4T1 cell is a highly tumorigenic cell
line characterized by extensive necrosis and inflammation within the primary tumor.
Furthermore, it is well described the capacity of this tumor cell line to metastasize efficiently
to lungs, liver, brain and bones similarly observed in human breast cancer. Therefore, the
purpose of our study was to evaluate the feasibility of 2*™Tc-PTX as a radiotracer to be
applied as a complementary approach to monitor treatment regimens in pre-clinical studies
using 4T1 tumor models. By leveraging this strategy, a variety of information might be
acquired, including PTX accumulation, tumor development and tumor progression after
therapy, which might be helpful to determined better treatment protocol or even to select
new formulations [12,28-30].

The radiolabeling protocol to obtain 99MTc-PTX was successfully optimized to achieve high
yields. It is well described that 9MTc-labeling reactions generate two main

impurities, 9°MTcO, and 99MTcO,~ [24,25]. The presence, in high concentration, of these
entities leads to images in poor quality that might impair the correct data interpretation.
According to the American Pharmacopoeia [31], radiopharmaceutical preparations are
suitable for /n vivo administration if their radioactive impurities do not exceed 10%.
Therefore, by using the optimized protocol described in this study less than 5% of impurities
were detected indicating that #°™Tc-PTX can be used in further /n vivo assays. Furthermore,
the physiological pH obtained after labeling (pH = 7.4) is optimal for intravenous
administration [24]. The presence of —OH groups in the polyethoxylated castor oil, a
constituent of the Taxol formulation might explain the high labeling efficiency. It is well
known that metals, including 99™Tc, are stabilized by electron donating groups [32—34].

Radiolabeling stability is a mandatory characteristic for radiopharmaceutical platforms. In
the event that metal detachment occurs, biodistribution and images will no longer be reliable
may lead to wrong interpretations [35,36]. 9*™Tc-PTX showed high /n vitro stability (over
than 95%) throughout the experiment. Once injected in healthy mice, 9MTc-PTX exhibited

Biomed Pharmacother. Author manuscript; available in PMC 2017 August 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Monteiro et al.

Page 7

a relatively long half-life (464.3 minutes). Long circulation time is an important feature for
nanostructured radiopharmaceuticals since a large number of passages through the targeted
areas might favor radiotracer accumulation leading to better outcomes. For imaging
purposes, a half-life ranging from 4 to 6 h is suitable to achieve a reasonable signal-to-noise
ratio. Therefore, these findings encourage us to perform biodistribution and images studies
for 99MTc-PTX in tumor-bearing mice [34,37-39,44].

As expected for a nanoparticle system, high uptake in liver and spleen were observed. This
finding might be explained by the extensive phagocytosis typically experienced by
nanoparticles after intravenous injection [40-42]. The substantial uptake in kidneys (Fig. 5)
suggests an important elimination route of 99MTc-PTX occurs through the renal system [31—-
33]. Indeed, nanoparticles smaller than 10.0 nm are readily excreted through renal filtration,
which might partially explain the uptake in kidneys [43]. Additionally, a significant uptake
in the intestines was observed suggesting that fecal route also contribute to the excretion

of 99MTc-PTX [44,45]. Noteworthy is the low uptake in thyroid and stomach, which
confirms the high labeling stability showed by /n vitro assays [24,25].

99mMTe-pTX showed higher accumulation in tumor compared with control tissues, such as
muscle, as evidenced by the high tumor-to-muscle ratio, mainly at 24 h post-administration
(6.83 + 0.52%). It is important to mention that a tumor-to-muscle ratio higher than 1.5, i.e,
50% more uptake in the target tissue, is required for further development of an imaging
probe candidate. 2°™Tc-PTX showed time-dependent accumulation and tumor-to-muscle
ratios superior than 1.5. This fact could be explained by the long blood circulation time,
leading to more passages through the tumor region, favoring 99™Tc-PTX extravasation and
therefore, tumor accumulation [37-42].

5. Conclusion

PTX-micelles were successfully labeled with 99MTc in high yields and excellent stability.
Due to its relatively long blood circulation time, 9MTc-PTX accumulated into 4T1 tumor
tissues leading to high tumor-to-muscle ratios. Therefore, this study showed the feasibility
of 9¥9MT¢-PTX as an imaging probe that can be used in the preclinical assessment of breast
cancer models.
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Fig. 1.
In vitro stability of 99MTc-PTX as a function of time in the presence of saline, at room

temperature (triangle), or murine plasma, at 37 °C (circle) (n = 5).
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Fig. 2.

1200 1400

Blood clearance of 9MTc-PTX in healthy female BALB/c mice. All data points represent

the mean percentage of injected dose of °MTc-PTX + SD (n = 7).
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Fig. 3.
Scintigraphic images obtained at 4 (a), 8 (b), and 24 (c) h post-injection of ¥MTc-PTX in
tumor-bearing female BALB/c mice. Arrows indicate tumor area.
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Fig. 4.
Tumor-to-muscle ratios determined by scintigraphic images at 4, 8, and 24 h post-injection

of 9¥9MT¢c-PTX in tumor-bearing mice. Asterisks indicate significant difference (**p < 0.01;
*%xp < 0,001).
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Fig. 5.

Biodistribution profile of 9MTc-PTX at 4, 8, and 24 h post-injection in tumor-bearing mice.
Inset: Tumor and muscle uptake. Asterisks indicate significant difference between the tumor
and muscle uptake at the same time point (p < 0.001). Bars represent mean percentage of the
injected dose of 9°*MTc-PTX per gram of tissue + SD (n = 7).
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