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Abstract

The use of nanoparticles for diagnostic approaches leads to higher accumulation in the targeting
tissue promoting a better signal-to-noise ratio and consequently, early tumor detection through
scintigraphic techniques. Such approaches have inherent advantages, including the possibility of
association with a variety of gamma-emitting radionuclides available, among them, Tecnethium—
99 m (99MTc). 99MTc is readily conjugated with nanoparticles using chelating agents, such as
diethylenetriaminepentaacetic acid (DTPA). Leveraging this approach, we synthesized polymeric
micelles (PM) consisting of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-A-
[methoxy(polyethyleneglycol)-2000] (DSPE-mPEG,qqg) functionalized with DTPA for
radiolabeling with 9°™Tc. Micelles made up of DSPE-mPEGyqgo and DSPE-PEG,qo-DTPA had a
mean diameter of ~10 nm, as measured by DLS and SAXS techniques, and a zeta potential of —2.7
+ 1.1 mV. Radiolabeled micelles exhibited high radiochemical yields and stability. In vivo assays
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indicated long blood circulation time (456.3 min). High uptake in liver, spleen and kidneys was

observed in the biodistribution and imaging studies on healthy and tumor-bearing mice. In
addition, a high tumor-to-muscle ratio was detected, which increased over time, showing
accumulation of the PM in the tumor region. These findings indicate that this system is a
promising platform for simultaneous delivery of therapeutic agents and diagnostic probes.
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1. Introduction

Over the last decades, nanoparticle based delivery platforms have attracted much attention
due to their ability to selectively deliver drugs and/or imaging probes into tumors [1]. Many
studies have reported significant advances in diagnostic applications [2-5]. Advantages of
using radiolabeled nanoparticles for diagnostic approaches include higher accumulation in
the targeting tissue, which in turn implies a better signal-to-noise ratio over standard
scintigraphic detection methods. This technology might allow early tumor diagnosis that is
essential for increasing overall patient survival [7].

Among the different types of nanostructured carriers, polymeric micelles (PM) have
prominent characteristics, such as narrow size distribution, morphology, and surface
properties that favor their accumulation in the tumor area [8]. PMs are globular
nanostructures (with diameters ranging from 5 to 100 nm) formed by amphiphilic
copolymers with lipophilic core showing a critical micellar concentration (CMC) ranging
from 1075 to 107 mol L~1. In addition, PMs are proving to be versatile structures that allow
high payloads of a myriad of molecules [9,10].

In this context, 1,2-distearoyl-sr-glycero-3-phosphoethanolamine- V-
[methoxy(polyethyleneglycol)-2000] (DSPE-mPEGqqp) has been used to prepare PM
[11,12]. Polyethyleneglycol (PEG) is a hydrophilic polymer, biocompatible and
biodegradable, largely used for increasing blood circulation time of nanoparticles [13,14].
Additionally, the presence of a phospholipid, acting as the hydrophobic block, improves
micelles stability due to the presence of two fatty acid chains that increases the number of
hydrophobic interactions in this region [15]. Furthermore, DSPE-PEGqqq allows the
introduction of imaging probes by adding chelating agents on the PEG extremity [9,15].
This might be particularly advantageous since the simultaneous delivery of therapeutic
agents and diagnostic probes leads to a theranostic platform that allows integrating tumor
visualization and treatment into a single system.

Among diagnostic imaging approaches, scintigraphic techniques have significant importance
due to their high sensitivity, which permits identification of molecular changes in the
targeting tissue allowing earlier diagnosis [16—18]. One of the most common radioisotopes
used in planar scintigraphic images and Single Photon Emission Computed Tomography
(SPECT) is the technetium—99 m (%¥MTc). 99MT¢ has been widely used due to its nuclear
properties, including the gamma energy of 140 keV, easy access through a molybdenum-99/
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technetium-99 m generator, and half-life of 6.02 h [19-21]. Furthermore, 9¥MTc can be
easily and stably complexed with chelating agents, such as diethylenetriaminepentaacetic
acid (DTPA), for imaging purposes [22]. Our research group previously demonstrated the
ability of 99MTc atoms to be complex with DTPA immobilized on the surface of silica
nanoparticles. [2]

In this context, the aim of this study was to evaluate the 99MTc-PM as a potential platform
for tumor delivery. To achieve this goal, DSPE-PEGq9-DTPA was synthesized and
characterized by ultraviolet (UV) spectroscopy, Fourier transform infrared spectroscopy
(FTIR), and mass spectrometry (MS). Then, PMs were prepared, characterized by dynamic
light scattering (DLS), Zeta potential and Small Angle X-ray Scattering (SAXS), and
subsequently radiolabeled with 9™MTc. Blood circulation time was determined in healthy
mice, while biodistribution and scintigraphic images were conducted in healthy and tumor-
bearing mice.

2. Experimental methods

2.1. Materials

1,2-distearoyl-sn-glycero-3-phosphoethanolamine- A-[methoxy(polyethyleneglycol)-2000]
(DSPE-mMPEGqg) was acquired from Lipoid GmbH (Ludwigshafen, Germany). Pyrene
P.A. (299.0%) was obtained from Sigma-Aldrich (Missouri, USA). 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine- A-[amine(polyethylenegliycol)-2000] (DSPE-PEG»qgg-
NH,) was acquired from Avanti Polar Lipids, Inc (Alabama, USA).
Diethylenetriaminepentaacetic (DTPA) dianhydride was from Sigma-Aldrich Co. (Missouri,
USA). Pyridine e dimethyl sulfoxide (DMSO) were purchased from Labsynth (S&o Paulo,
Brazil) and treated to remove residual water. Ethyl acetate was obtained from Tedia
Company (Ohio, USA). Technetium—99 m was obtained from an alumina-based #°Mo/?*™T¢
generator from Institute of Energy and Nuclear Research (IPEN, Sao Paulo, Brazil). All
other reagents were acquired from Sigma-Aldrich Co (Missouri, USA).

The murine mammary carcinoma cell line (4T1) was purchased from the American Type
Culture Collection (ATCC, Rockville, USA). Female BALB/c mice were purchased from
Bioterism Center of Federal University of Minas Gerais (CEBIO-UFMG), aging 6-8 weeks
and weighing 20 £ 2 g. The mice were housed in cages in controlled environment to a
temperature range of 25 + 2 °C and a humidity range of 30-70% with a 12 h light-dark cycle
and free access to food and water. All animals experiments were approved by Ethics
Committee on Animal Use (CEUA) from UFMG, protocol number 205/2013.

2.2. Synthesis of DSPE-PEGygpo-DTPA

A solution of 25 mg of DSPE-PEGyqqg9-NH3 prepared in 625 pL of DMSO was slowly
added to 80 mg of DTPA dianhydride (excess of 25 mol equivalent) solubilized in a mixture
of 2.5 mL dry DMSO: pyridine 7:3 (v/v) in a flask which was heated in an oil bath under
constant stirring for 90 min at 100 °C. Ultrapure water was then added and the reaction was
kept for 90 min at 100 °C then the solvents were evaporated. The residue was extracted
successive times with ethyl acetate. Following evaporation, the content was re-suspended in
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water and then purified by dialysis using a Spectrapore® membrane with a 1.0 kDa cut off,
at room temperature for 36 h. Finally, the final product was lyophilized in a 24 h cycle and
stored at —20 °C.

2.3. Characterization of DSPE-PEGggg-DTPA

The structure of DSPE-PEGyqgo-DTPA was characterized by MS, UV spectroscopy, and by
FTIR spectroscopy using a Spectrum One FT-IR, (Pelkin Elmer, Massachusetts, USA)
spectrometer. MS was performed on a matrix-assisted laser desorption/ionization time-of-
flight (MALDI-ToF) Autoflex 111 spectrometer (Bruker Daltonics, Bremen, Germany).
Sample (0.5 uL) were spotted onto an AnchorChip 600/384 (BrukerDaltonics, Bremen,
Germany) target microtiter plate (MTP), mixed with a saturated solution of a-cyano-4-
hydroxycinnamic acid (0.5 pL), and allowed to crystallize at room temperature. The MS
spectra were acquired in the reflector/positive mode with external calibration, using Peptide
Calibration Standard 11 as reference (BrukerDaltonics, Bremen, Germany). MS data analysis
was performed by using the FlexAnalysis software (Bruker Daltonics).

2.4. Critical micelle concentration (CMC) determination

CMC of the DSPE-PEG,qqg Was determined, at 25 °C, by spectrofluorimetry, using pyrene
P.A. as fluorescent probe. Briefly, an aqueous dispersion of PEG,pqg-DSPE was prepared
and aliquots were transferred to the tubes containing 1 mg pyrene. Finally, the volume was
adjusted to reach concentrations ranging from 1074 and 1076 mol L=1. The mixtures were
incubated overnight under stirring at room temperature. Free pyrene was removed by
filtration through 0.22 um polycarbonate membranes. The fluorescence of filtered samples
was measured at the excitation wavelength of 339 nm and emission wavelength of 390 nm
using a Cary eclipse fluorescence spectrometer (Varian, Inc. USA). CMC values correspond
to the concentration of the polymer at which the sharp increase in pyrene fluorescence in
solution was observed.

2.5. Preparation of DTPA-PM

DTPA-PMs were prepared using a solvent evaporation method [23,24]. Solutions of DSPE-
MPEGyqgg and DSPE-PEG5ggg-DTPA in chloroform, 95:5 (w/w) respectively, were
transferred to a round bottom flask, at a 10 mmol L1 final concentration. The solvent was
completely removed under reduced pressure. Then, the thin film formed was hydrated with
saline 0.9% (w/v), in a water bath at 40 °C for 5 min, followed by vortexing at 1000 rpm for
3 min. Lastly, the micelles were filtered in 0.22 um polycarbonate membranes.

3. Physical and chemical characterization

3.1. Nanoparticle size

PMs size was analyzed by Dynamic Light Scattering (DLS) and Small Angle X-ray
Scattering (SAXS). No previous procedures were required for both techniques in samples
preparing. DLS analyses were performed in the Malvern Zetasizer NanoZS90 (Malvern
Instruments Ltd, Malvern, UK), at 25 °C and a fixed angle of 90°. SAXS measurements
were performed at the SAXS-1 beamline of the Brazilian Synchrotron Light Laboratory
(LNLS, Campinas, Brazil) using a collimated beam with a fixed wavelength of 1.55 A (8
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keV). A two dimensional detector (Pilatus 300 K) was positioned at a distance of 0.5 m from
the sample. The setup provides a g range that span from 0.05 to 2 nm~1. Samples were
placed in a temperature and vacuum controlled cell, made up with two mica windows
separated by 1 mm, and immediately analyzed. The 2D images obtained from the detector
were normalized and converted to line profiles 1(q) versus g using the Fit2D (cake
procedure) and OriginPro 8 software.

3.2. Zeta potential

The Zeta potential of the PM was analyzed by electrophoretic mobility determination using
Malvern Zetasizer NanoZS90 (Malvern Instruments Ltd, Malvern, UK), at 25 °C and a fixed
angle of 90°. For measurements, PMs were diluted 15-fold in saline 0.9% (w/v) previously
filtered in 0.22 pm polycarbonate membranes.

3.3. Radiolabeling and radiochemical purity

250 pL of DTPA-PM were radiolabeled with 9MTc in the presence of 200 ug of stannous
chloride, solubilized in HCI (0.25 mol L™1), as reducing agent. The mixture (pH 7.0) was
kept for 15 min at 25 °C. The radiolabeling yields were determined by thin layer
chromatography (TLC-SG, Merck, Darmstadt, Germany) using acetone to

determine #9MTc0,~. 29MTc-DTPA-PM were purified from 9°MTcO, by a filtration through
0.22 um polycarbonate membranes. Radioactivity was measured using a gamma counter
(Wallac Wizard 1470-020 Gamma Counter; Perkin Elmer Inc., Waltham, MA, USA).

3.4. In vitro stability

TLC was used to estimate the stability of 2™Tc-DTPA-PM in saline 0.9% (w/v) at room
temperature (25 °C) and in mouse plasma at 37 °C. For saline, at specific times, the amount
of TcO4~ present in the radiolabeled MP was determined as mentioned previously. For
plasma stability, 90 mL of labeled DTPA-PM solution was incubated, under agitation with
1.0 mL of mice fresh plasma. Radiochemical stability was determined from samples
collected at 1, 2, 4, 6, 8 and 24 h after radiolabeling.

3.5. Blood clearance

An aliquot of 3.7 MBq of 29MT¢c-DTPA-PM was injected in the tail vein of healthy mice (n =
6) and blood samples were collected at 1, 5, 10, 15, 30, 45, 60, 120, 240, 360, 480 and 1440
min after administration. A small incision was made in the distal tail to facilitate rapid and
reliable blood collection. Each sample was weighted, and the associated radioactivity was
determined in an automatic scintillation apparatus. A standard dosage containing the same
injected amount was counted simultaneously in a separate tube, which was defined as 100%
radioactivity. The percentage of injected dose per gram (%ID/g) of blood was determined,
and the data were plotted as function of time.

3.6. Cell culture

4T1 cells were cultured in Dulbecco’s Modified Eagle medium (DMEM, Gibco, Waltham,
MA, USA) containing 10% (v/v) fetal bovine serum, 100 1U/mL penicillin and 100 pg/mL
streptomycin. Cells were kept in a humidified incubator with 5% CO2 atmosphere at 37 °C.
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Cells were grown to confluence and then, harvested with 0.25% trypsin. After centrifugation
at 500g for 5 min, cells were re-suspended in DMEM for inoculation into Balb/c mice.

3.7. 4T1 breast tumor model

For tumor implantation, an aliquot (100 L) containing 2.5 x 10% 4T1 cells was injected
subcutaneously into the right flank of female BALB/c mice. Tumors were allowed to grow
until it reached a volume of 100 mm3 and then were used for biodistribution studies and
scintigraphic images.

3.8. Biodistribution studies of 9°MTc-DTPA-PM

The biodistribution studies were conducted using both healthy and 4T1 tumor-bearing mice.
An aliquot of 3.7 MBq of 99MTc-DTPA-PM was injected intravenously into each animal,
healthy (n = 5) and tumor-bearing mice (n = 6). After 1, 4, 8 and 24 h, mice were
anesthetized with a mixture of xylazine (10 mg kg™1) and ketamine (80 mg kg~1). Whole
heart, kidneys, blood, stomach, spleen, liver, thyroid, lungs, muscle and tumor (in the tumor
groups) were removed, washed with distilled water, dried on filter paper, and placed in pre-
weighed plastic test tubes. The radioactivity was measured using an automatic scintillation
apparatus. A standard dosage containing the same injected amount was counted
simultaneously in a separate tube, which was defined as 100% radioactivity. The results
were expressed as%ID/g of tissue.

3.9. Scintigraphic images of 2°MT¢c-DTPA-PM

Aliquots of 37 MBq of the 99MTc-DTPA-PM were injected intravenously into healthy and
tumor-bearing mice (n = 6). Mice were anesthetized and horizontally placed under the
collimator of a gamma camera (Mediso, Hungary) employing a low-energy high-resolution
collimator. Images were acquired at 1, 4, 8 and 24 h post-injection using a 256 x 256 x 16
matrix size with a 20 % energy window set at 140 keV for a period of 300s.

3.10. Statistical analysis

4. Results

All data are expressed as mean + standard deviation (SD). Normality and homogeneity of
variance was evaluated by the D'Agostino and Pearson, and Bartlett's tests, respectively.
Variables without normal distribution were transformed when appropriate, by the equation: y
= log (variable + 1). Data were tested using one-way analysis of variance (ANOVA)
followed by Tukey's test. The 95% confidence interval was adopted and differences were
considered significant when the p value was lower or equal to 0.05 (p < 0.05). All data were
analyzed by GraphPad Prism version 5.00 software.

4.1. Synthesis of DSPE-PEG,q00-DTPA

DTPA was covalently attached to DSPE-PEGyggp-NH> using an opening cyclic anhydride
reaction, as schematically depicted on Fig. 1.
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4.2. Chemical characterization of the DSPE-PEGyqgo-DTPA

DSPE-PEG,qg0-DTPA was obtained as a white powder with a 56% yield. UV spectra of the
final product (DSPE-PEG,ggp-DTPA) and the reactants (DTPA and DSPE-PEGyqqq) were
acquired in water solution at same concentration (2.6 x 1076 mol%). UV absorption for
DSPE-PEG,qgg9-DTPA was much higher than those obtained for DTPA and DSPE-PEG»qqgg
at the same wavelength (190 nm). FTIR was also performed for the final product and the two
reactants (Fig. 2A). DTPA, DSPE-PEGygqg, and DSPE-PEGygpo-DTPA exhibited carbonyl
stretching vibration bands at 1731 cm™1, 1738 cm™1, and 1728 cm™1, respectively.
Noteworthy was the broader carbonyl band for the product compared to DSPE-PEGyqqg,
which might be a consequence of several carbonyl bands from DTPA and DSPE-PEGqqg
merged on only one band.

Finally, MS was carried out to characterize and validate the final product. The mass spectra
for DSPE-PEGyqpo-DTPA and DSPE-PEG»qqq are presented in Fig. 2B. Due to the
polymeric character of DSPE-PEGyggp-DTPA and DSPE-PEG,qgg several ion fragments
were identified in both mass spectra. An increase in m/z (~375 Da) was observed for the
DSPE-PEGqgo-DTPA compared to DSPE-PEGyqqo. It is important to mention that the
reason for such a mass increment might be the conjugation of DTPA to DSPE-PEG (o,
indicating the formation of the desired product DSPE-PEG,ggg-DTPA. In addition, a peak of
ion fragment at 3165 Da was also observed indicating DSPE-PEGyqqo-DTPA formation.

4.3. CMC determination

The fluorescence intensity for eight different concentrations of DSPE-PEGyqqg in aqueous
medium was evaluated. Then, a curve (fluorescence intensity vs concentration) was plotted
(Fig. 3), and the CMC was determined as the concentration at the end of the first plateau of
the fluorescence intensity. Therefore, the CMC was calculated as 1.8 x 107 mol L1,

4.4. Physical chemical characterization of the PM

PMs were found to have a mono-modal distribution by DLS with an average hydrodynamic
diameter of 9.6 + 0.6 nm (Fig. 4A) and zeta potential of 2.7 £ 1.1 mV. SAXS was also used
to estimate the mean diameter of DSPE-PEGyggp micelles. The measurement shown in Fig.
4B exhibit well defined local minima and is compatible with the scattering profile of
nanoparticles from a mono-disperse micelle system. To directly retrieve this information
(model-free data analysis) we used the equation proposed by SATO et al. [25], D = 2r/q,
where “D” is the diameter of the micelle and the momentum transfer value q (scattering
vector condition) corresponds to the position of the first intensity minimum observed [1(g)]
(indicated by the black arrow of Fig. 4B). Such evaluation provides an average diameter of
10.0 £ 0.2 nm, corroborating the value obtained by DLS.

4.5. Radiochemical purity and stability

DTPA-MP was successfully labeled with 9MTc showing a radiochemical yield of 93.8
+2.1% (n = 5). Radiochemical impurities (**MTcO,~ and 9°™TcO,) were quantified as 1.5
+2.0% and 4.3 + 0.7%, respectively. However, the #9MTcO, was eliminated by the filtration
process, which makes use of a 0.22 um membrane. The radiolabeling exhibited a high in
vitro stability (Fig. 5) within 24 h of incubation (n = 4) in saline. However, in mouse plasma,
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a high stability was observed up to 8 h, but a slight reduction in the stability was verified 24
h post-incubation.

4.6. Blood clearance, biodistribution studies and scintigraphic images

The blood clearance profile of 2™Tc-DTPA-PM after intravenous administration in healthy
BALB/c female mice is shown in Fig. 6. *™Tc-DTPA-PM showed an area under curve
(AUC) of 3515.7% ID/g min~1. Blood levels declined in a biphasic manner with a a. half-life
of 65.5 min and a B half-life of 456.3 min.

Results of the biodistribution analysis conducted on healthy mice to estimate the location of
the radiolabeled polymeric micelles are shown in Table 1. Biodistribution studies and
scintigraphic images were also performed in 4T1 tumor-bearing mice (Figs. 7 and 8,
respectively). A significantly high uptake in kidney, liver and spleen, was detected in all time
frames evaluated, suggesting possible routes of elimination of the micelles. On the other
hand, no significant uptake in the stomach or thyroid was observed, showing the absence of
significant amounts of 99MTcO,~. For 4T1 tumor-bearing mice, tumor-to-muscle ratio from
biodistribution and scintigraphic images were calculated for all the evaluated times (Table
2). Note that, tumor uptake was consistently higher than muscle uptake (Fig. 7—inset),
indicating a preferential accumulation in tumor rather than in normal tissues. This can be
directly visualized by the scintigraphic images of tumor-bearing animals (Fig. 8).

5. Discussion

Nanoparticles, including PMs, are ideal platforms for tumor delivery due to their ability to
bypass biological limitations, thereby improving the targeting efficacy [26]. PMs might
exhibit high payloads of therapeutic and diagnostic agents. Additionally, their surface can be
functionalized with different varieties of ligands, such as chelating agents for 9°MTc¢ [27,28],
making possible the early diagnosis, evaluation of the tumor burden and monitoring
antitumor treatment progression [7,29]. Our group has previously described the use of DTPA
onto the surface of silica nanoparticles as a means to achieve high radiolabeling yields2. By
using this strategy, 99MTc is firmly attached to the nanoparticles, allowing the monitoring of
nanoparticle fate in vivo. Therefore, in the present study, the DSPE-PEGyqpp-DTPA complex
was synthesized to allow the radiolabeling the micelles.

After synthesis and purification, DSPE-PEGyggo-DTPA was characterized by UV, FTIR, and
MS. Carbonyl compounds have a m—m* transition at about 188 nm [30], consequently,
DTPA, DSPE-PEGyqqg, and DSPE-PEG3qgp-DTPA exhibit UV absorption at 190 nm. One
must mention that the high UV absorption for DSPE-PEGyggo-DTPA is likely attributed to
the presence of more carbonyl groups than due to the reactants. FTIR spectra for both lipids
(DSPE-PEG3ggp-DTPA and DSPE-PEGyqq0) were similar; however by analyzing the
carbony! band for both molecules a broader band at 1700 cm™1 is observed (Fig. 2A), which
might represent DTPA carboxylic acid groups along with carbony! lipid band [31]. In order
to validate the structural integrity, MS analysis was performed. As aforementioned,
polymers such as PEG might present varying degrees of ethyleneglycol. Therefore, several
peaks were found in the mass spectrum, Fig. 2B. For DSPE-PEGyggo-DTPA an average m/z
increase of 375 Da (DTPA — H,0) was clearly observed. This finding indicates that DSPE-
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PEGogpo-DTPA was successfully synthesized and can be used for further radiolabeling
studies.

PMs were properly obtained by solvent evaporation method using a mixture of DSPE-
PEG2000-DTPA and DSPE-PEG,qo. Micellar concentration was defined as 10 mmol L1,
based on the calculated CMC value (1.8 x 107> mol L™1). Previous studies reported CMC
values of approximately 1.5 x 107> mol L1 for DSPE-PEGqqq [32,39]. Determining CMC
values of self-assembled systems (i.e. micelles) is particularly important to evaluate their
potential for biological applications. A serious issue faced using this delivery platform is the
disruption after dilution in a larger volume, such as bloodstream dilution. Consequently,
copolymers with high CMC values might dissociate and release their content before
reaching the targeting tissue [33,34]. Therefore, CMC values found in this study suggest that
PM will remain stable even after diluting in a blood volume of a normal 70 kg-human
(approximately 5 L). By analyzing the zeta potential of PM we found that, although DSPE is
a negatively charged lipid, the presence of PEG promotes a fixed aqueous layer at the
surface of micelles that diminish the electrophoretic mobility, resulting in a neutral zeta
potential. Furthermore, the use of hydrophilic polymers, including PEG, contributes to the
stability of micelles preventing aggregation by the steric repulsion mechanism [35].

The PM were radiolabeled with 9™Tc through a standard and extensively employed
procedure for labeling DTPA, which involves the use of Na®®™TcO,~ in presence of SnCl,
as reducing agent [2,36]. The radiochemical yield of the 2°™Tc-DTPA-PM was determined
by quantifying 9°™TcO,~ and 9¥MTcO,. To determine the percentage of the 9MTcO,~, TLC
was used. 2°MTcO,~ migrates to the top of silica gel plaques, while the 9°MTc-DTPA-PM
remains at the bottom. 9¥MTcO, was quantified and eliminated from the %°MTc-DTPA-PM
dispersion by filtration through a 0.22 pm membrane. Radiochemical purity higher than 90%
was achieved. This is essential for in vivo studies, such as biodistribution and scintigraphic
Images [37]. 2°™Tc-DTPA-PM showed high stability in the presence of saline or plasma for
upwards of 8 h. However, at 24 h post-incubation a decrease of approximately 20% of
radiolabeling stability was observed. This is a critical aspect of radiolabeled nanoparticles,
since a low stability results in isotope detachment from micelles and the biodistribution will
no longer reflect the nanoparticle fate [21,37]. It is important to underscore that the
scintigraphic images did not show thyroid or stomach uptake even at 24 h post-injection.
This finding indicates that the slight reduction in stability does not compromise in vivo
studies.

Blood clearance of °™Tc-DTPA-PM showed biphasic decay, where initially a fraction of
micelles shrink due to osmatic forces and may undergo an initial burst-release effect upon
entering the blood. Subsequently, the majority of micelles remain in the bloodstream, which
is consistent with the longer B half-life [38,39]. B half-life of *™Tc-DTPA-PM is close to
optimal half-life (2—6 h) for imaging probes, allowing accumulation at the targeted site,
clearance from non-targeted areas and data collection [40].

As expected, biodistribution and imaging studies on healthy and tumor-bearing 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
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[14,41]. In addition, we observed a moderate uptake in kidneys suggesting that renal
clearance partially contributes to the elimination of micelles and corroborates the biphasic
decay pattern. These data are consistent with elimination of particles smaller than 5 nm and
monomers after micelles disruption [38].

Tumor-to-muscle ratios increased over time, suggesting that accumulation is time-
dependent. This is consistent with an increased blood-circulation time that can lead to a
higher tumor accumulation due to large amount of passages through the tumor region
[13,40,42]. Importantly, ratios (biodistribution and imaging) were higher than 2.0 for all
evaluated timeframes. It has been established that radiotracers showing tumor-to-muscle
ratio higher than 1.5 (50% more uptake in the targeting tissue) can be considered as
promising imaging probes for tumor identification [43,44].

Herein we proposed a new strategy for radiolabeling micelles in a straightforward method.
Other methodologies reported in the literature [45,46], for Indium-111 complexation, show
some disadvantages such as lengthy and laborious of labeling procedure and higher radiation
exposure. Our 9MTc labeling protocol enables an easy, fast and reliable alternative to
prepare radiolabeled micelles for imaging proposes. Furthermore, the described system may
also represent a promising platform in cancer therapy, since it presents a great potential for
carrying and delivering hydrophobic drugs, in special for fenestrated tissues, such as solid
tumors. Moreover, other contrast agents, such as Gadolinium (for magnetic resonance
imaging [47]) can be easily associated in the DTPA portion of the PM developed. Another
possibility for the proposed system is its functionalization for active targeting purposes for
specific tumors [48]. In this way, our platform enables multifunctional micelles associating
diagnostic and therapeutic capabilities for both target-specific diagnosis and treatment of
cancer.

6. Conclusion

DSPE-PEGqgo-DTPA was successfully synthesized, and allowed the development

of 99MTc-DTPA-PM with high radiolabeling yields and high stability. In vivo studies showed
a long circulation time and preferential tumor targeting, indicating that this system might be
a promising platform for simultaneous delivery of therapeutic agents and diagnostic probes
allowing for treating and monitoring the stage of the disease using a single formulation.
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Fig. 1.
Representative scheme of the synthesis of DSPE-PEGygpo-DTPA.
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Fig. 2.
(A) FTIR spectra of DTPA (blue), DSPE —PEGqp0-NH> (black), and DSPE-PEGpo-DTPA
(red). (B) Mass spectrum of DSPE —PEG,,,-NH (black), and DSPE-PEGypqo-DTPA (red).
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Fig. 3.
Pyrene fluorescence intensity versus DSPE-PEGyqqg concentration for determination of

CMC. The data expressed as mean * standard deviation of the mean (n = 3).
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Fig. 4.

(A) Size distribution of PM according DLS technique; (B) SAXS pattern of PM.
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Fig. 5.

In vitro stability of radiolabeling of DTPA-PM determined in saline 0.9% (circles) at room
temperature (25 °C) and in presence of mice plasma (triangles) at 37 °C. Data expressed as
mean + standard deviation of the mean (n = 4).
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Blood clearance profile of ¥MTc-DTPA-PM after intravenous administration in healthy

mice. The data are expressed as mean percentage of the injected dose + the standard
deviation of the mean (n = 6).
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Fig. 7.
Biodistribution profile at 1, 4, 8, and 24 h after 9MTc-DTPA-PM administration in 4T1

tumor-bearing mice (n = 5). Inset: tumor and muscle uptake at 1, 4, 8 and 24 h after
injection. All data are expressed as the mean percentage of the injected dose of %MTc-
DTPA-PM per gram of tissue + the standard deviation of the mean (n = 5).

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Odacet al. Page 21

Fig. 8.
Scintigraphic images at 1 (A), 4 (B), 8 (C), and 24 h (D) after *™T¢c-DTPA-PM

administration in 4T1 tumor-bearing mice (n = 5). Arrows indicate tumor area.

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



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Oda et al.

Biodistribution of °™Tc-DTPA-PM in healthy mice (% 1D/g).

Table 1

Group

Tissue 1h 4h 8h 24h
Heart 24+03 11+01 05+0.1 0.3+0.1
Kidneys 9.8+1.2 81+12 76+16 94+14
Stomach 3414 0701 05+0.2 03+0.2
Spleen 109+21 6.7+12 6.7x14 109+29
Liver 339+29 218+50 31.1+30 342+6.6
Thyroid 2.2+0.3 1.1+0.2 0.6+0.2 0.7+£0.3
Lung 3.7+x05 1.8+0.2 1.1+01 06+0.1
Muscle 1.2+05 04+0.1 04+0.2 0.2 +0.03

Page 22

All data are expressed as the mean percentage of the injected dose of 99M e DTPA-PM per gram of tissue + the standard deviation of the mean (n

=5).
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Table 2

Tumor-to-muscle ratios, from biodistribution and scintigraphic images, achieved after intravenous injection
of 99MTc-DTPA-PM in 4T1 tumor-bearing mice.

Time (h)

1 4 8 24

Scintigraphic images  24+0.2 28+03 334044 28%*03

Biodistribution 19+ O.2b 27+ 0.4/7 25+ O.Sb 50+£13

Data are expressed as the mean =+ the standard deviation of the mean (n = 6).
a A . . . R
Represents significant difference when compared with tumor-to-muscle ratio at 1 h post-injection.

Represents significant difference when compared with tumor-to-muscle ratio at 24 h post-injection.
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