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Abstract

Solid lipid nanoparticles (SLNs) are sub-micron (1-1000 nm) colloidal carriers developed in the
last decade as an alternative system to traditional carriers (emulsions, liposomes and polymeric
nanoparticles) for intravenous applications.(1) Because of their potential as drug carriers, there is
much interest in understanding the in vivo biodistribution of SLNs following intravenous (i.v)
injection. Positron Emission Tomography (PET) is an attractive method for investigating
biodistribution but requires a radiolabeled compound. In this work, we describe a method to
radiolabel SLN for in vivo PET studies. A copper specific chelator, 6-[p-
(bromoacetamido)benzyl]-1,4,8,11-tetraazacyclotetradecane-N,N’,N”,N” -tetraacetic acid (BAT),
conjugated with a synthetic lipid,(2) was incorporated into the SLN. Following incubation

with 84CuClj for 1 hr at 25 °C in 0.1 M NH,4OAc buffer (pH 5.5), the SLNs (~150 nm) were
successfully radiolabeled with 84Cu (66.5% radiolabeling yield), exhibiting >95% radiolabeled
particles following purification. The 84Cu-SLNs were delivered intravenously to mice and imaged
with PET at 0.5, 3, 20, and 48 hr post injection. Gamma counting was utilized post imaging to
confirm organ distributions. Tissue radioactivity (% injected dose/gram, %ID/g) obtained by
quantitative analysis of the images suggests that the $4Cu-SLNs are circulating in the bloodstream
after 3 hr (blood half life ~1.4 hr), but are almost entirely cleared by 48 hr. PET and gamma
counting confirm approximately 5-7 %ID/g 54Cu-SLNs remaining in the liver at 48 hr post
injection. Stability assays confirm that copper remains associated with the SLN over the 48 hr
time period and that the biodistribution patterns observed are not from free, dissociated copper.
Our results indicate that SLNs can be radiolabeled with %4Cu and their biodistribution can be
quantitatively evaluated by in vivo PET imaging and ex vivo gamma counting.
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INTRODUCTION

Solid lipid nanoparticles (SLNs) have emerged as an efficient, non-toxic, and versatile
colloidal drug carrier system that avoids some of the disadvantages of liposomes and
polymeric nanoparticles.(1) Because SLNs are composed of physiological lipids (i.e. fatty
acids, mono, di and triglycerides, phospholipids, etc.), they tend to show high compatibility
and biodegradability and have lower risk of the acute and chronic toxicity that is often
associated with polymeric nanoparticles.(3—4) Furthermore, because SLNs are comprised of
a solid lipid core instead of an aqueous core, they offer better protection against chemical
degradation to their drug cargo than liposomes, and also facilitate sustained drug release due
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to the zero-order kinetic breakdown of the solid lipid matrix.(1, 3-4) The solid lipid matrix
of the SLN core can be modified to incorporate either hydrophobic or hydrophilic cargo.(4-
6) The capability of SLNSs to stably carry various types of cargo-proteins(7-8)
(cyclosporine(9), insulin,(10), thymopentin,(11) etc.), antibiotics (tobramycin(12)),
therapeutic agents(13) (camptothecin,(14), doxorubicin(15), DNA,(16-17), siRNA,(18)),
and diagnostic agents (gadolinium,(19-20) iron oxide nanoparticles,(21)) under various
routes of administration (i.e. oral,(10) parenteral,(22) dermal,(23-24) ocular,(25-26)
pulmonary,(27) and intravenous(28)) has generated increasing interest in their use as drug
carriers.

To date, most of the studies evaluating SLNs as a drug carrier have focused on the delivery
of the SLN cargo (i.e. encapsulated drug)(14, 29) to the target site without investigating the
fate of the SLN carrier itself. However, with the potential for release of cargo, it is crucial to
understand the biodistribution of the carrier. This is especially important in guiding the
appropriate SLN modifications necessary to control drug targeting behavior in a variety of
applications. The aim of this work was to radiolabel SLNs with a positron emitting
radionuclide (i.e. 54Cu) in order to track their biodistribution in vivo using positron emission
tomography (PET). PET is a noninvasive, nuclear imaging technique that is capable of
visualizing deep tissues with a high sensitivity of 0.02-0.10 cps/Bq (2—10%)(30) and
generating a three-dimensional image of living subjects. Using mathematical reconstruction
methods and correction factors, quantitative information can be extracted from the images
and radioisotope concentration can be measured in a specific region of interest (ROI).(30-
31) Herein, we describe a method to radiolabel SLNs with positron emitter 84Cu (half life =
12.7 hr)(32) through the incorporation of a lipid-PEG-chelate (6-[p-
(bromoacetamido)benzyl]-1,4,8,11-tetraazacyclotetradecane-N,N’,N",N " -tetraacetic acid
(BAT) conjugated to a synthetic lipid)(2) into the phospholipid monolayer comprising the
SLN surface (Figure 1). PET imaging was used to track the biodistribution of the SLN and
followed up to 48 hr following intravenous (i.v.) administration.

EXPERIMENTAL PROCEDURES

Materials

Laboratory-grade vegetable lecithin, stearic acid, and 1-butanol were purchased from Fisher
Chemical (Pittsburg, PA). Sodium taurodeoxycholate hydrate, high purity ammonium
acetate (= 99.995%), and Sephadex® (G-25, G-50) were purchased from Sigma-Aldrich (St.
Louis, MO). Bovine serum albumin was from Acros Organics, Belgium, distributed by
Fisher Scientific. 5-(and-6)-carboxytetramethylrhodamine, succinimidyl ester (5(6)-
TAMRA, SE) *mixed isomers* (TAMRA) (Ey = 555 nm, E;; = 580 nm) was purchased
from Invitrogen Corporation (Carlsbad, CA). Formvar® Coated Copper Grids (300 Mesh)
were purchased from SPI Supplies (West Chester, PA). $4CuCl, was purchased from
Washington University (St. Louis, MO). Nanopure water (18.0 MQ-cm) was prepared from
deionized water using a Barnstead nanopure filtration unit.

Encapsulation of fluorescently labeled protein into SLN

Fluorescent labeling of BSA—Bovine serum albumin (BSA) was labeled with the
fluorophore, 5(6)-carboxytetramethyl-rhodamine N-hydroxy-succimide ester (TAMRA),
following the standard Invitrogen protocol for labeling proteins with amine-reactive
fluorophores. First, BSA was dissolved in 0.1 M sodium bicarbonate buffer (10 mg/ml).
TAMRA (10 mg/ml in Dimethyl sulfoxide) was slowly added to the BSA solution in a 2:1
molar ratio of TAMRA to BSA under continuous stirring for 1 hour at room temperature.
The unlabeled TAMRA was separated from the BSA-TAMRA conjugate through a
Sephadex® (G-25) packed bed column equilibrated with 0.1 M sodium bicarbonate buffer.
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After separation, the BSA-TAMRA conjugate was dialyzed (50,000 MWCO) for 3 days
with 0.1 M sodium citrate (pH 7.2) to remove buffer salts.(33) BSA-TAMRA was
encapsulated into solid lipid nanoparticles (SLNs) using a modification of a Water/Oil/
Water method.(11, 34)

Incorporation of labeled BSA into SLN: Water/Oil/Water Method—A warm W/O
phase was first prepared by adding a warm aqueous solution of BSA-TAMRA (300 mg/ml)
to a mixture of molten stearic acid, lecithin, and 1-butanol at 78°C (Table 1). The W/O
phase was then cooled to room temperature, and a portion of this warm solid phase was
added to a warm mixture of nanopure water, lecithin, sodium taurodeoxycholate, and 1-
butanol at 76°C forming a W/O/W emulsion (amounts given in Table 1). The W/O/W (~0.3
ml) was then dispersed in 10 ml of cold nanopure water (1/33, v/v) at 4°C under rapid
stirring, forming SLNs. The resulting SLN suspension was filtered through Millipore
polyethersulfone syringe-filter units (0.22 um pore size, Millipore) to select for particles
<220 nm. Then, the SLN-BSA-TAMRA suspension (10 ml) was washed (3x) with nanopure
water and concentrated (2 ml) using an Amicon ultrafiltration cell with 100,000 MWCO
membrane filters (Millipore).

Characterization (size, morphology, encapsulation efficiency, toxicity) of SLN
—The average size and polydispersity index (PDI) of the protein-loaded SLNs were
determined with dynamic light scattering (DLS) immediately following synthesis (Nanotrac
150 particle size analyzer, Microtrac). Particle size was also measured using transmission
electron microscopy (TEM) (Phillips CM-120) operating at 80keV. The SLN suspensions
were diluted 10 and 20-fold and plated onto Formvar® coated copper grids (300 Mesh) to
dry overnight. Images were analyzed using ImageJ software (National Institutes of Health)
and n = 500 particles were measured to yield average particle diameter. In addition to size
analysis, the zeta potential of the SLNs was measured with a NICOMP 380 ZLS (Particle
Sizing System, CA).

The amount (mg) of BSA-TAMRA found in the retentate (SLN-BSA-TAMRA) and the
elutant (free BSA-TAMRA) after ultrafiltration was determined by measuring the
fluorescence intensity (Fluoromax) at 580 nm and used to characterize the amount of
fluorescently-labeled protein encapsulated by the SLN. The % encapsulation efficiency
(%EE) of the protein within the SLNs was calculated according to the following equation:

%EE= BSA-TAMRA (mg) in retentate] /[ BSA-TAMRA (mg) in retentate+elutant]x100%

Cytotoxicity Measurements—Madin-Darby canine kidney cells (MDCK), a kind gift
from the Reen Wu lab (University of California, Davis), were plated onto 96 well plates at a
seeding density ~1 x 103 cells per well. The cells were maintained in phenol-red free
Dulbecco’s Eagle minimum essential medium (DMEM), supplemented with 2 mM L-
glutamine, 10% Fetal Bovine Serum (FBS), and streptomycin/penicillin (100 U/ml) at 5%
CO5 and 37°C. The medium was changed every other day until the cells reached confluency,
then the cells were washed three times with phosphate buffered saline (PBS)(35) and 100 pl
of a 25 mM (lipid concentration) solid lipid nanoparticle (SLN) suspension was added above
the cell monolayer in each well for the experimental group, while phenol-red free DMEM
was added for the control. The SLNSs in this suspension were reconstituted in DMEM free of
phenol-red indicator in order to prevent any interference with the cell viability fluorescence
assay measurements. The cells were incubated with the SLN for 24 h (5% CO,, 37°C) and
then the medium was removed. Next, 100 pL of a LIVE/DEAD® working solution
(Invitrogen) containing 1 uM calcein AM and 2 uM EthD-1 was added to each well and
allowed to incubate at room temperature for 30 min. Calcein (Ex/Em ~495 nm/~515 nm) is
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only retained in live cells, and cell viability was quantified by measuring the fluorescence
(EX/Em ~495 nm/~525 nm) of the cells using a microplate spectrophotometer (Safire 11,
Tecan Group Ltd.) The average fluorescence (EX/Em ~495 nm/~515 nm) intensities of the
cells incubated with and without SLNs (lipid concentration = 25 mM) were measured. A
two-tailed t-test was performed to determine if there was a significant difference in viability
between the cells that had been incubated with the SLNs and controls.

Radiolabeling, purification, and stability of protein-loaded SLNs

Incorporation of BAT chelator into the SLN (SLN-BAT)—Solid lipid nanoparticles
(SLNs) were synthesized using the same W/O and W/O/W phase compositions as above,
shown in Table 1, with the exception of adding 164.7 pg (0.062 umol, 0.5% mol/mol ratio
BAT to lipid) lipid-PEG-BAT (164.7 pl of 1 pg/ul solution) to the warm mixture of
nanopure water, lecithin, sodium taurodeoxycholate, and 1-butanol before the addition of the
W/O phase in the W/O/W formation. We used lipid-PEG-BAT conjugate previously
synthesized by Fmoc solid phase synthesis and purified by reverse phase high performance
liquid chromatography (HPLC), with the mass confirmed by matrix-assisted laser
desorption/ionization (MALDI) (measured, 2662).(2) The W/O/W (~0.3 ml) was then
dispersed in 10 ml of cold nanopure water (1/33, v/v) at 4°C under rapid stirring, forming
SLNSs. The SLNs were then filtered through Millipore polyethersulfone syringe-filter units
(0.22 um pore size, Millipore) to select for particles <220 nm and particle size was
determined using DLS. Immediately after sizing, the SLN suspension (10 ml) was washed
(3x) and concentrated to 200 ul using an Amicon ultrafiltration cell with 300,000 MWCO
membrane filters (Millipore).

64Cu Radiolabeling of SLN-BAT (64Cu-SLN)—An aliquot of 0.1 M ammonium
acetate. (NH4OACc solution, pH 5.6) was added to the concentrated SLN-BAT solution to
adjust the pH to 5.5. Cupric-64 chloride (64CuCl,) solution (4.1-5.1 mCi, 151.7-188.7 MBq
in 10 mM HCI) was combined with the SLN-BAT solution, resulting in final concentration
of ~10 mCi/ml and ~1.3 mCi/mg lipid. After vortexing, this solution was incubated for 1 h
at room temperature. Then, EDTA solution (0.1 M, 30 pl, 1/10 v/v ratio) was added (final
EDTA concentration 10 mM) to the mixture and incubated for 30 min at room temperature
in order to chelate the unbound 84Cu. Free 64Cu-EDTA was removed from the 4Cu-SLN
suspension (0.3 ml) by chromatography through a G-50 Sephadex® column (GE Healthcare,
NJ) eluted with 0.9% saline, and the eluted fractions (~1.0 ml) were collected in 1.5 ml
centrifuge tubes. Radioactivity of the $4Cu-SLN suspension before and after column
purification was measured with a Fluke Biomedical Dose calibrator (34-162 CAL/RAD
MARK 1V, Cleveland, OH). The radiolabeling yield (%) for the SLNs was determined by
dividing the radioactivity of the largest fraction by the sum of all the fractions (total activity)
and multiplying by 100. Thin layer chromatography (TLC) of the purified 54Cu-SLNs was
run on aluminum-backed silica gel sheets (silica gel 60 F,54, EMD, NJ), developed with
methanol/ammonium acetate (10%) (50/50, v/v), and the radio TLC was recorded by a
radio-TLC Imaging Scanner (Bioscan, NW).

Stability of 64Cu-SLNs—584Cu-labeled SLNs were incubated in calf bovine serum (100%,
pH 7.4) and saline solutions with varying pH (5.5, 4.0, and 2.0) for up to 48 hr in order to
assess the stability of the complexed copper before and after administration in mice. An
aliquot (100 pl) was removed at each time point (0.5, 3, 20, and 48 hr) and measured for
initial activity (before purification) using a dose calibrator. The aliquots were incubated for
10 minutes with 10 pl (1/10, v/v) EDTA (0.1 M in water) and centrifuged through filter
tubes (Millipore, molecular weight cutoff [MWCQ] = 10,000, Billerica, MA) at 14,500 rpm
for 30 min to separate dissociated 84Cu-EDTA in solution from the labeled SLNs on the
filter. The activity remaining on the filter post purification was measured and divided by the
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initial activity to calculate the percentage (%) of label remaining on the SLNs. Comparisons
between values were determined using the least squares means t-test, and differences
observed were considered significant when p < 0.01. For further confirmation of stability,
radio TLC was performed on aliquots of $4Cu-SLNs incubated with serum for 24 and 48 hr.
EDTA was used to chelate unbound 84Cu in both the centrifugation purification and radio
TLC measurements.

In vivo studies: Biodistribution & Pharmacokinetics of 84Cu-SLN using PET imaging and
gamma counting

All animal studies were conducted under a protocol approved by the University of
California, Davis Animal Use and Care Committee. A total of 3 mice (female, 39.71 £ 3.11
g, Charles River, MA) were examined over the course of this study. Mice were initially
anesthetized with 3.0% isofluorane, then maintained at 2.0%-2.5% isoflurane, and
catheterized to ensure proper tail vein injection. Injections (280-320 pl) of 84Cu-SLN
(409.01 £ 43.11 uCi, 15.1 + 1.6 MBq, 9.9 + 1.6 mg) in 0.9% saline were administered via
tail vein injection, yielding a lipid dose of 0.27 + 0.04 mg/g animal and 38.36 + 7.16 uCi/mg
lipid (1.4+ 0.3 MBg/mg lipid). Static PET scans (0.25, 1.0, 0.75, and 1.0 hr duration scans)
were acquired for each animal (anesthetized with 1.5% isoflurane maintenance dose) at 0.5,
3.0, 20, and 48-hr post injection using the MicroPETII scanner.(36) The MicroPETII
consists of 17 640 LSO crystals each measuring 0.975 x 0.975 x 12.5 mm3, which are
arranged in 42 contiguous rings, with 420 crystals per ring. The scanner has an axial field of
view (FOV) of 4.9 cm and a transaxial FOV of 8.5 cm.(37) The limited transaxial FOV of
~8.5 cm only enabled signal acquisition from the top of the head to the liver region.
Therefore, signal from organs below the liver (i.e. kidney, bladder, etc.) was not included in
the images. The reconstructed spatial resolution is ~1 mm with an absolute system
sensitivity of 2.26%.(36) Static scans yield a single image that represents the average
intensities for a given acquisition time.

The static PET scans were reconstructed with a maximum a posteriori (MAP) algorithm and
used to obtain quantitative activity levels in each organ of interest as a function of time.
Tissue radioactivity was determined using the mean activity value given by the ASIPro
Virtual Machine software (CT1 Molecular Imaging) from defined regions of interest (ROI)
within these MAP files. All values for ROI were decay corrected to the zero hour time point
for comparison, and the percent injected dose (%1D) was determined by dividing the
corrected ROI value for a given organ by the injected dose and multiplying by 100. A time
activity curve (TAC) for blood was generated by drawing 0.03 cm2 ROIs within the heart
(~5 slices) for all time points (0.5, 3, 20, 48 hr) and expressing the mean measured activity
as the percentage of injected dose per cubic centimeter (%ID/cc). A monoexponential curve
was fit to the data series and used to estimate the blood half-life for the $4Cu-SLNs.

After the 48 hr PET scans, the mice were euthanized by administration of sodium
pentobarbital (150 mg/kg) and perfused with 60 ml of 0.9% saline. Organs of interest were
harvested and weighed and radioactivity was measured using a Wallac Wizard Automatic
Gamma Counter Model 1470 (Perkin Elmer, Waltham, MA) at 52-55 hr post i.v. injection.
One way analysis of variance (ANOVA) was conducted in Prism (GraphPad software Inc.
San Diego, CA) and used to assess the significance of organ biodistribution.
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RESULTS & DISCUSSION

Preparation and characterization (size, morphology, charge, toxicity) of protein-loaded

SLNs

Because the size and the charge of nanoparticles are known to significantly influence their
fate in vivo, it was important to measure these particle properties for SLNs. Using dynamic
light scattering (DLS), the mean hydrodynamic diameter of the SLNs was determined to be
145 £ 0.07 nm (Figure 2a). From the TEM images in Figure 2b, we observe that the SLNs
exist as a uniform, monodisperse population of spherical particles with a diameter of 86 +
0.6 nm (n = 500 particles, ImageJ). We believe that the difference in SLN diameter
measured from DLS (~150 nm) compared to TEM (~90 nm) is due to the inability of TEM
detect the hydration shell that surrounds the phospholipid monolayer of the SLN. By either
measurement, the SLNs fall into the 20-200 nm size range reported for particles capable of
avoiding rapid clearance through the kidneys,(6) thus making them attractive carriers for in
vivo drug delivery.

To assess the stability of the SLN in suspension, we measured their zeta potential. A high
zeta potential will confer stability (i.e. the solution or dispersion will resist aggregation) with
the dividing line between stable and unstable suspensions generally considered to be at £ 30
mV, and with maximum electrostatic stabilization reached at around +60 mV.(38) The SLNs
were measured to have a zeta potential of —36 mV, indicating an electrically stable, anionic
particle solution. Previous studies show that negatively charged particles > —30 mV have
good stability and could be optimal for drug delivery.(39-40) Aside from governing particle
stability, zeta potential also influences particle recognition by the reticuloendothelial system
(RES). In a previous study by Manjunath et al, highly negatively charged (—35.1 £ 0.5 mV)
SLNs exhibited higher effective bioavailability (60.4%) of the encapsulated drug than less
negatively charged particles (—18.2 + 0.3 mV) SLNs (44.4%).(29) This is consistent with
other studies showing that liposomes formed with negatively charged phospholipids
maintained prolonged circulation time in mice.(41)

In order to provide an optical handle to track SLN during purification and characterization,
we synthesized SLNs containing bovine serum albumin (BSA) labeled with the fluorophore,
TAMRA. The encapsulation efficiency (EE, %) of BSA-TAMRA within SLNs was
approximately 86.9 + 5.3%, which is relatively high in comparison to other reported
hydrophilic cargoes.(3-5, 8, 42) For example, the maximum EE for the hydrophilic drug
Zidovudine (an anti-human immunodeficiency viral agent) in SLNs composed of stearic
acid was 27%.(43) Because lipophilic agents have high solubility in the lipid microemulsion
preceding SLN formation, SLNs are more efficiently loaded with lipophilic drugs.
Entrapment of hydrophilic drugs inside the hydrophobic matrix of SLNs is a bit more
challenging because the drug has a tendency to partition into the water phase during the
fabrication process.(43) SLNs thus incorporate hydrophilic drugs at lower encapsulation
efficiencies.(7, 42, 44-46) Zidovudine(43), Atazanavir(46), thymocratin(47), insulin(10),
diminazene(48), and thymopentin(11) are examples of hydrophilic drugs that have been
successfully incorporated into SLNs. Interestingly, Singh et al found that fatty acids (i.e.
stearic acid) were superior to triglycerides to enhance entrapment efficiency.(49) This is
consistent with our observations of high EE for BSA-TAMRA (hydrophilic protein)
encapsulated in our SLNs, whose primary lipid was stearic acid. Furthermore, encapsulation
of the hydrophilic HIV protease inhibitor, Atazanavir, into SLNs of similar size (~167 nm)
and composition (stearic acid) to our SLNSs resulted in a similar EE (~90%).(46) These
results suggest that using stearic acid as the primary lipid component of our SLNs is
favorable for achieving high EE of hydrophilic cargo.
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Toxicity of the SLNs was assessed in vitro. Incubation (24 hr) of SLNs at a lipid
concentration of 25 mM with MDCK cells (data not shown) showed no statistical difference
(p-value = 0.51) in viability compared to controls. The 25 mM lipid concentration that was
tested in vitro was ~2.5 times larger than the concentration of the injected dose to be used
for in vivo studies. The lipid (molecular weight ~500 g/mol) dose to each mouse was
approximately 10 mg, yielding a circulating lipid dose of ~10 mM, assuming total mouse
blood volume ~2 ml. These results are consistent with previous investigations of stearic acid
based SLNs that found them to be non-toxic to human promyelocytic leukemia (HL60) and
human breast adenocarcinoma (MCF-7) cell lines.(42, 50) In comparison to SLNs, FDA-
approved polyester nanoparticles, i.e. poly(lactic-co-glycolic acid) (PLGA), polylactic acid
(PLA), etc., were 10- 20-fold more toxic to human granulocytes.(9, 42) The low cytotoxicty
of SLNs makes them very attractive for drug delivery, especially to highly sensitive organs
like the brain.(42) Also, the ability to load drugs into SLNs with a high encapsulation
efficiency (EE), such as 86.9 + 5.3% observed with our system, further reduces the potential
for cytotoxicity by reducing the dose of particles required to achieve a pharmacological
effect. Overall, these in vitro cytotoxicity studies suggest that SLNs are nontoxic and that
they can be used for in vivo animal imaging studies.

Preparation and Characterization (radiolabeling, purification, stability) of 84Cu-SLNs

Because the goal of this study was to track the biodistribution of the SLN carrier and not the
cargo, we used a surface chelation method to radiolabel the SLNs with 54Cu. This chelation
method required the incorporation of a lipid-PEG-chelate conjugate into the SLN so that the
chelator remains accessible at the surface for 84Cu chelation. We previously showed that
liposomes could be radiolabeled after incorporation of this lipid-PEG-chelate conjugate into
the liposome bilayer.(2)

High SLN radiolabeling yield (%)—A %4Cu-specific chelator, 6-[p-
(bromoacetamido)benzyl]-1,4,8,11-tetraazacyclotetradecane-N,N’,N",N " -tetraacetic acid
(BAT), conjugated to stearic acid (lipid-PEG-BAT) has been previously synthesized and
used to radiolabel liposomes with 4Cu,(2) and we hypothesized that this lipid-PEG-BAT
molecule could function similarly to radiolabel our SLNs. We anticipated that the lipid
portion of the lipid-PEG-BAT molecule would be incorporated into the solid lipid core, the
PEG would be associated at the level of the lecithin head-groups, and the BAT would
remain accessible on the surface. The elution profiles of radiolabeled SLNs following
column purification are shown in Figure 3a, with fraction 2 representing the purified 84Cu-
SLN population. Fraction 2 was analyzed by radio-TLC as shown in Figure 3b. The TLC
peak (green bar, 96.7%) represents 4Cu-SLNs, which remain at the baseline. The negligible
amount (2.94%) of free 84Cu in the purified $4Cu-SLN suspension confirms >95%
radiolabeled particles. The radiolabeling yield (%) of SLNs was approximately 66.8%.

High stability of radiolabeled SLNs—A stability assay was performed in order to
confirm that Cu-64 remains associated with the SLN over the 48 hr time period and that the
biodistribution patterns observed are not from free, dissociated Cu-64. Figure 4 shows that
over time (0.5, 3, 20, and 48 hr), the SLNs in saline and serum do not lose radiolabel. The
saline solution is a control to test the stability of the particles in solution before intravenous
(i.v.) administration, while the serum solution mimics blood circulation. Because the
molecular weight of the lipid-PEG-BAT is less than the 10,000 MWCO of the centrifugal
filters used for purification, both dissociated free copper and dissociated lipid-PEG-BAT
molecules are removed during centrifugation purification, while nanoparticles are retained in
the filtrate. Radio TLC experiments (Fig. 5) confirm that no peak corresponding to free $4Cu
(~85 mm, Retention factor (Rf) = 0.66) was observed for filtrates after 24 and 48hr
incubation in serum, verifying the stability of these radiolabeled particles in the bloodstream
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up to 48 hr. Overall, the results of this stability assay confirm that there is no significant loss
(p < 0.01) of free copper or free lipid-PEG-BAT (chelated with Cu-64) from the SLNs in
saline or plasma. Although the SLNs were quite stable in serum and in saline at pH 5.5, they
showed a significant loss (p value > 0.01) of label over time when incubated in pH 2 and pH
4. Radio TLC was performed on the supernatants collected after centrifugation filtration of
the SLNSs incubated with saline (pH 2) and saline (pH 4) at 3 and 20 hr. It is clear from these
TLC plots (Fig 6) that saline (pH 2) and saline (pH 4) supernatant yield single peaks
corresponding to %4Cu (~85 mm, R¢ = 0.66). This confirms that the loss of radiolabel for
saline (pH 2) and saline (pH 4) observed in Figure 4 was due to free 54Cu dissociating from
the particle in these extreme conditions. Saline at pH 2 and saline at pH 4 were used to
mimic the acidic conditions of the stomach and lysosomes, both environments the SLNs are
not likely to encounter. Therefore, the observed 4Cu dissociation at these conditions is not
of significant concern.

Preliminary biodistribution & pharmacokinetics of 84Cu-SLN In vivo using PET imaging
and gamma counting

Radiolabeling SLNs with 64Cu facilitates the use of positron emission tomography (PET) for
the investigation of SLN biodistribution in vivo. Imaging seldom has been used to describe
the biodistribution of SLNs following i.v. administration. Instead, most researchers label
SLNs with a gamma-emitting radioisotope and report biodistribution by gamma counting
organs. For example, gamma counting methods have been used to describe full-body
biodistribution of Technetium-99m (%*MTc)-labeled SLNs following endotracheal
administration to mice(51) and lodine-125 (1251)-labeled SLNs following intravenous
injection to rats.(28) Our results confirm a method to radiolabel solid lipid nanoparticles
with 64Cu through the incorporation of a lipid-PEG-BAT chelating molecule into SLNs
carrying a cargo of fluorescently labeled hydrophilic protein (bovine serum albumin).

Preliminary biodistribution and blood clearance of the radiolabeled SLNs (64Cu-SLNs) was
assessed in the mouse model. From the biodistribution plot (Figure 7) obtained by gamma
counting organs at 52-55 hr post i.v. injection, we observe that the liver radioactivity (6.6 +
0.7 %I1D/g) was significantly higher (p < 0.01) than all other organs, including heart (1.1 +
0.4 %I1D/qg), lung (1.2 + 0.5 %ID/qg), gastrointestinal (Gl) tract (1.7 £ 0.9 %ID/qg), right (2.2 £
0.2%ID/g) and left (1.7 = 1.1%ID/qg) kidneys, spleen (2.9 + 1.1 %ID/g) and brain (0.03 =
0.01%ID/g). This organ biodistribution obtained from gamma counting organs was
compared with the in vivo biodistribution obtained from PET imaging. Figure 8a—d displays
the biodistribution of $4Cu-SLNs in mice from representative coronal PET images at 0.5,3,
20, and 48 hr post i.v. injection. There was obvious radioactivity in the carotids (C) and the
heart (H), at 0.5 hr and 3 hr post injection (Figure 8a and b) indicating continuing circulation
of the 4Cu-SLNs; this signal disappeared by 20 hr post injection (Figure 8c), indicating that
the $4Cu-SLNs had primarily cleared the bloodstream. Figure 8a and 8b also show high liver
(L) and spleen (S) activity, indicating that the $*Cu-SLNs were cleared through the
reticuloendothelial system (RES) by 0.5 hr and 3 hr post injection. By 20 hr post injection
(Figure 5c), there was faint activity in the spleen, but more prominent was the activity in the
intestines (1) and the liver (L). Verkade et. al. showed that liposome-associated
phosphatidylcholine is predominantly degraded by the liver, and that these degradation
products are partially secreted into bile. Thus, the radioactivity we observe in the intestines
is hypothesized to result from the liver slowly breaking down the SLNs and releasing
radioactivity through the bile duct.(52) This is consistent with previous studies from Seo et.
al. showing radioactivity accumulation in the intestines following i.v. administration of
radiolabeled liposomes in mice.(2) Only liver activity remains visible at 48 hr post injection
(Figure 8d), suggesting that 54Cu-SLNs were primarily cleared through the RES by this
time. Radioactivity in the liver (L) decreased over time as shown in Figure 6e (25.4 + 0.9,
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22.1+4.0,11.9+0.9,and 5.6 + 1.3 %ID/g at 0.5, 3, 20, and 48 hr, respectively), validating
that SLNs do not remain in liver long-term.

The liver activity at 52-55 hr measured by gamma counting (6.6 + 0.7 %ID/g) was
consistent with the liver activity measured by PET quantification (Figure 8e), which showed
an average of 5.7 £ 1.1%ID/g at 48 hr. The heart activity was also consistent between the
two methodologies of quantization yielding values of 0.9 + 0.1%ID/g with PET and 1.1 +
0.4 %ID/g with gamma counting. Nevertheless, the low activity of the other organs (lungs,
Gl, right kidney, left kidney, spleen, and brain) at 48 hr results in the inability for the
microPETII to appropriately detect their organ boundaries; at earlier time points the activity
is high enough to avoid this issue. Therefore, the use of a more sensitive (3x) PET scanner
(absolute system sensitivity ~7%), such as the F120 produced by Siemens Medical
Solutions, Inc. will enable one to appropriately define organ boundaries at the later time
points (i.e. 48 hr) in future studies.

Blood clearance was assessed by monitoring signal from the heart over time. The time
activity curve (TAC) of blood in Figure 9 showed that 84Cu-SLNs were still circulating in
the bloodstream after 3 hr, but were almost entirely cleared from the bloodstream by 48 hr.
The monoexponential curve was fit to the data, yielding a correlation coefficient of 0.99.
The blood half-life for the 84Cu-SLNs was estimated to be approximately 1.4 hr. This is
very different behavior from free $4Cu or free 64Cu radiolabeled lipid-PEG-BAT that result
in blood half lives ~5-10 min and are known to clear almost entirely from the bloodstream
at 15 min post i.v. injection.(2) The 1.38 + 0.12 hr blood half life of our 4Cu-SLNs was also
much longer than that of most polymeric nanoparticles, which are reported to have blood
lives of only a few minutes. For example, polysorbate 80 (P80) coated poly(a-butyl
cyanoacrylate) (PBCA) nanoparticles loaded with 1251 radiolabeled quinoline derivatives
and delivered to mice by intravenous (i.v.) injection were almost entirely cleared after 1 hr,
with a blood half-life of ~5 min.(53) Similarly, P80-coated poly(lactic-co-glycolic acid)
(PLGA) nanoparticles labeled with 9°MTc were cleared very rapidly from the blood after i.v.
injection in mice, with 1.28 + 0.07%ID/g remaining at 1 hr post injection and a blood-half
life of only a few minutes.(54) Overall, the RES-mediated clearance of the SLNs from the
bloodstream can be reduced further by coating the SLNs with a hydrophillic or flexible
polymer and/or surfactant such as polyethylene glycol (PEG) or polysorbate.(55) Coating
with PEG has been shown to improve the pharmacokinetic profile of particles by reducing
opsonization, phagocytosis, and clearance by the liver and RES.(55) We will investigate the
influence of various hydrophilic coatings in order to reduce SLN clearance by the RES and
prolong their circulation time in the blood stream. This will facilitate the possibility of
longer imaging studies to assess SLNs biodistribution in vivo.

Because of their lipophilic nature, most interest in SLNs involves their use as carriers for
drug delivery to the brain.(3, 6, 42, 55-56) The adsorption of a plasma protein, ApoE, onto
the nanoparticles surface is thought to facilitate SLN uptake into the brain through the low
density lipoprotein (LDL) receptors on the brain endothelial cells lining the blood brain
barrier (BBB). From a close examination of the brain distribution (Figure 5), we observe
approximately 0.03 + 0.03 %ID/g of activity at 52-55 hrs post injection. This small amount
of SLNs delivered to the brain could be enhanced through surface modifications, such as
coating with P80.(53) P80 remains to be the most successful “stealth” coating for delivering
therapeutic agents into the brain,(39, 42, 57-60) reporting values as high 0.52 %ID/g in the
brain.(61) In a recent study, P80 coating of SLNSs containing riluzole facilitated a
significantly higher dose of riluzole to the brain in comparison to free riluzole alone.(62)
Since P80 coating has also demonstrated the ability to enhance BBB transport,(63) we will
coat radiolabeled SLNs with P80 and use PET to investigate the ability for SLNSs to target
the brain in vivo.
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CONCLUSION

Solid lipid nanoparticles (SLNs) are a versatile colloidal drug carrier system that combines
the advantages of both liposomes and polymeric nanoparticles. Because of the potential for
SLN to facilitate controlled drug delivery to a target tissue, there is much interest in
understanding their in vivo biodistribution following intravenous (i.v) injection. By
incorporating a lipid-PEG-BAT chelator into the SLN monolayer, we have developed a
method to radiolabel SLNs with $4Cu for noninvasive mapping of biodistribution in vivo
using PET. Preliminary in vivo biodistribution of these SLNs (4Cu-SLNs) was evaluated in
mice up to 48 hr post i.v. injection using PET, and these values were then compared to ex
vivo biodistribution from gamma counting of organs. The blood half-life for the 4Cu-SLNs
was ~1.4 hr, which is longer than typical polymeric nanoparticles of similar size. Gamma
counting confirmed significant activity in the liver at 48 hr post i.v. injection. Coating SLNs
with hydrophilic polymers such as PEG will be investigated in the future to reduce SLN
clearance by the RES (kidneys, liver, and spleen) and increase the blood half-life. Longer
blood circulation times will further enhance the appeal of SLNSs as drug carriers, and the
ability to radiolabel these SLNs for noninvasive assessment of biodistribution in vivo using
PET will accelerate their development in the field of drug delivery, especially those drugs
targeted to the brain.
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Fig. 1. Schematic of SLN-BAT

The lipid-PEG-BAT (left) molecule is incorporated into the SLN such that the stearic acid
lipid tail is embedded in the stearic acid lipid core, while the PEG is associated with the
lecithin monolayer, and the BAT chelator remains accessible from outside the SLN (right).
We anticipate that van der Walls forces would cause the lipid portion of the lipid-PEG-BAT
molecule to associate with the lipid core of the SLN and there be incorporated inside. We
also anticipate that van der Walls forces would cause the hydrophilic PEG portion of the
lipid-PEG-BAT to be associated with the hydrophilic headgroups of the lecithin molecule,
leaving the BAT accessible on the surface of the SLN. By testing the ability for the SLNs to
radiolabel 84Cu, we validate the incorporation of lipid-PEG-BAT into the SLN and the
accessibility of the BAT groups on the surface.
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Fig. 2. Size characterization of SLNs

(a) Average Hydrodynamic diameter (145.2 + 0.07 nm) of the optical SLNs, measured using
dynamic light scattering (DLS). (b) Transmission electron microscopy (TEM) images of the
10-fold (left) and 20-fold (right) diluted SLN suspensions showing the mean dehydrated
SLN diameter = 89 nm; scale bar = 100 nm.
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(a) Elution profiles of 84Cu-SLN after incubation with 4CuCl, (1 hr) and EDTA (25 min) at
25°C and separation through a size-exclusion column. (b) Following purification, radio TLC

of 64Cu-SLN on a silica plate was developed with methanol/ammonium acetate (10%)
(50:50, v/v) and recorded by a radio-TLC Imaging Scanner. Results show >95%

radiolabeled nanoparticles.
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Fig. 4. Stability of SLNs

Stability of radiolabeled solid lipid nanoparticles (SLNs) over 48 hr in serum (pH 7.4),
saline (pH 5.5), saline (pH 4), and saline (pH 2). Bars represent mean * standard deviation
(n = 3/group).
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Fig. 5. Radio TLC of SLNs incubated with serum
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Cu-EDTA (a) and SLNs incubated with serum at 24 (b) and 48 hr (c) were developed on a
silica plate with methanol/ammonium acetate (10%) (50:50, v/v) and recorded by a radio-
TLC Imaging Scanner. The absence of free 4Cu-EDTA in b) and c) confirm that the 84Cu-

SLNs were stable in plasma after 24 and 48 hr.
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Fig. 6.

Radio TLC of supernatant resulting from centrifugation filtration of SLNs incubated with
saline (pH 2) and saline (pH 4) at 3 and 20 hr. Samples were developed on a silica plate was
developed with methanol/ammonium acetate (10%) (50:50, v/v) and recorded by a radio-
TLC Imaging Scanner. The TLC plots confirm that the loss of radiolabel observed (Figure
4) for 84Cu-SLNs incubated with saline (pH 2) and saline (pH 4) were a result of %4Cu-
EDTA dissociating from the particle in these extreme conditions.
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Fig. 7. Biodistribution with gamma counting

Biodistribution of 4Cu-SLNs in mice at 52-55 hr post injection. Error bars represent mean
+ standard deviation (n = 3). Liver activity (%1D/g) is significantly higher (p value < 0.01)
than all other organs.

Bioconjug Chem. Author manuscript; available in PMC 2012 April 20.



1dussnueln Joyny vd-HiN 1duosnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Andreozzi et al. Page 21

max

min

0 10 20 30 40 50
Hours (hr)

Fig. 8. Preliminary biodistribution with PET

Coronal view of a microPET image acquired at (a) 0.5-hr, (b) 3-hr, (c) 20-hr, and (d) 48-hr
post i.v. injection of 84Cu-SLNs. Radioactive signal is present in C = carotid, H = heart, L =
liver, S = spleen, and I = intestines. A relative scale (the brightest spot is maximum) was
applied for the images; e) Liver biodistribution obtained using ROI analysis on the
microPET images. Error bars represent mean + standard deviation (n = 3).
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Fig. 9.

Time activity curve (TAC) of blood after bolus i.v. injection of 4Cu-SLNs in mice. TACs
were obtained with region-of-interest (ROI) analysis using ASIPro software and expressed
as the percentage of injected dose per cubic centimeter (%ID/cc). Error bars represent mean
+ standard deviation (n = 3). The monoexponential curve fit to the data was as follows: y =
8.4363x0-5%,
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Preparation of SLN with optical cargo: W/O and W/O/W phase composition

Table 1

W/O Phase W/O/W Phase
Materials Amount Materials Amount
Stearic acid 67.2 mg, 0.24 mol Nanopure water 158.3 mg
Lecithin 40.2 mg, 0.05 mol Lecithin 8.5 mg, 0.01 mol
1-Butanol 32.6 mg, 0.44 mol Sodium taurodeoxycholate | 10.4 mg, 0.02 mol
BSA-TAMRA (aq) | 10.2 mg, 0.0002 mol | 1-Butanol 2.8 mg, 0.04 mol
N/A WI/O phase 18.00 mg
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