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ABSTRACT

Optimal biodistribution and prolonged circulation of nanocarriers improves diagnostic and
therapeutic effects of EPR-based nanomedicines. Despite extensive use of Pluronics in
polymer-based pharmaceuticals, the influence of different PEO block length and aggregation
state on the biodistribution of the carriers is rather unexplored. In this work, we studied these
effects by evaluating the biodistribution of Pluronic unimers and cross-linked micelles with
different PEO block size. In vivo biodistribution of '''In-radiolabeled Pluronic nanocarriers

was performed in healthy mice using SPECT/CT.

All carriers show fast uptake in the organs from the reticuloendothelial system followed by a
steady elimination through the hepatobiliary tract and renal filtration. The PEO block length
affects the initial renal clearance of the compounds and the overall liver uptake. The

aggregation state influences the long-term accumulation of the nanocarriers in the liver.

We showed that the circulation time and elimination pathways can be tuned by varying the
physicochemical properties of Pluronic copolymers. Our results can be beneficial for the

design of future Pluronic-based nanomedicines.

Keywords: Pluronic, unimers, micelles, SPECT
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INTRODUCTION

Nanocarriers including polymers, micelles and nanoparticles, have a number of advantages
over low molecular weight agents.l Application of these carriers is particularly interesting in
oncology, where the leaky vasculature of tumors and the impaired lymphatic drainage allows
to reach high drug accumulation and retention via the well-known Enhanced Permeability and
Retention (EPR) effect.” This effect strongly depends on the blood circulation time and
biodistribution of the nanocarriers, parameters that are mostly determined by their

physicochemical properties such as size, shape and surface charge.3

The development of polymer-based nanocarriers is particularly powerful since they can be
easily tailored with appropriate functionalization and/or size to meet the set requirements and
more efficiently deliver their cargo to diseased sites. The polymer selection criteria for
clinical applications includes controlled stability, biocompatibility, aqueous solubility and
availability to attach chemical groups that can be used for targeting, imaging or therapy.4
Among the several polymers used for the development of polymer-based nanocarriers,
Pluronics are probably the most broadly investigated. Pluronics are amphiphilic triblock
copolymers composed of PEO-PPO-PEO, where PEO stands for poly(ethylene oxide) and
PPO denotes poly(propylene oxide). Due to their amphiphilic properties, Pluronic unimers
can aggregate and self-assemble into micelles composed by a hydrophilic hydrated PEO
corona and hydrophobic PPO core, which can be used to incorporate hydrophobic drugs. This
self-assembling mechanism depends mainly on the solution temperature and composition (e.g.
salts and proteins) as well as on the polymer concentration, resulting in micelle formation
above a critical micelle temperature (cmT) and/or polymer concentration (cmc). Therefore,
Pluronic micelles have a dynamic nature which may result in their rapid disintegration upon

dilution in the bloodstream,” ® ultimately affecting their biodistribution.
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Despite the broad use of Pluronics in pharmaceutical formulations, very few groups studied
the effects influencing the in vivo biodistribution of Pluronic copolymers.”" Only one studied
the effect of the aggregation state using different polymer doses,” whereas the effect of the
PEO block length and aggregation state using similar concentrations has not yet been

reported.

In this work, we developed a new strategy to compare the biodistribution of molecular and
core-stabilized supramolecular nanocarriers based on Pluronic copolymers. This approach
eliminates the limitation associated with the dynamic nature of copolymer micelles and allows
using similar concentrations of both nanocarriers, resulting in more meaningful comparison of
their biodistribution. We used Single Photon Emission Computed Tomography (SPECT) and
performed longitudinal biodistribution studies of '''In-labeled Pluronic nanocarriers (unimers
and stabilized micelles). Two Pluronics (P94 and F127) with similar PPO block lengths and
different PEO block masses (<1100 and 4250 g/mol) were used. In addition, the early

biokinetics of the most frequently applied Pluronic (F127) was investigated.

EXPERIMENTAL SECTION

Functionalization of Pluronic copolymers with DTPA

Pluronic block copolymers (P94 and F127, BASF) were purified from low molecular weight
contaminants. They were modified with 1,1-carbodiimidazole (CDI-Pluronic) followed by
primary amines (Pluronic-NH,) using a procedure similar to the one in Lu ef al. for Pluronic
F68."" The modified chelator p-SCN-Bn-DTPA was conjugated to the amine terminated
copolymers using a procedure previously reported for the diblock PEG-PCL." Briefly, p-
SCN-Bn-DTPA dissolved in DMSO (50 mg/ml) was added in a 1:1 molar ratio of reacting

groups to a 25 mg/ml solution of the copolymers F127-NH, or P94-NH, in sodium
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bicarbonate buffer (0.1 M, pH 8.5). The solutions were stirred at room temperature for at least
4 h. Characterization of the raw, CDI-activated and amine modified copolymers was
performed by 'H-NMR (Bruker WH 300 MHz instrument) after reaction with trichloroacetyl
isocyanate at room temperature in deuterated chloroform, and analyzed in their powder form
by FT-IR in a PerkinElmer Frontier FT-IR (midIR) combined with a MKII Golden Gate set-

up equipped with a diamond crystal from Specac.

Polymers conjugation efficiency

The conjugation efficiency of p-SCN-Bn-DTPA was determined by thin layer
chromatography (TLC) of radiolabeled copolymers. The nanocarriers F127-DTPA and P94-
DTPA diluted in PBS were labelled with 1 MBq of 111InC13 and incubated for 30 min at room
temperature. The TLC was performed in Aluminum sheets of silica gel 60 using a sodium
acetate buffer (0.1 M, pH 5.8) as the cluent. Purification from unreacted p-SCN-Bn-DTPA
was performed by size exclusion chromatography (SEC) using prepacked Sephadex G25

columns and MilliQ water as the eluent.

Preparation of stabilized Pluronic F127 and P94 micelles with DTPA

Stabilized polymeric micelles (SPM) were prepared from a mixture of 10% F127-DTPA or
3.65% P94-DTPA functionalized copolymers with regular copolymers in aqueous solution at
a total copolymer concentration of 2.5% w/w. The self-assembled Pluronic micelles were then
cross-linked as previously described’ to obtain stabilized micelles with the chelator DTPA in
their corona (SPM-F127-DTPA and SPM-P94-DTPA). Free remaining unimers and free p-
SCN-Bn-DTPA were removed, respectively, by diafiltration at 5°C (Amicon Ultra-4 30K)

and by SEC (Sephadex G25 columns).
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Physicochemical characterization

The average size of Pluronic unimers and cross-linked micelles was determined by dynamic
light scattering (DLS). The hydrodynamic diameters (Dy) were calculated from the decay
times using the Stokes-Einstein equation. The superficial charge of the stabilized micelles was
measured through zeta potential (mV) determination (Zetasizer Nano ZS, Malvern

Instruments, UK).

Radiolabeling of Pluronic nanocarriers with "' In and purification

F127-DTPA, SPM-F127-DTPA, P94-DTPA and SPM-P94-DTPA were prepared in 1X PBS
buffer and 75 MBq of '''InCl; were added to each sample at room temperature and incubated
for 30 minutes. Radiochemical purity was evaluated by TLC using EDTA:NH4Ac (1:1) (v:v)
(0.1 M, pH 5.5).

Samples with labelling efficiency higher than 95% were used without further purification.
Samples with a lower coupling efficiency were further purified by addition of free DTPA to
the labelling mixtures and by subsequent elution through a prepacked Sephadex G25 column
using 1X PBS as the eluent. The purification efficiency for the eluted fractions was then

evaluated by TLC.

In vitro radiostability in mouse serum and PBS

Radiostability of F127-DTPA-'""In, P94-DTPA-"""In, SPM-F127-DTPA-"""In and SPM-P94-
DTPA-'""In was measured in vitro by incubation of 50pL of radiolabeled samples with 350pL
of PBS or mouse serum at 37°C for 72 h. At various time points, 5 uL aliquots of the solutions
were spotted in the bottom of TLC strips and developed in the EDTA:NH4Ac (1:1) (v:v) (0.1
M, pH 5.5) eluent to evaluate the dissociation of '''In from the samples. In this system, it is

possible to assess transchelation to serum proteins as Ry Pluronic-DTPA-""Tn=0.0, R;

6
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Proteins-!"'In=0.5 and Ry free "M1n=1.0. Free "''In and p-SCN-Bn-DTPA-mIn were used as

controls.

Animal handling

Animal experiments were performed with A/J mice according to protocols approved by the
Animal Ethical Committee of the UMC Utrecht and in accordance with Dutch Law on
Animal experimentation.

Eight mice were divided into four study groups and assigned for imaging with F127-DTPA-
""In, SPM-F127-DTPA-"""In, P94-DTPA-'""In and SPM-P94-DTPA-'""In. All animals were
anesthetized with isoflurane and injected with the radioactive compounds in the tail vein.
Average injected activities were 3.6 MBq and 0.014 g/kg of compound.

Total body SPECT/CT scans of 30 minutes were acquired at 0 (immediately after injection),
24 and 48 hours post-injection (p.i.). After the end of the 48 hours p.i. total body scans, an
additional 30 min scan was performed focusing on the abdominal area to acquire information
on late-stage biodistribution in the spleen and liver.

To evaluate early stage dynamics of F127-DTPA-'"1In, one mouse from the F127-DTPA-'""In
study group was anesthetized and a tail vein catheter was applied. The animal was injected
with the compound just after the start of the dynamic total body SPECT acquisition with 15-

second frames.

SPECT/CT imaging and data analyzing
Animals were imaged in U-SPECT'/CT scanner (MILabs, the Netherlands). This system is
equipped with a three stationary scintillator detectors that are arranged in triangular setup and

an integrated X-ray micro-CT scanner.
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The SPECT scans were acquired in list-mode data format with use of 2.0 mm mouse pinhole
collimator.”® After this, SPECT image reconstructions were carried out with a pixel-based
order-subset expectation maximization (POSEM)'* algorithm that included resolution
recovery and compensation for distance-dependent pinhole sensitivity.15 All reconstructions
were performed with use of 4 subsets, 12 iterations and an isotropic 0.4-mm-voxel grid.
Triple-energy-window based Compton scatter correction according to King et al.'® with 4%
background windows and a 20% photo-peak energy window centered at 171 keV was
performed. Effects of gamma-attenuation in the animal and bed were corrected for using CT
data, after which absolute quantification of SPECT images was enabled using a scaling factor
obtained from scanning a small '''In source with known activity."’

For visual representation in the manuscript, reconstructed volumes were filtered with 1.2 mm
full width at half maximum (FWHM) 3D Gaussian filter. Time-activity curves (TACs)
derived from dynamic SPECT scan were generated from manually drawn region-of-interests
(ROI), using decay-corrected but otherwise unprocessed images, reconstructed as a dynamic
frame sequence.

To calculate the uptake of radiolabeled compound in the organs of interest, the registered to
CT and quantitative 3D SPECT images were analyzed using PMOD 3.6 biomedical image
analyzing software (PMOD, Zurich, Switzerland). A 3D region-of-interest (ROI) was
manually drawn to encompass the radioactivity uptake in the organ. Separate ROI’s were
drawn for the radioactivity uptakes in the heart, liver, spleen, kidneys, brain and lungs. The
uptake was expressed as % injected dose (%ID) per mL of tissue volume (%ID/mL).

All quantification data was reported as mean + standard deviation within one study group.
Correlations between the biodistribution of nanocarriers with different PEO block length and

aggregation state were calculated using Pearson’s correlation coefficient. All other statistic

ACS Paragon Plus Environment

Page 8 of 29



Page 9 of 29

©CoO~NOUTA,WNPE

Molecular Pharmaceutics

comparisons were made using the Student’s ¢ test. MATLAB R2013b software was used for

all statistic evaluations.

RESULTS

Synthesis of DTPA-functionalized Pluronic nanocarriers

Table 1 summarizes the characteristics of the employed Pluronics as determined by "H-NMR
and TLC. While the PPO block has practically the same length in both copolymers, the PEO
length is four times larger for the Pluronic F127. Pluronic unimers were first end-
functionalized with the hydrophilic chelator DTPA according to the scheme available in the
supplementary information (Scheme S1). In the "H-NMR spectrum of Pluronic-CDI (Figure
1), peaks from the imidazole moiety protons (6=8.15 ppm, 6=7.44 ppm and 6=7.06 ppm) and
from the ethylene oxide group adjacent to the imidazole carbonate group (6=4.55 ppm) can be
visualized. The protons of the -CH,NH, methylene groups of the amine modified Pluronics
were detected by the appearance of a triplet at =2.82 ppm. FT-IR analysis the copolymers
and of the intermediate CDI-activated or amine-modified Pluronics are available in the
supplementary information (Figure S1).

The modified chelator p-SCN-Bn-DTPA was conjugated to the amine terminated block
copolymers (P94-NH, and F127-NH;) by reaction of the primary amine with the reactive
chelator isothiocyanate group to form a stable thiourea bond according to Figure S1. The

corresponding functionalization degrees are presented in Table 1.
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Table 1. Characteristics of the selected PEO-PPO-PEO copolymers and functionalization

degrees of modified copolymers.

Pluronic F127 Pluronic P94
Chemical Formula “
PEOgsPPOssPEQgs | PEO,sPPO4PEO,
M, (Da)“ 11700 5000
M, PEO blocks (Da) “ 8500 2200
M, PPO block (Da) “ 3200 2800
CDI activation efficiency “ 86% 67%
NH; modification efficiency 91% 82%
p—SQN-Bn;DTPA conjugation 2% R1%
efficiency
“Determined by 'H-NMR
’ Determined by TLC and gamma-counter
0.015;
é 0.010- A
F
% 0.0051 F127-NH, W L_‘,____,.w |
é 0_ ||| F127-CDI L.J/ Ll
F127-OH I “
"8 7 6 5 4 3 2 1 o0
Chemical Shift (ppm)
0.07
z 008
@ 005
£ 004
§ 003
g 002 P94-NH, VDA
S 0.01 - -
< ol qfyPescor i
0.01 P94-OH K‘ |
8 7 6 5 4 3 2 1 0

Figure 1. "H-NMR spectrums of Pluronic copolymers and intermediate synthesis products.

Chemical Shift (ppm)
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Physicochemical characterization of Pluronic nanocarriers

Pluronic triblock copolymers in their molecular form (unimers) and supramolecular
assemblies (cross-linked micelles) with different PEO block length were used (Figure 2). The
hydrodynamic size of the nanocarriers was determined below their cmT (15°C) (Table 2). The
unimers are expected to be highly compact possibly with the PEO blocks forming a tight shell
around the non-hydrated PPO block.'® Due to the larger length of the PEO block, Pluronic
F127 unimers exhibits a slightly larger hydrodynamic diameter than Pluronic P94 unimers.

To avoid the disassembly of Pluronic micelles in vivo,° their spherical structure was stabilized
by UV-polymerization of pentaerythrol tetraacrylate (PETA) in the micellar core at 60°C.’
Stabilized Polymeric Micelles (SPM) of Pluronic P94 and F127 (SPM-P94 and SPM-F127
respectively) were then obtained. Light scattering characterization confirmed they were
monodisperse systems that do not disassemble below the cmT (15°C), and present an average
hydrodynamic diameter of 30-35 nm and a slightly negative zeta potential (Table 2).
Moreover, the size of the cross-linked carriers did not vary significantly at higher

temperatures (Table S1).

F127-DTPA-"""In P94-DTPA-""In

B a0t @ G ovcsnne, B

SPM-F127-DTPA-""'In  SPM-P94-DTPA-'""In

Figure 2. Molecular (F127-DTPA-"""In and P94-DTPA-'""In) and supramolecular (SPM-
F127-DTPA-"""In and SPM-P94-DTPA-'""In) Pluronic nanocarriers investigated in vivo.

11
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P94) and Stabilized Polymeric Micelles (SPM-F127 and SPM-P94).

Compound | Dy, 15°c (nm) {(mYV)
F127 58+04 Neutral”
SPM-F127 324+24 -13.3+1.3
P94 42+04 Neutral”
SPM-P94 29.2+1.0 -99+03

“Not measurable by equipment

Radiolabeling efficiency and purity

Radiolabeling of nanocarriers was performed under standard labelling conditions for DTPA

and '"'In (PBS and room temperature). The radiolabeling efficiencies were determined by

TLC coupled to gamma-scintillation and are presented in Table 3. The DTPA modified

copolymers (P94-DTPA and F127-DTPA) presented high labelling efficiencies (>95%), while

radiolabeling of the stabilized micelles (SPM-F127-DTPA and SPM-P94-DTPA) was less

efficient (~50%). Purification by size exclusion chromatography of the supramolecular

carriers allowed us to obtain efficiencies of nearly 100%, which was suitable to perform in

vivo SPECT studies.
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Table 3. Radiolabeling efficiencies of DTPA-modified Pluronic nanocarriers.

Compound B I labelling efficiency” 1UII;;:LI:'eIl)llill;igﬁecf;it;i)enncy“
F127-DTPA-'""In 95% b
SPM-F127-DTPA-""In 45% 99%°
P94-DTPA-'"In 99% b
SPM-P94-DTPA-'""In 53% 97%°

“ Determined by TLC and gamma-counter
»No purification needed

“ Purification with Sephadex G25 column

Radiolabeling stability ofmln in mouse serum and PBS

The stability of the DTPA-'""In complex in all the nanocarriers was evaluated at 37°C in both
mouse serum (Figure 3A) and PBS (Figure 3B). The comparison between the two solvents
allowed to assess the role of chelating proteins present in the serum (e.g. transferrin) on the
stability of the DTPA-'""In complexes. The stability was quantified by TLC and gamma-
scintillation.

After 72h, the loss of '"'In remained low: about 5-7% for F127-DTPA-'""In, SPM-F127-
DTPA-"""In and P94-DTPA-'""In. However, the cross-linked micelles with the shorter PEO
corona (SPM-P94-DTPA) were less stable revealing a 24% '''In loss after 2h in the presence
of mouse serum. Complex instability was also observed in PBS but at a slower rate.

It is known that complexes of DTPA-""In present some in vivo instability and can dissociate

at a rate of 5-9% loss per day for low molecular weight compounds,lg'21

and up to 20% loss in
24h for e.g. polymersomes with the DTPA-'""In complexes on their surface.” In comparison,
the present nanocarriers displayed a better overall labelling stability, without significant '''In
loss in the presence. Only SPM-P94-DTPA-'""In showed both higher '''In loss and sensitivity
to the medium. The fact that the loss of '''In with SPM-P94-DTPA seemed to stabilize after a

few hours in the serum suggests that only a finite fraction of the complexes formed at the

13
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surface are weakly bound. In the case of PBS medium, there is no competition with proteins
and the dissociation kinetics are much slower, i.e. the 25% of '''In loss observed for SPM-

P94-DTPA-'"""In in the serum is not reached after 3 days in PBS buffer.

65

% of chelated ""'In in mouse serum

% of chelated ""'In in PBS

65

Figure 3. In vitro stability of "1 radiolabeled Pluronic nanocarriers at 37°C after dilution in

954 ¢

85 1

754

957

851
| —e~F127-DTPA-"""In
757
1- = SPM-P94-DTPA-"""In

0 20 40 = 60
Time (hours)

o~ SPM-F127-DTPA-"In
—=—P94-DTPA-"""In

80

0 20 40 60
Time (hours)

(A) mouse serum and in (B) PBS for 72h.

SPECT imaging of Pluronic nanocarriers

Figures 4 shows top view maximum intensity projections (MIPs) on total body SPECT/CT
scans at various time points after administration of "n-labeled Pluronic nanocarriers,
illustrating dynamic changes in compounds’ distribution over imaging days. For better
visualization, the activity in the bladder in Oh p.i. scans was manually cropped from the
SPECT images. Animated images of rotating MIPs can be visualized in the supplementary

information (Videos S1-S4). The total activity remaining in the animal body (%ID) and the

80
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1
2
3 specific uptake in the main organs (liver, spleen, heart, kidney, lungs and brain) (%ID/mL) for
4
5 all imaging time-points are summarized in Figure 4, Table 4 and Table S2.
6
7
8
9
10 A 55 F127-DTPA-'"'In
== Oh p.i.
11 c 24 mmm - 240 pui.
12 = - 48h p.i.
13 § 8 :
14 ? 2
15 :
16 I] I: -+ W
17 Q@ liver spleen heart kidney lungs brain
18 c 30 SPM-F127-DTPA-"""In
19 = = Oh p.i.
20 & 24 o= 48n pi
21 Q 8
~
22 S 2
23 s
24 & °
gg g liver spleen heart kidney lungs blr;;w
P94-DTPA-'""|
27 = =0 - ’ mmm- Oh p.i.
§§ 3 24 =745
a 8
30 '5
31 3 2
32 * 6 &
33 0 ': [ B Ia IH L .
34 liver spleen heart kidney lungs brain
35 55 SPM-P94-DTPA-"""In
36 £ A
37 & 24 =R}
38 5 8
39 g 2
40 =
6
a1 ’ AN
42 0 liver spleen heart kidney lungs ;r;i‘n
43
44 Figure 4. (A) Maximum intensity projections of total body SPECT/CT scans, acquired at 0,
45
46 24 and 48 hours post injection of '''In-radiolabeled nanocarriers. (B) Quantified uptake of the
j; carriers in selected organs of interest.
49
50
51
52
53
54
55
56
57
58
59
60 15
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Table 4. Total body activity retention of Pluronic nanocarriers in the body of the animal 0, 24
and 48h post-injection (p.i.) time points, measured from the total body SPECT scans and
expressed as % of the initially injected dose (ID).

Total body retention in % ID
Compound Oh 24 h 48 h
p.i/SPECT | p.i/SPECT | p.i./SPECT
F127-DTPA-"""In 81.243.6" 69.3+3.5 63.8+3.0
SPM-F127-DTPA-'""In 80.7+0.4 70.4+1.9 61.4+1.2
P94-DTPA-"""In 67.5£3.21 44.9+1.3 40.2+0.6
SPM-P94-DTPA-'"In 61.943.3 31.6+3.1 31.143.0

“ Value does not include '''In activity in the bladder of the animal

»Standard deviation within one study group of the animals

Our results show that all compounds have an initial renal clearance, which is higher for the
P94-based carriers (~35% for P94 and ~19% for F127 compounds) (Table 4). At the same
time, none of the carriers was accumulated in the skeleton (Figure 4A), what indicates
minimal dissociation of '''In in its ionic form the carriers after i.v. administration.”**

Analyses of the late stage biodistribution (24 and 48h p.i.) indicate that clearance of the
nanocarriers occurs mainly through the liver. High uptake in this organ was associated with a
higher PEO block length (F127-DTPA-'""In and SPM-F127-DTPA-'""In) (Figure 4, Table
S2). Statistical analysis of the organs uptake showed that only the uptake in the liver and
spleen was influenced by the PEO block length and aggregation state of the carriers. Tissue
accumulation in the liver strongly correlated between unimers P94 and F127 (R>0.98) and
remained independent for other compounds. The retention in the liver at 48h was also
influenced by the aggregation state of the copolymers. In particular, SPM-P94-DTPA-'""In
were more retained (10.5+3.5 %ID/mL) than the respective P94 unimers (6.2+1.9 %ID/mL),

while SPM-F127-DTPA-'"""In were more efficiently excreted (12.2+3.6 %ID/mL) than the

corresponding F127 unimers (18.8+0.4 %ID/mL) (Figure 4, Table S2).
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In the case of spleen uptake, statistical analysis revealed that only the stabilized micelles of
the different Pluronics had uncorrelated tissue decomposition of '''In-labeled compound.

Aspects of liver and hepatobiliary uptake of the compounds were further investigated through
the abdominal area of the animals (Figure 5 and Supplementary Figures S2-S5). Images show
remaining spleen and intestinal uptake and generally high uniform liver uptake for all
compounds. In the case of P94 unimers, the liver distribution is less uniform and we observed

spreading of the radioactivity into the surrounding intestinal tissues (Figure 5).

F127-DTPA-""In SPM-F127-DTPA-"""In P94-DTPA-"In SPM-P94-DTPA-""In

Figure 5. Abdominal area slices from the 48 hours post-injection total body SPECT/CT scans
of mice injected with Pluronic nanocarriers. Images illustrate uptake in the spleen (1-3,5) and
the intestines (6-9) for all compounds tested. At the same time, only P94-DTPA-"""In showed

minor trapping of the compound in the renal cortex of the animal (4).

Although Pluronic F127 is approved by the FDA for iv. use in humans, its initial
biodistribution has never been evaluated in vivo. To get insight on the early stage uptake
dynamics, we performed a dynamic scan with F127-DTPA-""In. The video of the dynamic

SPECT scan is available in the Supplementary Video 5, and the corresponding TACs are
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presented in Figure 6. The uptake in main organs (heart, kidneys, liver, lungs and spleen) was
almost immediate and distribution is achieved about 1 min after injection. The renal clearance
started 1 min p.i., after which activity in the bladder gradually increased during the scan. The
circulation of the compound in the systemic circulation was also clear throughout the scan due
to high activity in the heart and arteries (see Video S5). Particularly in the lungs, the %ID/mL
decreased from 25% to 11.5% in 30 min (Figure 6, Table S2). This high activity observed
immediately after injection is associated with the high perfusion of this organ (8 mL/min)
over the lower blood flow in other organs such as liver (1.8 mL/min), spleen (0.09 mL/min)

and kidneys (1.3 mL/min).”

Time-activity curves of F127-DTPA-"""In uptake

30 '— heart |
— Kidney |

liver
20 lungs " |
spleen’|

%ID/mL tissue volume
)

% 100 200 300 400 500 600 700 Time,s

Figure 6. Time-activity curves of F127-DTPA-'""In shows %ID/mL uptake values for

selected organs of interest in the mouse during first 15 min after the activity injection.

DISCUSSION

After functionalization of the nanocarriers with the chelator DTPA and evaluation of the
radiolabeling efficiency and stability, we studied their biodistribution as a function of PEO
block length and aggregation state (unimers versus stabilized micelles). Samples were
administered below the cmc, i.e. the final concentration in the blood pool was <0.025% to
assure comparison of molecular and supramolecular nanocarriers.

For the nanocarriers investigated in this work, a fraction of the radiolabeled compounds was
rapidly excreted into the bladder after i.v. administration (Table 4). It is known that polymeric

micelles and small nanoparticles with DTPA-'""In chelators can follow rapid loss of '''In
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and/or DTPA-'""In complexes after i.v. administration.'*** In the first case, '''In in the form

23, 24

of free ions will rapidly bind to blood protein transferrin which will result in rapid

accumulation and long retention of indium in the bone marrow and the liver,”® *’
accompanied by relatively low clearance via renal filtration. Therefore, the observed initial
renal clearance in our work is not related to dissociation of '''In ions from the carriers. In the
second case, the dissociation of DTPA-"""In complexes will result in rapid excretion of the
activity into the urine (biological half-life ~ 1 hour, 95% ID excretion within 48h).** %
Relatively high and prolonged activity retention in the body of the animals (Table 4) indicates
that dissociation of '''In-DTPA complexes from the carries should play only a minor role in
the initial renal clearance of carriers studied in this work.

Although both Pluronic unimers are below the renal clearance threshold (30 kDa for linear
PEG),” their renal filtration rates indicate molecular weight dependency, with nearly 20%ID
of Pluronic F127 (12 kDa) and 30%ID of Pluronic P94 (5 kDa) eliminated 30 min p.i.. The
stabilized micelles (SPM-F127-DTPA-"""In and SPM-P94-DTPA-'""In) also presented initial
renal clearance, which was faster for the SPM-P94-DTPA-'""In. Considering the low bone
uptake for all compounds studied, the fast clearance of SPM-P94-DTPA-'""In (Table 4)
should be predominantly attributed to the lower stability of the DTPA-'""In complexes in the
presence of serum proteins (Figure 3A).

Overall, the organ with the highest uptake of the radioactive compounds was the liver (Figure
4, Table S2). This accumulation mainly occurs through internalization by the hepatocytes and
the Kupffer cells.”” The passage of the nanocarriers through the liver endothelial fenestrations
leads to their metabolisation by the hepatocytes and elimination into the bile and intestinal
tract. We have observed at late time points (24 and 48h) activity in the intestines for all

compounds (Figure 5), showing that the nanocarriers were excreted via the hepatobiliary

system. Late time-points SPECT of P94 unimers showed spreading of the compound into the
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surrounding tissues of the gastrointestinal tract (Figure 5), which can be explained by their
small size (Table 2) and diffusion through endothelial junctions. The uptake by Kupffer cells
occurs as a result from opsonization by serum proteins in the systemic circulation. To avoid
opsonization, the surface of the nanomaterials can be modulated using PEO, which also
depends on the chain length and PEO surface density.31. Corona chains in Pluronic micelles
have a “mushroom” conformation®* associated with a lower density of PEO chains and larger
fluctuations of the local PEO concentration, which can facilitate the adsorption of plasma
proteins onto the hydrophobic core. Pluronic micelles can then be recognized by the Kupffer
cells. The two-fold increase in the liver uptake at 24h for the F127, SPM-F127 and SPM-P9%4
(Table S2) shows that clearance by the liver was delayed. In the case of P94 unimers, the
uptake in the liver did not increase significantly during the 48 hours suggesting that the
elimination of P94 unimers occurs mainly through renal filtration. In fact, the accumulation of
P94-DTPA-'""In in the kidney was consistently higher (Figure 4, Table S2). In conclusion, we
observed that the PEO block length affects the renal clearance and initial liver uptake of the
compounds, whereas the aggregation state influences the retention in the liver at late-stages
(48h).

The spleen uptake of all nanocarriers studied was low and decreased overtime indicating
circulation without retention in the spleen sinusoidal sieve (Figure 4, Table S2). Nanocarriers
with high rigidity, elongated or irregular shapes and/or large size (>70-90 nm) present
generally high retention in the spleen.”>* The ability of our nanocarriers to surpass the spleen
clearance mechanisms suggests that they should achieve good biocompatibility and should
not trigger immunogenic reactions.

None of the carriers studied were retained in the lungs (Table S2) due to their small size and
flexibility.”> Since Pluronics are not biodegradable,’ the observed elimination pathways (renal

and hepatic clearance) contribute to the biocompatibility of these systems.
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CONCLUSIONS

We developed a new strategy to compare the biodistribution of Pluronic-based nanocarriers
with different PEO block length and aggregation state. This approach eliminates the recurrent
limitation associated with the dynamic nature of copolymer micelles and allows us to use

similar concentrations of both types of nanocarriers.

Our results show that varying the PEO block length and aggregation state of the copolymers
(unimers versus micelles), different renal and liver clearances are obtained. Outcomes of this
work can be beneficial for a more rational development of Pluronic-based nanocarriers and

for the future of EPR-based cancer therapies.
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Figure 1. 'H-NMR spectrums of Pluronic copolymers and intermediate synthesis products.
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31 Figure 2. Molecular (F127-DTPA-'''In and P94-DTPA-'!'In) and supramolecular (SPM-F127-DTPA-''!In and
32 SPM-P94-DTPA-!In) Pluronic nanocarriers investigated in vivo.
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Figure 3. In vitro stability of **'In radiolabeled Pluronic nanocarriers at 37°C after dilution in (A) mouse

serum and in (B) PBS for 72h.
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47 Figure 4. (A) Maximum intensity projections of total body SPECT/CT scans, acquired at 0, 24 and 48 hours
post injection of *!In-radiolabeled nanocarriers. (B) Quantified uptake of the carriers in selected organs of
interest.
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Figure 6. Time-activity curves of F127-DTPA-'*In shows %ID/mL uptake values for selected organs of
interest in the mouse during first 15 min after the activity injection.
158x87mm (300 x 300 DPI)

ACS Paragon Plus Environment

Page 28 of 29



Page 29 of 29 Molecular Pharmaceutics

Time-activity curves of F127-DTPA-"""In uptake
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24 Figure 6. Time-activity curves of F127-DTPA-'In shows %ID/mL uptake values for selected organs of
25 interest in the mouse during first 15 min after the activity injection.
26 82x41mm (300 x 300 DPI)

ACS Paragon Plus Environment



