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Despite the widespread use of nanotechnology in radio-imaging applications, lipoprotein based delivery
systems have received only limited attention so far. These studies involve the synthesis of a novel hydro-
phobic radio-imaging tracer consisting of a hydrazinonicotinic acid (HYNIC)-N-dodecylamide and *°mTc
conjugate that can be encapsulated into rHDL nanoparticles (NPs). These rHDL NPs can selectively target
the Scavenger Receptor type Bl (SR-B1) that is overexpressed on most cancer cells due to excess
demand for cholesterol for membrane biogenesis and thus can target tumors in vivo. We provide details
of the tracer synthesis, characterization of the rHDL/tracer complex, in vitro uptake, stability studies and
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Introduction

Radio-imaging agents, including *°™Tc, play an important role
in oncology, in the early diagnosis of tumors. The develop-
ment of delivery systems for the selective and efficient trans-
port of these radio-imaging agents to the tumor site is a key
area of current radiopharmaceutical research. Several NPs have
been evaluated to enhance the pharmacokinetics and bio-distri-
bution of imaging agents.' ™ Nevertheless, more work is needed
to improve tumor targeting and contrast, especially for prostate
and breast cancer imaging.>® The specific NPs with the capacity
to accommodate hydrophobic substances, upon assembly, such
as liposomes,” have been used extensively in molecular imaging
studies. Another NP platform with a hydrophobic core, rHDL
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in vivo application of this new radio-imaging approach.

NPs, also appears suitable for this task as it has already been
employed in the imaging of atherosclerotic plaques.®®
Endogenous plasma HDL are complex structures of 5 to
12 nm in diameter, containing an apolar core of primarily
esterified cholesterol that is coated by phospholipids, free
cholesterol, and protein components, including apolipopro-
tein A-1 (Apo A-1). The complex of non-polar and polar lipids
is held together by the Tre-foil structure of apolipoproteins, as
modeled by lipid complexes with Apo A-L.'*'" This molecular
complex is responsible for initiating reverse cholesterol trans-
port from peripheral tissues, facilitating the transport of esteri-
fied cholesterol to the liver for excretion. The delivery mecha-
nism involves the recognition of Apo A-1 by the extracellular
domain of the scavenger receptor type B1 (SR-B1), present in
the hepatocyte plasma membrane.'>"® Unlike many other
nanoparticle platforms, the Apo A-1/SR-B1 interaction leads to
the intracellular (cytoplasmic) delivery of esterified cholesterol
without endocytosis of the whole HDL particle.’* As a result,
HDL with a reduced cholesterol content returns to the blood-
stream (via retro-endocytosis) to acquire more cholesterol.
Synthetic or reconstituted HDL (rHDL) NPs have been uti-
lized to deliver anti-cancer agents to cancer cells and to malig-
nant tumors as they are structurally and functionally similar to
endogenous HDL.'® Studies by us and several other investi-
gators have reported SR-B1 receptor overexpression in cancer
cells and tumors.'>*®'” ™% This overexpression is consistent
with the sustained and increasing demand for cholesterol (it is
essential for building the cell membrane) upon extracting it
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from plasma HDL.*® The acquisition of excess cholesterol by
malignant tissues leads to reduced plasma HDL-Cholesterol
(HDL-C) levels in cancer patients as observed by several
studies.”' ™ Consequently, HDL type NPs appear suitable for
therapeutic delivery vehicles for drugs and imaging agents.”®

This interaction between rHDL and the SR-B1 receptor has
been used for the transportation and specific release of drugs
and imaging agents to cancer cells. Therapeutic agents such as
paclitaxel, valrubicin  (chemotherapy'®), siRNA (gene
therapy),>” gold NPs (photothermal therapy and contrast agent
in CT imaging),”® free radical-producing fluorophores such as
curcumin (photodynamic therapy),?*° gadolinium, magnetic
NPs (NMR contrast agent imaging),” and quantum dots
(optical imaging)*' have been incorporated into the lipid core
of HDL (similar to esterified cholesterol), to function as a
“Trojan Horse”'>" transporting the encapsulated agent selec-
tively to the cytoplasm of cancer cells and tumors. Most of the
earlier studies involved the delivery of imaging agents to ather-
osclerotic lesions, employing animal models,***> and conse-
quently more work with tumor models is needed to facilitate
the enhancement of tumor imaging using rHDL NPs.

Despite the widespread clinical use of nuclear imaging
techniques, so far, there have been very few reports on HDL (or
HDL type NPs) as delivery vehicles for tumor imaging agents.
One example of such a study involved HDL radiolabeled with
the radionuclide **Zr for PET imaging of breast tumors.*?
Other reports described the labeling of low density lipopro-
teins (LDL) where the surface of the nanoparticle was altered
for the imaging approach.?*** As mentioned earlier, HDL type
NPs have been mainly studied as drug delivery agents, primar-
ily against malignant tumors. Although their medical imaging
and theranostic potential have been discussed,®® given the
high sensitivity of nuclear imaging, it would be desirable to
have a *™Tc based tracer complex available for the evaluation
of rHDL nanocarriers in vivo. However, currently, no studies
have been reported on rHDL radiolabeled with **™Tc (radio-
nuclide SPECT) even though it is the most widely used radio-
nuclide in imaging studies for nuclear medicine (approxi-
mately 30 million studies performed per year with *°™Tc).

One of the possible strategies for the preparation of **™Tc-
rHDL was to bind the radionuclide through a bifunctional
linker to the surface of the rHDL (link to apo-A1, or to phospho-
lipids), and in this way the images obtained were expected to
take advantage of the overexpression of SR-B1 receptors.
However, to take advantage of the interaction of Apo A-1 with
SR-B1, another labeling strategy was utilized here to internalize
the isotopic label in the phospholipid layer (or perhaps in the
interior core) of the rHDL NPs. Thus, the hydrophobic tracer
would be selectively released and accumulated in the cytoplasm
of the cancer cell, without going through endocytosis.**

The objective of these studies was to synthesize a hydro-
phobic derivative of hydrazino-nicotinic acid (HYNIC) in order
to prepare a conjugate, based on the HYNIC/EDDA/tricine struc-
ture that can be encapsulated with high efficiency into the lipid
core of HDL and be transported and internalized by prostate
cancer (PC3) cells with the aim of visualizing the tumor.
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Satisfactory evaluation of this radio-pharmaceutical would then
be pursued for potential clinical application, to reveal the
contour of the prostate tumors with enhanced contrast. These
studies are important in light of growing interest in the area of
theranostics; combined imaging and therapy.®”°

Materials and methods
Chemicals, supplies, and instruments

Chemicals (egg yolk phosphatidylcholine, free cholesterol and
cholesterol ester) needed for rHDL synthesis were ordered from
Sigma Aldrich. Apolipoprotein A1 was ordered from MC Labs,
South San Francisco, CA. Dodecylamine and anhydrous 1-hydro-
xybenzotriazole were obtained from ACROS Organics (Geel,
Belgium) and AnaSpec (Fremont, CA), respectively. All other
chemicals were obtained from Sigma-Aldrich (St Louis, MO,
USA). Reactions were performed using a Wheaton (Millville, NJ,
USA) micro kit, and isolation of the reaction products was per-
formed using commercial labware. Melting points (m.p.) were
determined using an electrothermal apparatus (Mel-Temp®,
Barnstead International, Dubuque, IA, USA) and reported
without correction. Mass spectra were recorded on a linear ion
trap (LTQ) and a linear ion trap-Orbitrap (LTQ Velos Orbitrap
Pro) hybrid instrument (both from Thermo Fisher Scientific,
San Jose, CA, USA) using an atmospheric pressure solids ana-
lysis probe (ASAP; M&M Mass Spec Consulting, Newark, DE,
USA) as described in the literature.”” For accurate-mass
measurements by using the Orbitrap, nominal resolution
(M/AM, at m/z 400) was set to 50000 and internal calibration
was done after acquisition using RecalOffline (version 2.2.0115)
and protonated dioctyl phthalate (m/z 391.2843) as a reference
ion.” 'H nuclear magnetic resonance (NMR) spectra were
obtained at 300 MHz on a Bruker (Billerica, MA, USA) Fourier
300 HD instrument in dimethyl-de sulfoxide (DMSO-ds) contain-
ing tetramethylsilane as an internal reference.

Synthesis of HYNIC-N-dodecylamide

The synthesis was carried out in two steps, starting from
6-chloropyridine-3-carboxylic acid. The first step was the reac-
tion with dodecylamine to form the amide as shown in Fig. 1.
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Fig.1 (A) Scheme for the synthesis of 6-hydrazinopyridine-3-

carboxylic acid dodecylamide (HYNIC-DA). (B) Coordination chemistry
of °*™Tc with HYNIC-DA and EDDA.*¢
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The second reaction involved the substitution of 6-Cl by hydra-
zine to form 6-hydrazinopyridine-3-carboxylic acid dodecyl-
amide (HYNIC-DA). Fig. 1B also shows the coordination chem-
istry for °*™Tc-radioisotope.

6-Chloropyridine-3-carboxylic acid dodecylamide

Dodecylamine (0.93 g, 5 mmol), 6-chloropyridine-3-carboxylic
acid (0.79 g, 5 mmol) and anhydrous 1-hydroxybenzotriazole
(1-HOBt; 0.75 g, 5.6 mmol) were dissolved in 3 mL dichloro-
methane. After the addition of N,N'-diisopropylcarbodiimide
(DIC; 860 pl ~ 0.70 g, 5.6 mmol), the reaction vial was capped
and the mixture was stirred overnight at room temperature
using a Teflon®-coated cylindrical magnetic bar and a labora-
tory stirrer/hot plate (Corning, Acton, MA, USA). Completion of
the reaction was confirmed by ASAP mass spectrometry. The
crude product was isolated by vacuum filtration, and was
recrystallized from dichloromethane. Off-white solid, 1.25 g
(~75% yield); m.p. 100 °C; ASAP-MS: m/z 325 and 327 (for *>Cl
and *’Cl isotopes, respectively, ~3: 1 ratio of ion abundance);
HR-MS: m/z 325.2037, A = —1.3 ppm for C;3H;3,N,0*>Cl (MH")
and 327.2010, A = —0.5 ppm for C;3H3N,0’’Cl (MH");
"H-NMR (8, ppm): 8.81 (s, J = 0.6 Hz, 1H, pyridinium H-2), 8.22
(d,J = 8.4 and 0.9 Hz, 1H, pyridinium H-4), 7.64 (d, J = 8.4 Hz,
1H, pyridinium H-5), 3.26 (dt, / = 7.8 and 6.8 Hz, 2H, a-CH, of
dodecylamide), 1.51 (m, 2H, P-CH, of dodecylamide),
1.20-1.32 (bs, 18H, y-CH, to A-CH, of dodecylamide), 0.87 (t,
J = 6.2 Hz, 3H, CH; of dodecylamide).

6-Hydrazinopyridine-3-carboxylic acid dodecylamide
(hydrazinonicotinoic acid docecylamide, HYNIC-DA)

To the isolated 6-chloropyridine-3-carboxylic acid dodecylamide
(1 g, ~3 mmol), two mL of reagent alcohol was added into a
10 mL reaction vial fitted with a water-cooled jacketed condenser.
The mixture was brought to reflux under stirring using the
stirrer/hot plate (from Corning, see the previous paragraph) and
a Teflon®-coated cylindrical magnetic bar. Then, 0.5 mL of
hydrazine/water solution (85/15, v/v) was added drop-wise
through the condenser using a disposable glass pipette, and the
reaction was allowed to proceed under reflux for 2 hours.
Completion of the reaction was confirmed by ASAP mass spec-
trometry. After cooling, the suspension was poured into 5 mL of
ice-cold water, and the product was isolated by vacuum filtration
followed by washing with water and, then, 1% HCI solution (w/v)
5 mL each, followed by drying the isolated product in a vacuum
desiccator. Grey-white solid, 0.52 g (~50% yield); m.p. 208 °C;
ASAP-MS: m/z 321; HR-MS: m/z 321.2639, A = —3.0 ppm for
C15H33N,0 (MH"); "H-NMR (8, ppm): 8.60 (d, J = 2.0 Hz, 1H, pyri-
dinium H-2), 8.12 (dd, J = 8.8 and 2.0 Hz, 1H, pyridinium H-4),
6.91 (d, J = 8.8 Hz, 1H, pyridinium H-5), 3.23 (dt, J = 8.0 and 6.8
Hz, 2H, a-CH, of dodecylamide), 1.50 (p, J = 8.0 Hz, 2H, -CH, of
dodecylamide), 1.24-1.28 (bs, 18H, y-CH, to A-CH, of dodecyl-
amide), 0.85 (t, / = 7.0 Hz, 3H, CH; of dodecylamide).

Liposome and rHDL preparation and characterization

Liposome preparation. Chemicals were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Liposomes were
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prepared according to the method reported by Toro-Cérdova
et al.*> which is a variation of the reverse-phase evaporation
method reported in the literature.”® Briefly, the lipid combi-
nation soybean l-a-phosphatidylcholine (HSPC); 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy( polyethylene
glycol)-2000] (DSPE-mPEG2000); and cholesterol in a ratio of
HSPC : DSPE-mPEG2000 : cholesterol (60% : 5% : 35%) was dis-
solved in chloroform : methanol (2:1) and added dropwise to
double distilled water (DDW) at 70 °C. The resulting mixture
was subjected to fast agitation to produce a water-in-oil emul-
sion. Solvents were evaporated in a round flask under soni-
cation resulting in the formation of liposomes. The particle
size was reduced by sonication and homogenization by
passing once through various membrane filters (once through
400 nm membrane, twice through a 200 nm membrane and
four times through a 100 nm membrane). Liposomes were
finally suspended in a known DDW volume.

Liposome characterization. The physicochemical character-
ization of liposomes included the phospholipid quantification,
determination of particle size and zeta potential. Phospholipid
determination in the final liposome suspension was done by
the Stewart method.** Particle size and zeta potential measure-
ments (5 repetitions) of the colloidal solution were carried out
using a particle size (dynamic light scattering) and Z potential
analyzer (Nanotrac Wave, Model MN401, Microtract, FL, USA).

rHDL preparation. rHDL synthesis was accomplished by a
procedure developed earlier.'® Briefly, a mixture of egg yolk
phosphatidylcholine (EYPC), free cholesterol (FC), and choles-
teryl oleate (CE) was prepared in chloroform. The lipid mixture
(EYPC, FC, and CE) was dried under nitrogen to a thin film
and dispersed in 60 pL DMSO. To this mixture, Apo A-I (5 mg)
and 140 pl sodium cholate (from a stock of 100 mM) were
added and the volume was made up to 2 ml with tris-ethylene-
diaminetetraacetic acid (EDTA) buffer (10 mM Tris, 0.1 M KCl,
1 mM EDTA pH 8.0). The final EYPC to cholate molar ratio was
maintained at (1:1.6). The lipid/protein/cholate mixture was
then incubated for 12 h at 4 °C, followed by dialysis against
2 L of phosphate buffer saline (PBS) for 48 h with three buffer
changes in the first 12 h. The preparations were then centri-
fuged at 1000 rpm for 2 min and filtered using a 0.2 pm
syringe filter. The preparations were kept in the dark at 4 °C
until further use.

rHDL characterization. The phospholipid content was deter-
mined by using an enzymatic reagent kit (phospholipid C)
using microtiter plate assays as per the manufacturer’s sugges-
tions. Protein determinations were carried out using a BCA
protein assay kit. Particle size and zeta potential measure-
ments (5 repetitions) of the colloidal suspension were carried
out using a particle size (dynamic light scattering) and Z
potential analyzer (Nanotrac Wave, Model MN401, Microtract,
FL, USA).

Preparation and characterization of **"Tc-BMEDA and
%M Tc-HYNIC-DA

99™Te-BMEDA. Radiolabelling was carried out according to

the method used by Santos Cuevas et al.** One hundred mg of
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N,N-bis(2-mercaptoethyl)-N',N'-diethyl-ethylenediamine BMEDA
(ABX-Germany) were dissolved in 1 mL of saline solution (0.9%
NaCl). Five pL of 10 fold diluted solution (50 pg, 0.224 pmol,
223.27 g mol™") was added to 25 pL of **™Tc-pertechnetate
(GETEC-ININ-Mexico, Ocoyoacac Mex, Mexico; 740-925 MBq)
followed by 7 pL of deprotection mixture (50 mg mL ™" sodium
tartrate in 0.1 M NH,OH/NH,CH;COOH, pH 5) and 5 pL of
reducing solution (1 mg ml™" SnCl, in 0.012 mol L™" HCI). The
final mixture was incubated for 20 min at room temperature.
This complex was used to compare the retention times during
HPLC measurements.

99Mpe.HYNIC-DA. Radiolabelling was carried out by adding
500 puL of EDDA-tricine solution (30 mg of EDDA in 1.5 mL of
0.1 mol L™" NaOH and 60 mg of tricine in 1.5 mL of 0.2
mol L™ phosphate buffer, pH = 7), 25 pL of SnCl, solution
(1 mg ml™" in 0.012 mol 1”" HCI), 500 pL of saline solution,
and 25 uL of %°™Tc-pertechnetate (GETEC-ININ-Mexico,
Ocoyoacac Mex, Mexico; 740-925 MB(q) to 200 pL HYNIC-DA
(1 mg ml™" in ethanol, 0.621 pmol, 321.70 g mol "), followed
by incubation at 92 °C for 20 min in a dry block heater.

Radiochemical purity. The radiochemical purity in both
cases (**™Tc-BMEDA and **™Tc-HYNIC-DA) was determined by
instant thin-layer chromatography on silica gel (ITLC-SG)
using saline solution as a solvent, and reversed phase HPLC
on a C18 column (pBondapak C18 column; Waters) using a
Waters Empower system with an inline radioactivity detector
and a gradient of water/acetonitrile containing 0.1% TFA from
95/5 (v/v) to 20/80 (v/v) over 35 min at a flow rate of
1 ml min~". Using this system, free ™ TcO," is dissolved in
the solvent and moved (ITLC-SG) out in HPLC exhibiting a ti =
3-3.5 min.

Hydrophobicity and partition coefficient (logP) for *™Tc-
BMEDA and °°™Tc-HYNIC-DA: experimental determination.
20 pL of each *™Tc complex was added into a mixture of
equal volumes of 1-octanol and water (500 pL) and incubated
overnight on a shaker. After the layer separation, 20 pL of each
layer was taken and counted in a well-gamma counter. The par-
tition coefficient was calculated as the logarithm of the quoti-
ent (counts in the 1-octanol phase)/(counts in the aqueous
phase).

Liposome and HDL labeling efficiencies

10 pL of °°™Tc-BMEDA solution (11.9 pg, 0.05 pmol) and
100 pL of “*™Tc-HYNIC-DA solution (16 pg, 0.05 pmol) were
added to liposomes (1 mL) respectively and incubated at 40 °C
for 60 minutes. Exactly, the same procedure was employed for
labeling HDL nanoparticles. The **™Tc-compounds were sep-
arated from free °*™Tc-BMEDA/’°™Tc-HYNIC-DA using a PD-10
column eluted with normal saline solution. Each 0.5 mL frac-
tion was collected into a tube and counted using a gamma
counter. The opacity of liposomes and HDL was used to visu-
ally monitor the collection of the *™Tc-liposomes and **™Tc-
rHDL respectively. The labeling efficiency was determined
from the radio-chromatogram as the ratio of the counts from
the liposome/HDL fractions divided by the total counts from
all collected fractions.
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In all cases (**™Tc-BMEDA-liposomes, °°™Tc-HYNIC-DA-
liposomes, °°™Tc-BMEDA-HDL and °°™Tc-HYNIC-DA-rHDL),
the fifth fraction of the radio-chromatogram was centrifuged
in a dialysis tube (MWCO of 100 000 Da) at 2500¢ for 15 min.
The fraction representing MW less than 100000 Da was
counted using a gamma counter, and the fraction with MW
higher than 100 000 Da was taken out from the tube.

In vitro stability of labeled liposomes and labeled HDL in
human serum

To determine the stability of **™Tc-BMEDA-liposomes, °™Tc-
HYNIC-DA-liposomes,  °°"Tc-BMEDA-rHDL, and  °*™Tc-
HYNIC-DA-THDL in serum, 150 pL of the fifth fraction eluted
from the PD-10 column (most opaque fraction containing the
labeled liposomes/HDL: concentration 0.33 mg mL™') was
incubated at 37 °C with 5 mL of 5x diluted human serum. The
radiochemical stability of the labeled liposomes/HDL was
determined by taking 1 mL of the incubated particles at
different time points following the addition of 300 pL of TFA
for protein precipitation. Samples were centrifuged at 2000
rpm for 3 min, and the whole sample, the pellet and super-
natant radioactivities were determined in a gamma counter.
Pellet activity represents the activity of the labeled liposomes/
HDL since liposomes and HDL are associated with the precipi-
tated protein. Any instability in the system, recognized as a
leak of the **™T¢-BMEDA or °°™Tc-HYNIC-DA compounds
from the liposomes/HDL, would be determined in the super-
natant. Control samples were analyzed to demonstrate that
neither *™Tc-BMEDA nor °°™Tc-HYNIC-DA precipitates with
TFA. In this case, the procedure was the same as that already
described except for adding 150 pL of **™Tc-BMEDA or **™Tc-
HYNIC-DA compounds to serum albumin instead of the
labeled liposomes/rHDL.

Cell uptake experiments

PC3 cells were harvested and diluted in fresh medium (1 x 10°
cells per well, 0.5 mL) and then seeded in 24-well tissue
culture plates. After 24 h, the medium was removed, and the
cells were incubated with 100 pL per well of phosphate
buffered saline (PBS) with the following treatments per well:
2 kBq of **™Tc04-, and 30 pL of 1 pg pL " of **™Tc-rHDL, *™Tc-
liposome, and ?*™Tc-HYNIC-DA for 45 min at 37 °C. Then the
cells were rinsed two times with 0.5 mL of ice-cold PBS. These
two washes were combined and represent the *™TcO,~, **™Tc-
rHDL, *°™Tc-liposome, and °°™Tc-HYNIC-DA not bound to the
cells. The cells were washed with 1 mL of PBS and later were
incubated twice with 0.5 mL of glycine-HCI (50 mM, pH 2.8).
Then glycine-HCl washes were combined, and these washes
recovered the *°™TcO,”, °°™Tc-rHDL, °°™Tc-liposome, and
99MTe.HYNIC-DA adhered or bound to the cell membrane. The
cells were washed with 1 mL of PBS, and finally were washed
twice with 0.5 mL of 1.0 M NaOH (lysed cells) to recover the
99mre0,”, P™Te-rHDL, *°™Tc-liposome, and *°™Tc-HYNIC-DA
internalized in the cytoplasm (washes were combined).
Radioactivity was measured in the initial PBS, glycine-HCI and
NaOH combined washes using a Nal(Tl) detector (NML Inc.,
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USA). The initial activity of each treatment was taken to rep-
resent 100% of activity. In parallel, the nonspecific binding
was determined using 30 pL of 60 pg pL~" of unlabeled rHDL,
which blocked SR-B1 receptors on PC3 cells.

99™Tc-HYNIC-DA-HDL biodistribution and imaging studies

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
Universidad Auténoma del Estado de México and experiments
were approved by the Animal Ethics Committee of Universidad
Autonoma del Estado de México. In vivo studies in mice were
carried out according to the rules and regulations of the
Official Mexican Norm 062-ZO0-1999. Normal male Balb/c
mice and athymic nude mice, 6-7 weeks, were kept in sterile
cages with sterile wood-shaving beds, constant temperature,
humidity, noise, and 12 h light/dark cycles. Water and feed
(standard PMI 5001 feed) were given ad libitum

Normal mice. Normal male Balb/c mice were injected in the
tail vein with **™Te-HYNIC-DA-THDL (200 pl, 3 MBq) under
2% isoflurane anesthesia. The mice were sacrificed at 0.5, 2, 4
and 24 h (3 mice for each time point) after radiopharmaceuti-
cal administration. Whole heart, lungs, liver, spleen, kidneys,
samples of blood, intestines, bone, muscle, pancreas, and
brain were transferred to pre-weighed plastic test tubes or
bags. The activity was determined in a well-type scintillation
detector along with two aliquots of a diluted standard repre-
senting 100% of the injected dose. The mean activities were
used to obtain the percentage of injected activity per gram of
tissue.

Mice bearing PC3 tumor. For tumor studies two tumor
models in athymic mice (6-7 weeks) were studied. In the first
one, mice were inoculated with PC3 cells subcutaneously in
the upper back and in the second one, mice were inoculated
with PC3 cells by injection into the tail vain. In both cases
2 x 10° PC3 cancer cells suspended in 0.1 ml PBS were used.

Subcutaneous inoculation: in the case of the subcutaneous
tumor inoculation, the injection sites were observed at regular
intervals for tumor formation and progression. Once the
tumor was observed in the upper back of mice, mice were
injected in the tail-vein or intra-tumour with °*™Tc-rHDL
(200 pL, 3 MBq) under 2% isoflurane anesthesia. In both
cases, mice were sacrificed at 24 h (n = 3 for each mice) after
radiopharmaceutical administration, and in the case of intra-
tumoral injection they were also sacrificed after 5 min post-
injection. Whole heart, lungs, liver, spleen, kidneys, tumor,
samples of blood, intestines, bone, pancreas, and muscle were
transferred to pre-weighed plastic test tubes. The activity was
determined in a well-type scintillation detector along with two
aliquots of a diluted standard representing 100% of the
injected dose. The mean activities were used to obtain the per-
centage of injected activity per gram of tissue (%ID per g) and
the percentage of injected activity per organ (%ID per organ).
99MTe-SPECT/CT imaging single photon emission computed
tomography (SPECT) and X-ray computed tomography (CT)
images were acquired at 4 h after the injection of **™Tc-rHDL
using a micro SPECT/CT scanner (Albira, ONCOVISION; Gem
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Imaging S.A., Valencia, Spain) to verify the PC3 tumor uptake.
Mice under 2% isoflurane anesthesia were placed in the prone
position and half body (torax) imaging was performed. The
micro-SPECT field of view was 40 mm, a symmetric 20%
window was set at 140 keV and multi pinhole collimators were
used to acquire a 3D SPECT image with a total of 64 projec-
tions for 30 s, over 360°. The image dataset was then recon-
structed using the ordered subset expectation maximization
(OSEM) algorithm with standard mode parameters as provided
by the manufacturer. CT parameters were 35 kV surge voltage,
700 pA current and 600 micro-CT projections.

Tail vain inoculation: after tail vein injection, it is expected
that tumor grows in the pulmonary vasculature. Ten days after
the tumor inoculation, mice were injected (200 pL, 3 MBq) in
the tail-vein with **™Tc-rHDL and °°™Tc-liposomes respect-
ively (n = 3 each) under 2% isoflurane anesthesia. SPECT and
radiographic computed tomography (CT) images were acquired
at 0.5, 2, 4 and 24 h after radiopharmaceutical injection using
a micro-SPECT/CT scanner (Albira, ONCOVISION; Gem
Imaging S.A., Valencia, Spain) under the same conditions
described above. From the radiopharmaceuticals °°™Tc-rHDL
and °°™Tc-liposomes injected doses, and the weight of each
mouse, the mean standardized uptake value in the tumor (SUV
mean) was calculated using PMOD Data Analysis Software
(PMOD Technologies).

Radiokinetic **™Tc-HYNIC-DA-HDL

From the percentages of injected dose per organ (%ID per
organ) at different times in the main target organs (deter-
mined from the biodistribution), the Ay(¢) functions were
obtained (4x(t) = gn(t)e"*"*®" and the total number of disin-
tegrations N(MBq h/MBq) of **™Tc in the organ normalized to
unit-administered activity was also calculated. The Ay(¢) func-
tions and total number of disintegrations N(MBq h/MBq) in
the tumor were also calculated for *™Tc-rHDL and **™Tc-lipo-
some administrations.

Results and discussion

The combination of HYNIC and the ethylenediamine-N,N'’-
diacetic acid (EDDA) with tricine has been successfully
employed as a bi-functional chelator for labeling peptides and
gold nanoparticles with **™Tc due to its high stability with the
HYNIC imine bond. The EDDA/tricine completes the coordi-
nation sphere of the *™Tc complex.*®™® This **™Tc-HYNIC/
EDDA/tricine complex is suitable for in vivo studies as it facili-
tates urinary excretion (hydrophilic properties) of the isotope.
However, a hydrophilic compound would not be efficiently
encapsulated into the core of the rHDL unless it is modified to
have hydrophobic properties as described herein. Specifically,
HYNIC-DA was synthesized as a lipophilic derivative of HYNIC
(see the Materials and methods section) to facilitate the incor-
poration of a bi-functional chelator-complexed *°™Tc into lipo-
somes and rHDL nanoparticles. Fig. 1 shows the synthetic
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scheme for HYNIC-DA as well as state-of-the-art of **™ Tc co-
ordination chemistry*’

Liposome and HDL characterization

Data on the characterization of liposomes and HDL are shown
in Table 1. As can be seen, the liposomal NPs are much larger
than the rHDL NPs, while both were found to be very stable
(colloidal stability) in suspension, as indicated by their
respective Z-potentials. Both nanoparticles had an acceptable
homogeneity as indicated by the observed polydispersity index
values.

Preparation of **™Tc-BMEDA and **™Tc-HYNIC-DA

The method used in this work for the labeling of BMEDA with
99™Te was different compared to the conventional glutathione
encapsulated liposome method.’® In the conventional
approach, the liposome is pre-loaded with reduced glutathione
(GSH), and **™Tc is complexed with BMEDA through **™Tc-
glucoheptonate in three steps: (i) uploading liposomes with
GSH, (ii) preparing the °*™Tc-glucoheptonate from **™TcO,",
and (iii) preparing the **™Tc-BMEDA complex (**™Tc-‘SNS/S”
type of complex). The labeling efficiency of this method is
usually limited (below 85%). During these studies, the lipo-
somes were not employed for BMEDA labeling with ?°™Tc.
Instead the *™Tc-BMEDA was prepared in a single step using
the same methodology reported earlier”" to prepare a °*™Tc-
N,S, complex. This method facilitates a simpler and more
efficient labeling procedure. The radiochemical purity of the
product determined by ITLC-SG and HPLC was 90-95%.

The “°™Tc-labeling of HYNIC-DA was also carried out in
one step, following the methodology already reported to form
the °°™Tc-HYNIC complex.”” As with the **™Tc-BMEDA, the
radiochemical purity determined by ITLC-SG and HPLC was
within 90-95%.

Hydrophobicity and partition coefficient (log P) for **™Tc-
BMEDA and *°™Tc-DA-HYNIC

Hydrophobicity is directly proportional to the retention time
of RP-HPLC, as previously reported.>® Fig. 2 shows the
RP-HPLC radio-chromatogram of **™Tc-HYNIC-DA and °°™Tc-
BMEDA. These data show that °*™Tc-HYNIC had a higher
retention time (1.73 min higher) than **™Tc-BMEDA, indicat-
ing that it is more hydrophobic. These findings agree with the
experimental partition coefficient determined for these com-
pounds, —1.30 for **™Tc-BMEDA and 0.25 for **™Tc-HYNIC-DA
(the real complex is °*™Tc-HYNIC-DA/EDDA, since HYNIC

Table 1 Characterization of the liposome and HDL nanoparticles

Parameter Liposomes rHDL
Particle diameter (nm) 107.4 + 15 36.60 + 10
Polydispersity 0.186 + 0.04 0.28 + 0.05
Z-Potential (mV) -18.15+6 —20.60 + 7
Phospholipid (mg mL ™) 23.34+4 1.55 + 0.6
Protein (mg mL™") N/A 1.19+0.3
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Fig. 2 Labelling efficiency of HDL fractions collected at different
elution times.

cannot complete the coordination sphere of **™Tc and EDDA
is therefore used for this purpose). The negative value for
99™Tce.BMEDA and the positive value for **"Tc-HYNIC indicate
that °°™Tc-HYNIC-DA is more hydrophobic than °’™Tc-
BMEDA, and the difference in hydrophobicity is slightly over
one log unit. When estimated by the method built into the
Chem3D molecular modeling software, the log P for BMEDA
was found to be 1.54, while for HYNIC-DA it was 3.85. The
hydrophobicity of these molecules is reduced with the for-
mation of the metal complexes, but the trend is maintained in
that HYNIC-DA molecule, which is more hydrophobic than
BMEDA; i.e. °*™Tc-HYNIC-DA remains more hydrophobic than
99™MTc.BMEDA as expected. From these findings, it is antici-
pated that °*°™Tc-HYNIC-DA can be incorporated into the
hydrophobic layer of liposomes and into the hydrophobic core
of HDL more efficiently than *™Tc-BMEDA.

Liposome and HDL labeling efficiencies

Fig. 3 shows the Ilabeling efficiency of rHDL with
%MTe-BMEDA and “*™Tc-HYNIC-DA respectively. For both
nanoparticles, the labeling efficiency is always higher with
9MTe-HYNIC-DA than “°™Tc-BMEDA. For liposomes, yields
were (66 + 2)% vs. (61 + 2)% respectively while for rHDL yields
were (86 + 3)% vs. (57 * 3)%. For both “’™Tc-complexes,
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Fig. 3 RP-HPLC radio-chromatogram of °°™Tc-BMEDA and %°™Tc-
HYNIC-DA complexes.
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the labeling efficiency of rHDL was always higher than that of
the liposomes. These differences are explained by the relative
hydrophobicities of these **™Tc-conjugates (**™Tc-HYNIC-DA
is more hydrophobic).

Schematically, the labeled HDL with “*™Tc-HYNIC-DA can
be represented as shown in Fig. 4 (**™Tc-rHDL). The blue
spheres represent the phospholipids and cholesterol forming
the outer region; the orange diamonds represent the °°™Tc-
complex (**™Tc-BMEDA or *™Tc-HYNIC-DA) while the tail of
the DA molecule is buried in the core of the particle. The
green cylinders represent the amphipathic peptide chain of
the Apo A-1 protein stabilizing the spherical structure of rHDL
nanoparticles making it water soluble.

%MTe-BMEDA is the conventional labeling agent for lipo-
somes, but usually, liposomes are loaded with glutathione
(GSH) in the inner core, so once the **™Tc-BMEDA passes
through the hydrophobic outer shell it reaches the hydrophilic
core and there **™Tc-BMEDA is reduced by GSH becoming
more hydrophilic and entrapped in the central core.’® During
these studies, the liposomes were not loaded with GSH; there-
fore both **™Tc-BMEDA and °°™Tc-HYNIC-DA remained in the
outer hydrophobic shell of liposomes. Finally, the lipid layer of
HDL is hydrophobic; therefore, **™Tc-complexes are loaded
inside the NP via the HYNIC-DA conjugate (Fig. 4). Because
9™MTe-HYNIC-DA is more hydrophobic (larger logP and
retention time in RP-HPLC), it has a larger distribution in
hydrophobic areas than °*™Tc-BMEDA, that facilitates higher
labeling efficiency.

As seen in Fig. 3, the labeled compounds eluted in the
same volume and the fraction in both cases (i.e., both labeling
liposomes and rHDL). These fractions were visibly cloudy,
facilitating their visual detection. In order to assure that the
radioactivity in the NP fractions is due to the internalization of
the ?°™Tc-complex into the nanoparticles and not due to the
co-elution of aggregated or free compound with the NPs, the
most radioactive fraction (which was also the cloudiest) was
centrifuged using a centrifugation tube containing a dialysis
membrane of MWCO of 100 000 Da. All the radioactivity was
found inside the membrane, meaning that no aggregation of
9™ e-complexes was present (any *°™Tc-complex aggregation
would have a molecular weight of less than 100 000 Da). This
confirms that the ?°™Tc-complexes were associated with the
rHDL NPs.

ﬁ Phospholipids
> Apo-Al

¢ 9MTc-HYNIC-DA

Fig. 4 Schematic structure of the labeled rHDL with the localization of
HYNIC-DA.
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In vitro stability of labeled liposomes and labeled HDL in
human serum

Stability is understood as the capacity of **™Tc-BMEDA and
99™MTe-HYNIC-DA for remaining entrapped into the HDL
without leaking. The results presented in Table 2 are in agree-
ment with those reported in earlier sections. The lower hydro-
phobicity of **™Tc-BMEDA in comparison to **™Tc-HYNIC-DA
explains the higher stability and retention of **™Tc-HYNIC-DA
into the nanoparticles. After 3 h of incubation, more than 90%
of *™Tc-HYNIC-DA is still inside the liposomes and HDL. Due
to lower stability of the BMEDA, it was not used in the animal
studies.

In vitro cell uptake study

All of the radioactivity uptake by the cell was found in the cyto-
plasm when the rHDL NPs were used to deliver the radio-
imaging agent. Moreover, a partial blocking of the SR-B1 recep-
tor with increasing concentrations of empty rHDL as the com-
petitive inhibitor markedly decreased the total uptake of the
labeled rHDL by about 60% (the remainder ascribed to mem-
branous accumulation; data not shown). Liposome delivery
did not change with HDL blocking as the method of internaliz-
ation of liposomal radioisotope is independent of SR-B1
expression and hence no change was observed (ESI Fig. S17).
The other two groups, **™Tc-HYNIC-DA and °°™TcO,” salt,
were used as controls resulting in only marginal incorporation
into the cells (data not shown).

Fig. S17 shows no significant difference in the liposome
cell uptake in the presence and absence of unlabeled rHDL
(SR-B1 blocking agent). The internalization of the liposome
into the cell is through an endocytic mechanism which is
different from the SR-B1 mediated non-endocytic delivery. The
uptake of liposomes by the cell membrane is anticipated to be
due mostly to its adsorption on the cell membrane. Liposomal
uptake, therefore, is non-specific. A similar approach of using
liposomes as a negative control of HDL was also employed by
Murphy et al. where they demonstrated that HDL inhibited the
activity of CD11b while liposomes did not.>* The results in
Fig. 5 agree with the findings reported by Mooberry et al.>*
Moreover, several others have reported the specific recognition
of HDL by the SR-B1 receptor by labeling HDL with *H or **C
and blocking the receptor using un-labeled rHDL.>>™”

Although °°™Tc-HYNIC-DA and °*™TcO,” are not expected
to be found in the solution of ** Tc-rHDL as separate species,
as it was already purified, and °*"Tc-HYNIC is stable inside

Table 2 Results of the in vitro stability test for liposomes and rHDL
nanoparticles in human serum

99mTc_ 99mTc_ 99mTC_ 99mTC_
Time BMEDA- HYNIC-DA- BMEDA- HYNIC-DA-
(h) liposomes liposome rHDL rHDL
1 92+5 98 +2 100 100
2 80 +3 95+1 87 +5 100
3 73+6 91+3 78 +£2 96.5 £ 0.6
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the rHDL, their uptake by PC-3 cells was studied as controls.
99™MTe-HYNIC-DA showed a total uptake of 34% and 31%
without and with SR-B1 blocking respectively. On the other
hand, **™TcO,~ was found to have a total uptake of 2.9% and
2.8% with and without SR-B1 blocking respectively. These
results show as expected that the uptake of these formulations
is very low and nonspecific.

99™Tc-DA-HYNIC-HDL biodistribution and imaging studies

99MTe-HYNIC-DA-THDL showed better stability than °°™Tc-
BMEDA-HDL, and for this reason, the bio-distribution and
imaging studies were only carried out with the °°™Te-
HYNIC-DA-THDL.

Although °™Tc-HYNIC-DA-liposome also showed good
stability, the bio-distribution of these nanoparticles was not
studied because liposome bio-distribution has already been
studied.’®*° However, this is the first time that HDL type NPs
have been labeled with °°™Tc, therefore studies of their bio-
distribution in normal mice at different times post-injection
were carried out (Table 3).

Table 3 confirms the delivery and hepatobiliary excretion
pattern of the **™Tc-HYNIC-DA-rHDL NPs. In normal animals
rHDL NPs were expected to accumulate in liver tissue, due to
its high SR-B1 expression. Hence the increased liver uptake
was observed with post 0.5 h time points. These data confirm
the passive targeting of the SR-B1 receptors showing a higher
concentration of the radio-imaging agent in the liver. Other
organs such as spleen, lungs, and kidney showed moderate
radioactivity while heart and pancreas exhibited very low radio-
activity, due to the established absence of SR-B1 receptors.
This observation is particularly important in establishing the
targeting potential and limiting the off-target bio-distribution
of the payload transported by the rHDL NPs.

Moreover, a similar study in tumor-bearing mice was con-
ducted to evaluate tumor uptake as a function of time. Table 4
shows the Standard Uptake Values (SUV) for the ™ Tc-rHDL
and *°™Tc-liposomes. In the case of rHDL the SUV value

548 | Nanoscale, 2019, 11, 541-551

Nanoscale

Table 3 Biodistribution of **™Tc-rHDL in normal male balb/C mice

% (Injected activity)/(g of tissue)

Time post-injection

Organs 0.5h 2.0h 4.0h 24 h

Blood 1.55h +0.07 0.57 +0.08 0.31 £ 0.08 0.19 £ 0.10
Heart 2.64 £2.50 0.75 £ 0.30 0.47 £ 0.27 0.39 £ 0.36
Spleen 7.91£0.70 19.01 +£10.33 9.78 £3.43 23.82 +4.16
Intestine  1.41 +1.31 2.72 £2.45 1.42 +1.57 0.21 £ 0.12
Pancreas 2.18 +1.60 1.98 + 2.07 1.06 £ 0.98 0.62 £ 0.51
Kidney 5.12 +3.77 2.55 £1.27 1.49 £ 0.14 0.58 £0.13
Liver 36.23 +19.45 23.55+1.04 20.56 +7.54  20.66 + 6.26
Lungs 23.34 +10.69  9.64 + 6.49 7.71 £ 2.00 1.95 +1.80
Muscle 1.53 +1.07 0.50 £ 0.30 0.25 £ 0.06 0.31£0.36
Bone 3.42 £ 2.87 1.02 + 0.84 2.21 £1.10 1.17 + 0.84
Brain 0.56 £ 0.53 0.29 £ 0.34 0.10 £ 0.07 0.04 + 0.02

Table 4 Standard uptake values (SUV mean) of PC3 tumors induced in
athymic balb/c mice by tail vein inoculation

99my 99m

Time Tc-rHDL tumor uptake Tc-liposome tumor uptake
(h) (SUV mean) (SUV mean)

0.5 0.200 = 0.061 0.147 + 0.048

2.0 0.312 + 0.056 0.198 + 0.051

4.0 1.513 £ 0.038 0.174 + 0.047

24.0 2.800 + 0.021 0.037 + 0.023

increased more than 10 fold in 24 h while these values
remained constant for liposomal preparation during the first
few hours, and decreased after 4 h as evident from the data.
The SR-B1 expression on PC3 tumor cells thus attracts the
rHDL NPs leading to higher accumulation of **™Te.

Table 5 shows the bio-distributions after 5 min and 24 h fol-
lowing intra-tumoral injections, as well as the bio-distributions
after 24 h of intravenous injection of *°™Tc-HYNIC-DA-THDL
in mice bearing subcutaneous PC3 tumors. The tumor/organ

Table 5 Biodistribution of mice bearing PC3 tumors after intra-tumoral
and intravenous injections

% (Injected activity)/(g of

tissue) Tumor/organ ratio

5 min, intra- 24 h, intra- 24 h, 24 h,

tumoral tumoral intravenous  intravenous
Organ injection injection injection injection
Blood 0.11 + 0.10 0.31 £ 0.15 0.16 + 0.09 37¢
Heart 2.50 +0.98 0.06 + 0.07 0.60 + 0.31 7.6
Spleen 0.20 £ 0.14 0.73 £0.62 16.03 £5.8 0.4
Intestine 0.24 + 0.19 0.01 + 0.02 0.51 +0.36 4
Pancreas 0.21 £ 0.08 0.15+0.11 2.51+1.1 2.7
Kidney 0.78 +0.47 0.53 +0.25 1.29 + 0.63 2.5
Liver 1.16 £ 0.41 1.13+0.61 32.14 + 8.6 0.01
Lungs 6.32 +2.1 0.01 +0.03 1.81 £ 1.51 3.6
Muscle 0.28 £ 0.10 0.41 +0.19 1.51 £ 0.39 3.87
Bone 0.14 + 0.09 0.19+0.11 1.12 £ 1.01 5.7
Tumor 88.50 = 3.24 30.75 £5.32 5.96 +2.03 1

“Ratio calculated as %IA per g(tumor)/%]IA per g(blood).
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Fig. 6 SPECT/CT images after 4 h of post injection of °*™Tc-rHDL in athymic mice bearing PC3 tumors induced subcutaneously, (A) intravenous
injection and (B) intra-tumoral injection. SPECT/CT images after 4 h of post injection intravenously in athymic mice bearing PC3 tumors induced by

tail vein inoculation, (C) °*™Tc-rHDL and (D) °°™Tc-liposomes.

ratio after 24 h of intravenous injection is also shown. Liver,
spleen and tumor showed a significantly higher activity after
intravenous injection suggesting efficient targeting to tumor
tissue. In fact, tumor tissue radioactivity was substantially
higher compared to heart, blood, intestine, pancreas, kidney,
lungs, muscles, and bones. This is especially important for the
delivery of chemotherapy drugs such as doxorubicin where car-
diotoxicity is a major concern. In the case of the heart, the
amount received was ten-fold less compared to tumor tissue at
24 h.

Fig. 6 shows the SPECT/CT images after four hours follow-
ing intravenous (Fig. 6A) and intra-tumoral injection (Fig. 6B)
respectively in mice bearing a PC3 tumor. As expected, radioac-
tivity is accumulated in the PC3 tumor, due to the over-
expression of SR-B1 receptors that mediate the internalization
of the rHDL payload (*°™Tc-HYNIC-DA). The high accumu-
lation of **™Tc-rHDL in the liver is consistent with the bio-dis-
tribution results shown in Table 5. Fig. 6C and D show the
SPECT/CT images after 4 h of intravenous injection in mice
bearing a PC3 tumor induced by tail-vein inoculation. It was
expected that PC3 cancer cells tend to harbor in the lungs pre-
dominantly. Thus, we see a higher uptake in these cells in
lung tissue where PC3 cells are lodged. Images correlate with
the SUV mean values reported in Table 4 and also highlight
the receptor-specific uptake of rHDL nanoparticles. Additional
time-course images of radiolabeled rHDL are shown in ESI
Fig. S2.t

99mpe HYNIC-DA-rHDL radiokinetic model

ESI Table S1f shows the radiokinetic model and the total
disintegrations occurred in the excretory organs and tumor
after the administration of °°™Tc-HYNIC-DA-rHDL. The
long residence time of total disintegrations of **™Tc-rHDL
in the tumor, which is 15 times higher than the **™Tc-lipo-
somes, is noteworthy. Although we are aware of the prefer-
able non-endocytic delivery of payloads from the rHDL
NPs, we are not certain regarding the exact delivery mecha-
nism that facilitated the enhanced tumor accumulation
and retention of °*°™Tc as these types of studies are beyond
the scope of the current investigation. Perhaps, these find-

This journal is © The Royal Society of Chemistry 2019

ings may be ascribed to efficient targeting via SR-B1 and
the lack of a well-developed venous structure in the tumor
mass that may facilitate the extended retention of **mTec-
DA at the tumor site. The substantially extended retention
time of °*°™Tc-rHDL justifies its use in tumor imaging, and
also suggests an effective therapeutic application for the
rHDL platform; therefore, these NPs could be most useful

for the development of theranostic radio-nano-
pharmaceuticals.
Conclusions
6-Hydrazinopyridine-3-carboxylic acid dodecylamide

(HYNIC-DA) was synthesized and labeled with a °*™Tc nuclide,
achieving high radiochemical purity. The °°™Tc-complex is
more hydrophobic than conventional **™Tc-BMEDA, perhaps
resulting in 90% of **™Tc-HYNIC-DA remaining entrapped
into liposomes and rHDL after three hours of incubation.
Therefore, *°™Tc-HYNIC-DA is a good alternative to label
amphiphilic nanoparticles such as rHDL and liposomes with
adequate efficiency and stability. Bio-distribution and imaging
studies carried out with mice carrying PC3 tumors showed
high radioactivity uptake in the tumor and the liver apparently
due to the SR-B1 targeting and subsequent payload accumu-
lation. Findings from in vivo studies are consistent with those
from in vitro cell uptake studies where the specific recognition
of *™Tc-rHDL was demonstrated by SR-B1 blockade with
unlabeled rHDL and control experiment with **™Tc-liposome
evaluated the nonspecific uptake. Determination of SUVs also
agrees with cell uptake experiments, showing higher values
with ?°™Tc-rHDL compared to °°™Tc-liposomes (steady and
lower SVU mean values). This nanosystem (**"Tc-rHDL) shows
favorable properties that warrant consideration as a radiophar-
maceutical for the diagnosis of cancers, especially those exhi-
biting overexpressed SR-B1 receptors. Combining the drug
delivery capabilities of rHDL as well as its potential as a radio-
pharmaceutical transporter for diagnosis, rHDL NPs may also
be utilized in the design of a broad range of new theranostic
radiopharmaceuticals.
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