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Edelfosine (ET) is a potent antitumor agent but causes severe side effects that have limited its use in clinical
practice. For this reason, nanoencapsulation in lipid nanoparticles (LNs) is advantageous as it protects from ET
side-effects. Interestingly, previous studies showed the efficacy of LNs containing ET in various types of tumor. In
this paper, biodistribution studies of nanoencapsulated ET, administered by three routes (oral, intravenous (IV)
and intraperitoneal (IP)), were tested in order to select the optimal route of administration. To do this, ET-LNs
were labeled with Technetium-99 m (°™Tc) and administered by the oral, IV and IP route in mice. IV admin-
istration of the radiolabeled LNs led to fast elimination from the blood circulation and increased accumulation in
reticulo-endothelial (RES) organs, while their oral administration could not provide any evidence on their bio-
distribution since large radiocomplexes were formed in the presence of gastrointestinal fluids. However, when
the LNs were administered by the IP route they could access the systemic circulation and provided more constant
blood ET-LN levels compared to the IV route. These findings suggest that the IP route can be used to sustain the

level of drug in the blood and avoid accumulation in RES organs.

1. Introduction

Nanomedicine is a medical and pharmaceutical branch where
nanosized materials are used to prevent, treat, or diagnose diseases, with
the aim of ameliorating patients’ quality of life [1]. Moreover, nano-
medicines represent a major class in cancer therapy [2]. Over the last 20
years, nanomedicines have reduced the toxicity associated with anti-
cancer agents while either maintaining or increasing their efficacy [3].
Among them, lipid nanoparticles (LNs) are specially interesting due to
their simplicity, high scalability, and safety. LNs are composed of
biodegradable lipids with GRAS status and do not necessarily require the
use of organic solvents for their fabrication [2]. Inorganic nanoparticles
and lipid-based nanomedicines (including LNs and liposomes) represent
the vast majority of clinically approved nanoparticles [4]. In fact, as
Anselmo and Mitragori mentioned, the first (doxorubicin liposomes) and
last (mRNA-1273 vaccine) clinically approved nanomedicines are lipid-
based nanoparticles, showing their relevance in the current clinics [4].
The LNs studied here, were originally described in the early 90’s by
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Miiller and collaborators with the idea of manufacturing stable and safe
solid lipid nanocarriers that allow for the controlled release of molecules
[5]. It should be noted that LNs can be administered by both the i.v. and
the oral route which is one their main advantages. Oral lipid nano-
medicines are cost-effective, patient friendly and most importantly, able
to increase bioavailability and reduce first pass metabolism [6].
Edelfosine (ET) is a synthetic alkyl-lysophospholipid with potent
antitumoral activity but unable to reach the clinic due to its gastroin-
testinal toxicity and hemolytic properties. Although its mechanism of
action has not been fully elucidated yet, ET is thought to induce
apoptosis specifically in tumor cells. LNs have been widely used to
encapsulate antitumor drugs and, among all these formulations, LNs
containing ET have shown improved bioavailability and pharmacoki-
netics profile, high antitumor efficacy, and decreased toxicity in com-
parison to the free drug [7-9]. ET-LNs have proven in vitro and in vivo
efficacy against several kinds of cancers including both solid and blood
tumors [7,10-12]. Despite the effectiveness of ET in some of these
studies, as has been mentioned above, LNs provide multiple advantages
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over the use of ET alone and allow for a more effective and safe therapy
[2].

Pharmacokinetic and biodistribution studies in animal models are a
mandatory milestone in the development of novel drug delivery sys-
tems, as they determine their fate and biological action [13]. Bio-
distribution studies have been previously established by our group by
measuring ET concentration in tissues, but we know that this technique
has its own limitations. Indeed, by measuring the amount of ET
distributed in tissues, we are not able to measure whether ET reached
the organs free or nanoencapsulated. Henceforth, by radiolabeling these
LNs we aim to investigate the real biodistribution of LNs containing ET
in a sensitive, specific, and quantitative manner.

Radiolabeling of drug-loaded nanoparticles allows for the investi-
gation of their kinetics through ex vivo biodistribution and in vivo im-
aging studies. The radiochemist has a large variety of radionuclide in
their arsenal, which can be used to investigate the in vivo kinetics of a
novel nanoconstruct/drug carrier. Noninvasive evaluation of LN bio-
distribution can be accomplished after their radiolabeling with **™Tc,
which is one of the radionuclides of choice for short-term assessment of
nanomaterial biokinetics, due to certain favorable properties such as
low-energy, single gamma-photon emission (140 keV), short half-life
(ti2 = 6 h) and availability from affordable Mo/ T generators
[14-16]. ®™Tc can be used for chelator-free radiolabelling of various
nanostructures, as it associates to various surface groups existing on the
nanoparticle’s surface [17-20]. The present work hopes to elucidate the
in vivo distribution profile of ET-LNs after their oral, intravenous (IV)
and intraperitoneal (IP) administration in mice. This will be accom-
plished by the radiolabeling of LNs and determination of their bio-
distribution after their administration to healthy mice. The obtained
results will help us select the most appropriate route of administration
for the drug delivery system under evaluation in the present work.

2. Materials and methods
2.1. Materials

Warning! °*™Tc is a gamma-emitting radioisotope which presents
serious health threats and requires special radioprotective handling to
reduce risks associated with its use. Part of the research described herein
was conducted at a radiochemical facility which has all the necessary
infrastructure, expertise and licenses to conduct radioactivity-associated
experiments.

ET was purchased from APOINTECH (Salamanca, Spain). Precirol®
ATO 5 was a gift from Gattefossé (France). Tween® 80 was purchased
from Roig Pharma (Barcelona, Spain). Chloroform was from Panreac
(Madrid, Spain), formic acid 99 % for mass spectroscopy was obtained
from Fluka (Barcelona, Spain), and methanol was purchased from Merck
(Barcelona, Spain). All solvents employed for the chromatographic
analysis were of analytical grade; all other chemicals were of reagent
grade and used without further purification. Amicon Ultra-15 10,000
MWCO centrifugal filter devices were purchased from Millipore (Cork,
Ireland). °°™Tc, as Na’®™TcO4, was eluted from a commercial
Mo,/ ™Te generator (Mallinckrodt Medical B.V.).

2.2. Preparation of lipid nanoparticles

LNs were prepared by the hot homogenization method consisting of
high shear homogenization and ultrasonication [9]. ET (30 mg) and the
lipid (Precirol® ATO 5, ~ 300 mg) were heated 5 °C above the lipid
melting point at 70 °C. Then, 10 mL of an an aqueous solution of Tween
80 (2 %), previously heated at the same temperature, was poured onto
the lipid phase and the mixture was dispersed and homogenized by a
Microson™ ultrasonic cell disruptor (NY, USA) for 1 min with an
effective power of 10 W and with an Ultraturrax® (IKA-Werke, Ger-
many) for 1 min at 24 000 rpm. The emulsion was removed from the
heat and placed in an ice bath to obtain LN by lipid solidification for at
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least 15 min. Then, the LN suspension was centrifuged (5000 g for 30
min) and washed twice with distilled water. Afterwards, 150 % (w/w of
lipid weight) trehalose was added as cryoprotectant agent to the LN
suspension, which was then kept at —80 °C and freeze-dried to obtain a
nanoparticulate powder. Particle size and polydispersity index (PDI)
were evaluated by photon correlation spectroscopy (PCS) using a Zeta-
sizer Nano (Malvern Instruments, UK). Surface charge was measured
using the same Zetasizer Nano equipment combined with laser Doppler
velocimetry. For the ET loading determination, the formulation was
analyzed by a previously validated ultra-high-performance liquid
chromatography tandem mass spectrometry (UHPLC-MS/MS) method
[21].

2.3. Radiolabeling of lipid nanoparticles

The nanoparticles were radiolabeled with *™Tc by the direct la-
beling method using SnCl, as the reducing agent. 30 pL of an acidic,
aqueous solution containing SnCl, (10 mg dissolved in 500 pL HCl 37 %,
diluted to 10 mL, 1 mg/mL) were added to 100 pL (~300 pCi) per-
technetate eluate (**™TcO3). The pH was adjusted to the range of 6-7
with an aqueous solution of NaHCO3 0.5 M (~22 pL). For the prepara-
tion of the radiolabeled sample for IV administration, a 20 uL aliquot
containing 30 mg/ml of LNs was added to the reduced *™Tc and the
mixture was shaken horizontally at RT for 30 min. For the preparation of
99mTc.LNs for IP/oral administration, a 50 pL aliquot containing 540 mg
of LN/ml was added to the reduced **™Tc and the mixture was shaken
horizontally at RT for 30 min.

2.4. Radiochemical evaluation

Quality control of radiolabeling was performed using acetone and a
mixture of pyridine: acetic acid: water (3:5:1.5) as the mobile phases,
while ITLC-SA (a layer chromatography medium with salicylic acid)
sheets were used as the stationary phase. Using acetone as the mobile
phase, free pertechnetate is expected to migrate to the front, while
radiolabeled LNs and potentially formed reduced/hydrolyzed *°™Tc
(°*™Tc0,) are expected to remain at the spot. Using the pyridine: acetic
acid: water mixture, all radiolabeled forms are expected to migrate to
the front except large radiocolloids, consisting primarily of *°™TcO,,
which are expected to remain at the spot [17,22].

2.4.1. Labeling stability

Stability of the radiolabeled nanoparticles was assessed in the reac-
tion mixture, in serum and in simulated gastric and intestinal medium.
Radioanalysis was performed using acetone and a mixture of pyridine:
acetic acid: water (3:5:1.5) as the mobile phases and ITLC-SA sheets as
the stationary phase, as described above.

2.4.2. Stability in serum

For the serum study, 20 pL of the radiolabeled-LNs were challenged
against 180 pL of serum at 37 °C for 1, 2 and 4 h. Aliquots were taken
from the mixture and analyzed by ITLC, as described above.

2.4.3. Stability in gastric and intestinal media

Stability in gastric and intestinal medium was assessed by incubating
50 pL of radiolabeled-LNs with 450 uL of simulated gastric medium (0.1
M HCI in PBS; pH = 1.5) or intestinal medium (0.05 M Potassium
phosphate monobasic in water; pH = 6.8) at 37 °C for 1, 2 and 4 h.
Aliquots were taken from the mixtures and analyzed by ITLC, as
demonstrated above.

2.5. Imaging and biodistribution studies
Female normal Swiss mice (average weight of 20 g) of the same

colony and age (approximately 6 weeks) were purchased from the
Breeding Facilities of the Institute of Biosciences and Applications
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‘Demokritos’. In vivo studies were performed in compliance with Euro-
pean legislation, while Greek authorities approved all animal protocols.
The experimental facility of the NCSR “Demokritos” is registered ac-
cording to the Greek Presidential Decree 56/2013 (Reg Number El 25
BIO 022) in accordance to the European Directive 2010/63 which is
harmonized with national legislation, on the protection of animals used
for scientific purposes.

All imaging studies were performed using a dedicated 2D scinti-
graphic camera (BIOEMTECH, GR), which has 1.5 mm spatial resolution
and allows the entire mouse to fit in the field of view, thus providing fast
whole-body frames. Then regions of interest (ROIs) were drawn around
the organs of interest and the number of counts in each ROI divided by
the number of counts in the entire mouse was calculated to provide the
percentage of radioactivity per organ, at each time point.

2.5.1. Oral administration

Mice received one single oral dose of [°°™T¢]Te-ET-LN (200 uL; 30
mg ET-LN/Kg; ~ 300 pCi) or of free pertechnetate (~300 pCi). The
radiotracer was administered orally via a plastic gavage micro-
apparatus. Afterwards, SPECT images were captured at different time
points after administration (1.5, 3 and 5.5 h post-administration). The
mice were fixed on an animal fixing tray board and imaging was
performed.

2.5.2. Intravenous administration (IV)/intraperitoneal injection (IP)

Mice received one single IV dose of [99mTc]Tc—ET—LN (100 pL; 30 mg
ET-LN/Kg; ~300 uCi). A second cohort of mice received a single IP in-
jection of [*™Tc]Tc-ET-LN (200 pL; 30 mg ET-LN/Kg; ~300 pCi). Af-
terwards, SPECT images were captured at different time points after
administration (1-, 4- and 24-hours post-administration). Mice were
fixed on an animal fixing tray board and imaging was performed.

For the biodistribution studies via the IV mode of administration,
mice (n = 3; 3 groups) received one single IV dose of [99mTc]Tc-ET-LN
(100 pL; 30 mg ET-LN/Kg), while for i.p. administration mice received
one single IP dose of radiolabeled LNs (200 pL; 30 mg ET-LN/Kg; ~ 300
pCi). Then, the animals were euthanized at 4, 24 and 48 h post-
administration, and their major organs and tissues were removed,
together with samples of muscles, and were weighed and counted in an
automated well-typed gamma scintillation counter Cobra II (Canberra,
Packard, Downers Grove, IL, USA) calibrated for **™Tc. All measure-
ments were corrected for background and radioactive decay. Radioac-
tivity was interpreted as percentage of injected dose (% ID) per gram of
organ/tissue, using an appropriate standard. The stomach and intestines
were not emptied before the measurements.

3. Results and discussion
3.1. Lipid nanoparticles characterization

ET-LNs were prepared by the hot homogenization method consisting
of high shear homogenization and ultrasonication [9]. This technique
yielded LNs with a size of 128 + 10 nm and negative surface charge
(—28 + 1 mV). The PDI value obtained was 0.23 + 0.02 indicating a
homogeneous distribution of particles. ET-LN loading was 23 + 2 ug ET/
mg.

3.2. Radiolabeling of lipid nanoparticles

The chemical reactivity of **™Tc, when eluted from a *°Mo/**™Tc
generator as *°™TcOy}, is negligible. This is the reason why *°™TcOj is
reduced to lower oxidation states with reducing agents such as stannous
chloride (SnCly). Direct labeling of nanostructures with reduced 99m,
relies on the interaction between the Tc(V) reduced ions and deproto-
nated hydroxyl or carboxyl groups present on the surface of the nano-
structure [23,24]. The LNs investigated in this study were prepared by
using the lipid Precirol® ATO 5, which is composed of palmitic (C16)
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and stearic (C18) acids containing both hydroxyl and carboxyl groups.
At a pH of around 7, which is the pH of our solution during radio-
labeling, the hydroxyl and carboxyl groups may be deprotonated, thus
the Tc(V) ions can interact with them and provide stable radiolabeling of
the LNs. ET-LNs were radiolabeled with *™Tc yielding high labeling
efficiency (>97 %) and with minimal amounts of pertechnetate and/or
radiocolloids formed during the direct labeling procedure. Stability in
the reaction mixture after 2.5 h of preparation was evaluated. Results
showed that the sample remained intact with only 3.0 percent of colloid
formation, up to 24 h post-labeling. These results confirm the feasibility
of using *°™Tc to effectively label LNs as has been previously stated by
other authors [25].

3.3. Stability of radiolabeling in media

3.3.1. Serum

The serum stability study showed that ®™Tc was not dissociated and
no re-oxidation to pertechnetate took place after 4 h of incubation with
serum. However, stability studies showed that larger radiocomplexes are
formed as shown by the pyridine: acetic acid: water mixture quality
control. This might be due to the interaction with serum proteins. After
30 min of incubation, only 7.8 % of the radiolabeled LNs remained in the
reaction mixture. This percentage was maintained after up to 4 h of
incubation with serum. These results might promote higher uptake by
reticulo-endothelial system (RES) organs due to a larger nanoparticle
size [26].

3.3.2. Gastric medium and intestinal medium

In gastric medium, *™Tc was not dissociated; no reoxidation to
pertechnetate took place after 4 h of incubation with gastric medium.
Nevertheless, larger radiocomplexes are formed as shown by the pyri-
dine: acetic acid: water mixture quality control. After 1 h of incubation
only 12.6 % of the radiolabeled LNs remained intact. This percentage
was lower after 4 h (7.3 %) of incubation. The formation of large radi-
ocomplexes might influence oral absorption of the complexes because it
is believed that nanoparticles smaller than 300 nm are better absorbed
by the oral route [26].

Concerning the intestinal medium, °°™Tc was not dissociated.
However, as observed for both the serum and gastric media, larger
radiocomplexes were formed, as shown by the pyridine: acetic acid:
water mixture quality control. After 1 h of incubation only 9.5 % of the
radiolabeled LNs remained intact. This percentage was similar after 4 h
of incubation. The formation of larger radiocomplexes in gastric and
intestinal media might be caused by the coagulation of labeled LNs in
these media.

3.4. Oral administration of Na[**™Tc]TcO4 / [*°"Tc]Tc-ET-LNs

In vivo imaging results showed that free pertechnetate Na[**™Tc]
TcO4 was absorbed in the stomach after its oral administration, and was
concentrated in thyroid area, lungs, stomach and bladder (Fig. 1: A-B).
In contrast, [*°™Tc]Tc-ET-LNs were not distributed through the body
after oral administration (Fig. 1:C-D). In fact, after 7 h post-
administration, the radioactive signal was still concentrated in the in-
testines and stomach indicating that radiolabeled ET-LNs were not
absorbed.

These results do not correlate with previous biodistribution results
that show oral ET absorption when it is encapsulated into LNs [8].
Nevertheless, the observed gastrointestinal accumulation of
radiolabeled-LNs might be due to large radio-complexes formation in
acid media (as witnessed by the in vitro stability test). As intestinal ab-
sorption requires nanoparticles sizes below ~ 300 nm, radio-complexes
would not be absorbed and, therefore, accumulate in the gastrointestinal
tract. Orally administered radiolabelled LNs go through many physico-
chemical changes imposed by the gastrointestinal environment. Thus,
their stability must be maintained over a long period of time in order to
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Fig. 1. A-B: Static 2-minute images of mice after oral administration of NagngcO4 (~300 pCi) 12 min. post administration (A) and 190 min. post-administration (B).
C-D: Static 2-minute images of mice after oral administration of 99mTC ET-LN (~300 pCi) 145 min. post administration (C) and 181 min. post-administration (D).

reach the intestinal area of absorption. These physiological changes may
have played a role in the low transport observed here.

3.5. Intravenous administration of [9 9’"Tc]Tc-ET-LNs.

Results of biodistribution after IV administration are consistent with
the physicochemical characteristics of LNs. Fig. 2 and Fig. 4 show that
99mTc ET-LNs were mainly accumulated in liver, lungs, spleen and
kidneys/bladder.

RES clearance is associated with nanoparticles with sizes>200 nm
[13]; ET-LNs have a size around 120 nm and thus, large radiocomplexes

Bladder

Lungs Spleen

Fig. 2. Static 2-minute images of mice after intravenous administration of
radiolabeled-LNs (~300 pCi) 10 min. (A) and 24 h (B) post-administration.

might be uptaken by the kupffer cells in lymphatic organs such as the
spleen and liver. The splenic uptake of radiolabeled ET-LNs was high
initially (22.13 % ID at 3 h) but decreased with time, whereas % ID in
liver and lungs was maintained or even increased after 24 and 48 h.
Besides, very low uptake by the thyroid and stomach indicates that
99MTe remained associated to the nanoparticles, as free °™Tc accumu-
lates in these organs [27].

Previous drug biodistribution studies in mice showed that free ET is
mostly distributed to the lungs, spleen, intestine, liver, and kidneys [28].
Moreover, we know that the gastrointestinal toxicity of ET is strongly
correlated to its important uptake into the guts. Table S1 clearly shows
that nanoencapsulated ET is poorly distributed to the intestines, which
converges with our previous toxicity studies in mice [29].

Estella et al. [8] not only described a similar pattern of distribution
but also found an ET-LN accumulation in intestine and kidneys. They
explained these accumulations in elimination organs as a result of
euthanizing mice 7 days post-administration. As our experiments lasted
only for 48 h, due to **™Tc half-life, these two studies are not entirely
comparable. It was also stated that ET-LN preferentially distributed ET
to the brain. However, the present results showed that ET-LNs were
preferentially distributed towards the liver, spleen, and lungs but not
necessarily to the brain [8]. In these previous biodistribution studies, the
location of LNs was not assessed as ET was directly extracted from brain
tissue and drug concentration was quantified by UHPLC-MS/MS.

3.6. Intraperitoneal administration of [P°™Tc]Tc-ET-LNs

In this case, [°°™Tc]Te-ET-LNs were more widely distributed in
comparison to IV administration. The radioactive signal was prominent
in the stomach, pancreas, intestines, spleen and bladder/kidneys (Figs. 3
and 4). The signal in these organs was almost null at 24 and 48 h post
administration, with the exception of the kidneys where the signal was
maintained for 48 h. In view of these results, we can conclude that
biodistribution of [**™Tc]Tc-ET-LNs after IP route differs from the IV
route. In general, after IP administration, [°°™Tc]Te-ET-LNs are more
widely distributed throughout the different organs, avoiding the high
accumulation of nanoparticles in liver, lungs and spleen observed after
IV administration. These data are in agreement with previous studies
regarding *°™Tc-labeled LN biodistribution after IP and IV injection
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Fig. 3. Static 2-minute images of mice after intraperitoneal administration of
radiolabeled-LNs (~300 upCi) 120 min. (A) and 284 min. (B) post-
administration.

[25]. The accumulated radioactivity in the intestines and stomach might
be explained by the direct delivery of the radiolabeled nanoparticles in
the peritoneum.

Results of biodistribution after IP administration showed that the
total measured radioactivity in the organs/tissues was lower than after
IV administration (Fig. 4). Since the initial amount of radioactivity
administered in both routes was the same, this lower amount of total
radioactivity might be explained by a faster elimination of the *™Tc or
by an accumulation of [*°™T¢]Tc-ET-LNs in organs/tissues different
from those that were analyzed in the study. Radioactive signal in kid-
neys was maintained after 24 and 48 h, suggesting sustained elimination
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of labeled ET-LNs, and was lower after IP administration than after IV
administration; thus, faster elimination of labeled ET-LNs after IP
administration does not seem to be a likely phenomenon. Therefore, the
remaining radioactivity might be located in other organs/tissues such as
peritoneal adipose tissue or lymph nodes (radioactivity in these tissues
was not measured). In this regard, previous studies [25] refer to biphasic
absorption of LNs labeled with *™Tc in blood after IP administration
due to an initial faster distribution followed by a slow disposition from
the peritoneum. This pattern was also observed in this study: blood
concentration of *™Tc decreased within time after IV administration
whereas it was constant after IP administration. These blood and kidney
results might support the hypothesis of a depot compartment from
which labeled ET-LNs are released to the blood in a sustained manner.
Our results support that IP administration allows large complexes such
as LNs to access the systemic circulation intact as mentioned by Al
Shoyaib et al. [30]. Considering these results, the IP route seems to be an
adequate route for the administration of ET-LNs in mice. This might
provide lower accumulation of the LNs in RES organs and more constant
blood ET-LNs levels.

4. Conclusions

ET-LNs were successfully radiolabeled (>97%) with minimal
amounts of pertechnetate and/or radiocolloids formed. In addition, in
vitro studies in various media showed that *™Tc was not dissociated
from the LNs. No reoxidation to pertechnetate took place after 4 h of
incubation with serum, gastric or intestinal media, but large radio-
complexes were formed after incubation with all the different media.
This could be the reason for the non-absorption of radiolabeled ET-LNs
given orally. IV administration led to swift biodistribution of the labeled
ET-LNs with major accumulation of the nanosystems in RES organs such
as liver, spleen and lungs. In contrast, the IP route of administration led
to very slow biodistribution, while accumulation of the LNs in the RES
organs was avoided. The lower radioactive signal in comparison to IV
administration suggested accumulation of the [°°™Tc]Tc-ET-LNs in tis-
sues other than those analyzed in the study. In fact, the sustained
radioactive signal in blood and kidneys suggests biphasic absorption of
the radiolabeled ET-LNs, which in turn might provide controlled release
of the drug over time. In summary, the present study shows that in vivo

Bones Pancreas Thyroid Brain

Fig. 4. Biodistribution of radiolabeled-LNs in mice after intravenous (IV) and intraperitoneal (IP) administration. The animals were intravenously (IV) or intra-
peritoneally (IP) administered with *™Tc-ET-LN and were sacrificed at 4 h, 24 and 48 h post-injection. Radioactivity was measured in each organ and expressed as
percent of injected dose per g of organ/tissue. Each value is the mean + SD of 3 mice.
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tracking of LNs with radiolabeling techniques could provide valuable
information on the biodistribution of drug-loaded lipid nanocarriers
after their administration via different routes.
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