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Purpose: Selective internal radiation therapy (SIRT) is an effective treatment option for liver
tumors, using Y-90-loaded polymer microspheres that are delivered via catheterization of the
hepatic artery. Since Y-90 is a beta emitter and not conveniently imaged by standard clinical
instrumentation, dosimetry is currently evaluated in each patient using a surrogate particle,
“mTechnetium-labeled macroaggregated albumin (**"Tc-MAA). We report a new composite
consisting of *"Tc-labeled nanoparticles attached to the same polymer microspheres as used
for SIRT, which can be imaged with standard SPECT.

Methods: Carbon nanoparticles with an encapsulated core of " Tc were coated with the poly-
cation protamine sulfate to provide electrostatic attachment to anionic polystyrene sulfonate
microspheres of different sizes (30, 12, and 8 um). The in vivo stability of these composites was
determined via intravenous injection and entrapment in the capillary network of normal rabbit
lungs for up to 3 hours. Furthermore, we evaluated their biodistribution in normal rabbit livers,
and livers implanted with VX2 tumors, following intrahepatic artery instillation.

Results: We report distribution tests for three different sizes of radiolabeled microspheres and
compare the results with those obtained using *"Tc-MAA. Lung retention of the radiolabeled
microspheres ranged from 72.8% to 92.9%, with the smaller diameter microspheres showing
the lowest retention. Liver retention of the microspheres was higher, with retention in normal
livers ranging from 99.2% to 99.8%, and in livers with VX2 tumors from 98.2% to 99.2%. The
radiolabeled microspheres clearly demonstrated preferential uptake at tumor sites due to the
increased arterial perfusion produced by angiogenesis.

Conclusion: We describe a novel use of radiolabeled carbon nanoparticles to generate an
imageable microsphere that is stable in vivo under the shear stress conditions of arterial
networks. Following intra-arterial instillation in the normal rabbit liver, they distribute in a
distinct segmented pattern, with the smaller microspheres extending throughout the organ in
finer detail, while still being well retained within the liver. Furthermore, in livers hosting an
implanted VX2 tumor, they reveal the increased arterial perfusion of tumor tissue resulting from
angiogenesis. These novel composites may have potential as a more representative mimic of
the vascular distribution of therapeutic microspheres in patients undergoing SIRT.
Keywords: liver cancer, SIRT, radiolabeled microspheres, medical imaging

Introduction
Metastatic carcinoma commonly occurs in the liver from primary carcinomas of eg,
the colonic mucosa.! The hepatic lesions are often multifocal and may occur on a
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background of hepatitis or liver cirrhosis. Single tumors
may be resected with the expectation of achieving prolonged
survival, but multifocal or diffuse metastases are generally
not operable, so that only 10%—15% of patients are eligible
for surgery.? Further, of those patients who do undergo
partial hepatectomy, a large proportion will develop recurrent
tumors that are no longer resectable. The use of microspheres
to deliver selective internal radiation therapy (SIRT) that
produces measurable tumor regression® has therefore been
a significant advancement in the treatment of liver cancer
and has opened the possibility of prolonged survival.* SIR-
Spheres® (SIR-Spheres is a registered trademark of Sirtex
Medical Limited) *Y resin microspheres have a median
diameter of 32.5 um and lodge at limiting diameters in the
arterial vessels supplying a tumor, where their loading of
Yttrium-90 radioisotope delivers cytotoxic beta radiation.’
Experimental studies have shown that the increased density of
the angiogenic network at the periphery of metastatic tumors
growing in the liver can result in a significantly higher dose
delivery to the tumor tissue compared with the normal liver
parenchyma.® Other microspheres that are used clinically
are TheraSphere® (TheraSphere is a registered trademark
of Theragenics Corporation), which is an insoluble glass
microsphere containing Yttrium-90, and a recent product
QuiremSpheres® (QuiremSpheres is a registered trademark
of Quirem Medical BV), which consists of a poly-L-lactic
acid microsphere and uses Holmium-166.

However, at least two factors can influence distribution
of the microspheres in SIRT: firstly, the normal vessel divi-
sions from the descending aorta to those ultimately supply-
ing the liver have variations arising during embryological
development;’ secondly, the growth of a tumor in the liver
and its associated angiogenesis can produce changes in
the arterial network of the liver, sometimes resulting in a
significant hepatopulmonary or hepatogastric shunting.?
Administration of Y-90 microspheres into the liver’s arterial
network in liver cancer patients can thus present challenges
in dosimetry, since while Yttrium-90 bremsstrahlung may
correspond to the active tumor area, it does not give com-
parable resolution to SPECT with gamma emitting isotopes
such as *"Tc.’ Positron emission tomography—computed
tomography imaging of °°Y microspheres is rapidly evolv-
ing and proving to be a superior imaging modality over *°Y
Bremsstrahlung SPECT/CT. However, it is not yet widely
employed due to varying success regarding quantitative
accuracy, and the images that are produced are often inher-
ently noisy due to the extremely small positron emission
branching fraction of °Y.!°

To predict organ distribution of SIR-Spheres micro-
spheres prior to SIRT, it is a common practice to employ
a surrogate radiolabeled particle preparation in an effort
to mimic the potential distribution of the SIR-Spheres
microspheres. Technetium-labeled heat-aggregated albumin
(®mTc-MAA) is established in SIRT clinics as a suitable
mimic for this purpose. While it is a polydisperse population
of different sized aggregates, it has a median particle size
similar to SIR-Spheres microspheres and can be imaged by
standard SPECT techniques. A study of several commer-
cial macroaggregated albumin reagent kits measured mean
particle sizes ranging from 17.9 to 33.5 um.!! However, it
has been noted that the distribution of *"Tc-MAA may not
always accord with hepatic angiography,'? and being an
unstable aggregate of denatured protein particles, it may be
subject to disaggregation during dispersal by the considerable
shear forces in arterial networks. !4

We have previously described the synthesis of nanopar-
ticles comprising a core of *"Tc encapsulated in graphitic
carbon that can be readily coated with polycations.'® These
cationic coatings facilitate binding of the nanoparticles to
heparan sulfate in the capillary glycocalyx of the lungs,'
and a coating of calf thymus histones consistently improved
tumor uptake of the nanoparticles in a rabbit VX2 liver tumor
model when injected arterially via the hepatic artery.'” In this
report, we demonstrate the application of cationized carbon
nanoparticles as a stable electrostatic radiolabel for larger
microspheres using the same polymer microspheres as used
for SIRT. We have tested the stability of these composite
microspheres and their vascular distribution in rabbit lungs,
liver, and a rabbit VX2 model of liver tumors. We have also
tested three different sizes of microspheres and compared
imaging of the resulting liver distribution with that obtained
using “"Tc-MAA.

Materials and methods

Nanoparticle synthesis

Carbon-caged *T¢ (FibrinLite [FL]) was synthesized as
described in detail in US patent 8,778,300.'® The nanoparticle
technology employed was based on Technegas™, a radioac-
tive aerosol preparation developed for diagnostic ventilation
imaging of the lungs.!” Vapor-phase particle sizing using an
electrostatic particle classifier (TSI Inc., Shoreview, MN,
USA) showed the aerosol comprises log-normal distributed
particles with the bell curve centered on 150-350 nm, and
negligible particles <100 nm or >400 nm. Electron micro-
scope characterization shows metallic platelets surrounded
by multiple lamellae of carbon.?’ Using the patented FL
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process, sodium *"Tc-pertechnetate solution was loaded into
a graphite crucible and after removing sodium chloride by
sublimation at 1,650°C, the radioisotope was plasma ablated
at 2,750°C into an argon gas stream. Aerosol nanoparticles
were collected into water (6.0 mL) from the gas stream using
a Browitt sonicating precipitator,?' thus producing a stable
colloidal dispersion of FL. The radioactive FL colloid was
filtered through a 450 nm hydrophilic membrane (mixed
cellulose ester; Millipore) before use. A typical preparation
of FL contained approximately 5 pg/mL of graphitic carbon
with a specific activity of 20 MBgq/ug. FL nanoparticles are
highly stable, and integrity of the radioisotope encapsula-
tion is preserved under standard autoclave conditions of
20 minutes at 120°C.

In vitro assays of FL binding to

polystyrene microwells

We have previously shown using a membrane filtration
model and microwell binding assays that polycations such
as polylysine bind to the surface of FL with high affinity.'
Binding of these polycations to FL is also stable under
in vivo conditions, as shown by our previous imaging studies
of polycation-coated FL in the capillary network of rabbit
lungs.'> We have proposed'® that binding is mediated by
multisite pi—cation interactions*>?* between the positively
charged amino groups of the amino acid side-chains and
the pi-electrons of the planar carbon rings of the graphite
surface. The protamine family of proteins is also polyca-
tionic due to a high content of arginine and lysine residues.*
In the present study, the change in adhesion properties of FL
after surface treatment with protamine sulfate (PS; Sigma-
Aldrich, Sydney, Australia) was tested by microwell binding
as follows: FL (5 MBq) was added to serial dilutions of PS
(20 to 0 ug/mL) in a 0.5 mM Tris acetate buffer (pH 7.2)
and allowed to stand for 1 hour at 20°C. Each treatment
mixture was then added to triplicate polystyrene microwells
(LockWell MaxiSorp, Nunc, Denmark), and the FL was
allowed to bind to the plastic surface for 30 minutes at 37°C
with shaking. After rinsing the microwells three times with
water, the bound radioactivity was measured by gamma
counting of the separated individual wells in a Capintec well
counter (Ramsey, NJ, USA).

FL binding to polystyrene sulfonate
microspheres

Polystyrene sulfonate microspheres (MS) of three different
sizes were used in this study: 32.5 um (MS30), 12.1£1.5 um
(MS12), and 8.3x1.1 um (MS8) median diameter 1 standard

deviation (Sirtex Medical Limited, Sydney, NSW, Australia).
The MS (40 mg) were washed three times with water (6 mL)
by centrifugation (2,000 rpm for 2 minutes) and resuspen-
sion before radiolabeling. Freshly prepared FL (260 MBq in
6 mL) was first treated with PS (20 pug/mL) for 30 minutes
before addition to the final centrifuged pellet of washed
MS. The PS-treated FL was then allowed to bind to the MS
with gentle mixing for 30 minutes at 20°C, during which
the color of MS changed from pale yellow to dark gray and
the supernatant cleared. After separation of the resulting
FL-MS by centrifugation, it was washed three times with
water (6 mL) by centrifugation and resuspension. At each
step, the radioactivity was measured in the supernatant, and
the radioactivity in the final washed FL-MS was expressed
as a percentage of the original radioactivity applied. The
radiolabeling method employed in this study is the subject
of US patent 9,381,262 granted on July 5, 2016.

Scanning electron microscopy (SEM) of
FL adherent on the surface of

microspheres

FL-MS30 prepared by the above method was prepared for
SEM using sputter coating with gold and imaged using a Jeol
model JSM-840 SEM instrument at the Westmead Centre for
Oral Health, Sydney. Unlabeled and labeled microspheres
were scanned for direct comparison of their surface features.

In vivo stability tests of FL-MS and
#mTc-MAA after entrapment in normal

rabbit lungs

All rabbit procedures adhered to the National Health and Medi-
cal Research Council’s Australian code for the care and use of
animals for scientific purposes (Australian Government, eighth
edition, 2013), and the experimental protocols were approved
by the Australian National University (ANU) Animal Ethics
Committee. Rabbit imaging studies were carried out using
intubation to deliver ventilation anesthesia with isoflurane,
so that biodistribution of radiolabel in live animals could be
followed for up to 3 hours. Imaging of the anesthetized rabbits
and their excised organs after 3 hours was performed with a
Hawkeye Infinia SPECT-CT camera (GE Healthcare). To test
the stability of the radiolabeled MS, suspensions of FL-MS30,
FL-MS12, and FL-MS8 (110-170 MBq on 15 mg MS in 5 mL
5% dextrose) were injected intravenously into an ear vein, so
that the MS were mechanically arrested at limiting diameters in
the arterial network of the lungs. Note that when FL is coated
with PS, the coated nanoparticles are not retained in the lungs
by binding to the heparan sulfate in the vascular glycocalyx.!®
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The lung retention obtained with the three sizes of MS was
compared with lung retention of the clinical lung diagnostic
agent, ”"Tc-MAA (110-170 MBq on 2.5 mg in 5 mL 5%
dextrose; DraxImage, Quebec, Canada). Static 5 minutes
acquisitions were made on a 1,024x1,024 matrix, approx. 10
minutes after injection of the MS and again every hourup to 3
hours. A blood sample (5 mL) was taken before the rabbit was
euthanized by a lethal injection while still under anesthesia.
The lungs and liver were then excised after tying off blood
vessels to prevent leakage of the radioisotope, and the excised
organs and blood sample were imaged separately using a
5 minute acquisition on a 1,024x1,024 matrix and utilizing the
camera’s zoom function (lungs and blood sample 4x, livers
3%, whole body 1x). Counts registered in the acquisitions
were corrected for the background activity of the correspond-
ing field, and the corrected counts were used for calculation
of the percentage activity remaining in the lungs compared
to the liver, blood, and carcass. The total blood volume and
radioactivity were calculated assuming 60 mL of blood per kg
of rabbit body weight. To generate the lung figures, the lung
dicom image files were read into MATLAB (MathWorks,
Natick, MA, USA), and for each of the image, the individual
pixel count was divided by the total image counts and then
scaled by a constant factor.

Arterial distribution of FL-MS and

labeling stability in rabbit livers

Intrahepatic artery instillations of FL-MS30, FL-MS12,
FL-MS8 (40 mg each), and *"Tc-MAA (2.5 mg) were
performed by catheterization of the cystic artery and using
pulses of the particle suspension (total 5 mL 5% dextrose,
110-170 MBq) interspaced with normal hepatic artery blood
flow, so as to disperse the radiolabeled material throughout the
liver with close to normal arterial blood perfusion conditions.”
The MS were kept suspended by gentle agitation during
instillation. Static 5 minutes acquisitions were made on a
1,024x1,024 matrix, approx. 10 minutes after administration
of the imaging agent and again after 1 hour. One hour was
considered sufficient for the stability test to be relevant to
the time between instillation of *"Tc-MAA and imaging of
human patients in clinical SIRT procedures. A blood sample
(5 mL) was taken before the rabbit was euthanized by lethal
injection while still under anesthesia. The lungs and liver were
excised after tying off blood vessels to prevent leakage of the
radioisotope, and the excised organs were imaged separately
using a 5 minutes acquisition on a 1,024x1,024 matrix and
utilizing the zoom function (lungs and blood sample 4, livers
3%, whole body 1x). Counts registered in the acquisitions were
corrected for the background activity of the corresponding

field, and the corrected counts were used for calculation of the
percentage activity stably retained in the liver compared with
the other organs. To generate the liver figures, the liver dicom
image files were read into MATLAB (MathWorks), and for
each of the image, the individual pixel count was divided by
the total image counts and then scaled by a constant factor.

Rabbit VX2 liver tumor model

The transplantable rabbit VX2 tumor®® was a kind gift from
Dr J Geschwind (Johns Hopkins University, Baltimore,
MD, USA) and was maintained as a serial transplant on the
hind limbs of New Zealand White rabbits. Liver implants
of tumor tissue were made at a single site in one lobe by
keyhole surgery under ventilation anesthesia with isoflurane
and allowed to grow for 18-21 days before use of the rabbit
in imaging experiments. At this stage of growth, the tumor
was an oblate ellipsoid of maximum diameter 2 cm, still
contained within the liver lobe and not involving the body
wall or other organs. Macroscopically, the tumor usually had
a white necrotic center, surrounded by a prominently vascu-
larized peripheral growth zone.

Results
FL binding to polystyrene microwells and

microspheres

FL pretreated with low microgram concentrations of the
polycation PS readily bound to polystyrene microwells as
shown in Figure 1 A. Increasing concentrations of PS produced
more binding until excess PS competed with coated FL for
binding to the plastic microwell surface, so that there was an
optimal protamine concentration of ~5 pg/mL before bind-
ing of FL decreased. Similarly, the cationic-coated FL-PS
nanoparticles bound strongly through an electrostatic interac-
tion to the anionic polystyrene sulfonate microspheres (MS),
changing their color from pale yellow to dark gray. The result-
ing radiolabeled FL-MS was stable to subsequent repetitive
washing with centrifugation and resuspension (Figure 1B).
Closely similar results were obtained for the binding of PS-
treated FL to the different sizes of MS tested, ie, MS30, MS12,
and MS8. SEM of FL-MS30 showed distributed islands of
FL adherent on the surface of the MS (Figure 1C), compared
with the smooth surface of untreated MS (Figure 1D).

In vivo stability tests of FL-MS following
entrapment in the vascular network of

normal rabbit lungs

Intravenous injection of rabbits with suspensions of
FL-MS30, FL-MS12, and FL-MSS resulted in retention of
the majority of radiolabel in the lungs over at least 3 hours,
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Figure | Binding of PS-treated FL to polystyrene MW and polystyrene sulfonate microspheres (MS).

Notes: Diluted FL (5 MBg; | mL) was treated for | hour with PS at the concentrations shown in A, before addition to triplicate MW. After binding for 30 minutes and rinsing
three times with water, the MW were separated, and the bound radioactivity counted in each. In frame B, FL (400 MBq; 5 mL) was treated for 30 minutes with PS (5 ng/mL)
before addition to prewashed MS of 30 um diameter (40 mg). After binding for 30 minutes, the MS were rinsed three times and the bound radioactivity was measured and
expressed as a percentage of the total applied. The mean values for six separate MS binding experiments are shown in B. Frame C is a scanning electron micrograph showing

distributed islands of FL bound on the surface of an MS compared with plain MS in D.

Abbreviations: FL, FibrinLite; MS, polystyrene sulfonate microsphere; MW, microwells; PS, protamine sulfate; SPNT, supernatant; W1, wash | supernatant; W2, wash 2

supernatant; W3, wash 3 supernatant.

as shown by gamma camera imaging of the anesthetized
animals (Figure 2A—C, respectively). FL-MS30 appeared to
be more centralized in the lung images (Figure 2A), while
the two smaller MS were widely dispersed in the lungs
(Figure 2B and C). For comparison, rabbits were also injected
intravenously with the clinical diagnostic agent used for
imaging lung perfusion, “"Tc-MAA. As expected, this agent
gave well-distributed imaging of the lungs (Figure 2D), but
after 3 hours considerable label was apparent in the kidneys,
presumably from free pertechnetate.!”

More quantitative data for the stable retention of radio-
label in the lungs from each size of MS were obtained from
imaging of a blood sample and the excised lungs, liver, and
carcass after dissection of animals at 3 hours (Table 1). For
FL-MS30, the mean lung proportion at dissection for three

animals was 92.9%1.5% of the total body activity and only
4.3% was in the excised liver and 0.84% in the total blood
volume. After intravenous injection of three rabbits with
FL-MS12, the mean lung proportion was 87.6%%2.5%, while
9.8% was in the liver and 0.66% in the total blood volume.
The same test with FL-MSS8 showed that 72.8%%1.9% of
radioactivity had been retained in the lungs after 3 hours,
while 23.1% had been taken up the liver, and 1.1% was in the
total blood volume (Table 1). After injection of " Tc-MAA
and dissection at 3 hours, the lungs accounted for just
66.8%=%5.7% of the total radioactivity from this agent, with
4.5% in the liver, and 29% in the carcass, which included
the 8.2% present in the blood (Table 1). While escape of
FL-MSS8 from the lungs appeared to be in the form of par-
ticles captured by the reticuloendothelial system in the liver
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Figure 2 Lung stability tests of radiolabeled microspheres after intravenous injection in rabbits.

Notes: The frames A—C show gamma camera images of anesthetized normal rabbits taken 3 hours after intravenous injection of a 5% dextrose suspension (5 mL) containing
15 mg FL-MS30, FL-MSI12, and FL-MS8 (130 MBq), respectively. Note the pronounced retention of the radiolabel in the lungs. For comparison, frame D shows a 3 hours
post-injection image of a rabbit injected with the lung diagnostic agent ™ Tc-MAA (2.5 mg, 130 MBq); note the activity in the lungs but also in the kidneys.

Abbreviations: "Tc-MAA, *"Technetium-labeled macroaggregated albumin; FL, FibrinLite; MS, polystyrene sulfonate microspheres.

(Table 1), escape of ¥Tc-MAA from the lungs produced
visible labeling of the kidneys (Figure 2D) that was measured
in the carcass (Table 1). This renal uptake was suggestive of
soluble #"Tc-pertechnetate from the **"Tc-MAA preparation.
By contrast, leaching of soluble radiolabel from FL-labeled
MS appeared to be minimal.

Biodistribution and radiolabeling stability
of FL-radiolabeled microspheres instilled
intra-arterially in normal rabbit liver
Imaging of intact rabbits 1 hour after arterial instillation of
FL-MS30 in the liver showed virtually complete retention of
radiolabel in the organ. Imaging of three dissected animals
showed a mean retention of 99.8% of the total radioactivity in
the excised liver, while barely detectable levels in the excised

lungs, and a blood sample verified that leaching of soluble
radiolabel from MS and escape to other organs was negligible
(Table 2). Imaging of the excised livers also revealed a pro-
nounced, coarsely segmented distribution of the radiolabel
within the organ (Figure 3A), which was markedly different
from the previously reported uniform liver uptake of radio-
labeled FL nanoparticles by the reticuloendothelial system!'”
following intravenous or intra-arterial administration. Dis-
tribution of label did not extend throughout all areas of the
organ and was highly variable between different livers. The
appearance was of restricted distribution in which dispersal
of FL-MS30 by the blood flow had been arrested at limiting
diameters of the arterial network extending from the main
feeder vessels, so that MS distribution was incomplete and
clearly could not transit to the venous side.

Table | Stability test of radiolabeled MS and " Tc-MAA in rabbit lungs following intravenous injection

MS/particle Excised lungs (% total) | Excised liver (% total) Carcass (% total) Blood estimate (% total)
FL-MS30 92.9+1.5 4.3+0.5 2.8+1.1 0.84+0.1

FL-MSI12 87.6+2.5 9.8+2.3 2.0£0.1 0.66+0.2

FL-MS8 72.8%1.9 23.1x1.6 2.9+10.4 1.1+0.03

mTe-MAA 66.815.7 4.5+0.3 29+5.4 8.2+1.4

Notes: Biodistribution of radioactivity in rabbits 3 hours after intravenous (ear vein) injection of suspensions of FL-radiolabeled microspheres and the particulate imaging
agent, ™ Tc-MAA. The polymer microspheres (15 mg) had median diameters of 30 um (FL-MS30), 12 um (FL-MS12), and 8 um (FL-MS8), and each 5 mL injection contained
130-170 MBq *"Tc. The clinical diagnostic imaging agent ™Tc-MAA (2.5 mg; 110—170 MBq) was also injected intravenously for comparison. The total radioactivity refers
to the sum of lungs, liver, and carcass. A blood sample (5 mL) was taken prior to dissection for estimation of the radioactivity due to blood included in the carcass, assuming
a blood volume of 60 mL per kg body weight. Images for measurement of radioactivity in the excised liver, lungs, blood sample, and carcass were acquired using a Hawkeye
Infinia gamma camera (GE Healthcare). The results shown are the means and SEM of triplicate experiments for each type of MS/particle. All radioactivity measurements were
corrected for background in the corresponding acquisition field. Note minimal leach of radiolabel from the MS into the blood compared with the leach from *"Tc-MAA.
Abbreviations: FL, FibrinLite; MS, polystyrene sulfonate microspheres; SEM, scanning electron microscopy; *"Tc, *™Technetium; *"Tc-MAA, *"Technetium-labeled
macroaggregated albumin.
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Table 2 Retention of radiolabeled MS and "Tc-MAA in rabbit liver following intra-arterial instillation

Liver MS/particle N | Excised liver Excised lungs Carcass Blood estimate Tumor liver
(% total) (% total) (% total) (% total) lobe (% liver)
Normal FL-MS30 3 99.8+0.06 0.013+0.005 0.17+0.05 0.15+0.08 -
FL-MSI2 5 99.5+0.10 0.098+0.068 0.43+0.062 0.35+0.15 -
FL-MS8 5 99.2+0.22 0.23+0.077 0.51+0.17 0.16+0.077 -
mTe-MAA 3 97.1£0.43 0.12+0.015 2.81+0.39 1.59+0.44 -
VX2 FL-MS30 2 99.2+0.05 0.037+0.002 0.81+0.04 0.31+0.07 32.0+2.2
FL-MSI2 3 98.8+0.47 0.11+0.046 1.08+0.53 0.25+0.10 329474
FL-MS8 4 98.2+0.36 1.39+0.38 0.44+0.13 0.16+0.09 31.345.1
mTc-MAA 2 98.1+0.30 0.10+0.008 1.77£0.28 1.01£0.06 33.048.0

Notes: Retention of radioactivity in normal rabbit livers and livers hosting VX2 tumor implants | hour after intra-arterial instillation of radiolabeled microspheres and ™ Tc-
MAA. N is the number of replicate experiments performed for each particle size. The polymer microspheres (40 mg) had median diameters of 30 pum (FL-MS30), 12 pm (FL-
MS12), and 8 um (FL-MS8), and each 5 mL instillation contained 130—170 MBq *"Tc. The clinical diagnostic imaging agent **"Tc-MAA (2.5 mg; 110170 MBq) was also instilled
intra-arterially for comparison. The total radioactivity refers to the sum of lungs, liver, and carcass. A blood sample (5 mL) was taken prior to dissection for estimation of the
radioactivity due to blood included in the carcass, assuming a blood volume of 60 mL per kg body weight. Images for measurement of radioactivity in the excised liver, lungs,
blood sample, and carcass were acquired using a Hawkeye Infinia gamma camera (GE Healthcare). The results shown are the means and SEM for each type of MS/particle.
All radioactivity measurements were corrected for background in the corresponding acquisition field. Note high rates of retention in the liver | hour post instillation, for
normal and tumor livers. ‘-’ denotes not applicable.

Abbreviations: FL, FibrinLite; MS, polystyrene sulfonate microspheres; SEM, scanning electron microscopy; " Tc-MAA, *"Technetium-labeled macroaggregated albumin.
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Figure 3 Distribution of radiolabeled microspheres and MAA in normal rabbit livers after intra-arterial instillation.

Notes: The frames A—C show gamma camera images of excised livers removed from normal rabbits | hour after intra-arterial instillation of a 5% dextrose suspension
(5 mL) containing 40 mg FL-MS30, FL-MS12, and FL-MS8 (130 MBq), respectively. Note the increasing extent of dispersion of label in the organ with decreasing MS diameter.
For comparison, frame D shows an excised liver removed from a rabbit | hour after intra-arterial instillation of "Tc-MAA (2.5 mg, 130 MBq). Liver images were obtained
using the camera’s 3X zoom function.

Abbreviations: “"Tc-MAA, *"Technetium-labeled macroaggregated albumin; FL, FibrinLite; MS, polystyrene sulfonate microspheres.
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Arterial instillation of FL-MS12 in the livers of five
rabbits also showed strong retention of radiolabel after
1 hour; imaging of the excised livers gave a mean of
99.5% (Table 2). Distribution of radiolabel within the
liver was noticeably different from FL-MS30, with more
complete dispersal into the organ (Figure 3B). Interest-
ingly, even the smallest MS, FL-MSS, was also well
retained inside the liver for 1 hour (99.2%, Table 2), but
the imaging of excised livers clearly showed a consider-
ably more detailed and fine distribution of label extending
throughout the organ, consistent with arrest of MS dis-
persal at a more distal limit of the liver’s arterial network
(Figure 3C). Escape of label to the lungs in these normal
rabbits after 1 hour was <0.2% for all three sizes of MS,
and leaching of soluble radiolabel to the blood was also
very low (Table 2).

As expected from its mean diameter of 20-30 pm,"!
PmTc-MAA was also well retained in the normal rabbit liver
1 hour after arterial instillation (97.1%; Table 2); however,
imaging of the excised liver (Figure 3D) showed that the
distribution of label was considerably more extensive and
diffuse within the liver lobes than FL-MS30 (cf. Figure 3A),
and more comparable with the finer structure revealed by
FL-MS12 (cf. Figure 3C). The appearance of such an exten-
sive distribution within the organ suggested that particles of
this agent had reached finer vessels of the arterial network
than by a particle diameter of 30 um. While escape of label
from *"Tc-MAA to the lungs after 1 hour remained very
low at 0.12%, there was a noticeable activity in the blood
(1.6%) that contributed to more than half of the carcass
activity (2.8%; Table 2).

Biodistribution of FL-radiolabeled
microspheres instilled intra-arterially in
rabbit livers hosting an implant of VX2

tumor

The above tests with FL-MS30, FL-MS12, FL-MS8, and
PmTc-MAA were then repeated in rabbit livers hosting
implants of the VX2 tumor, after 18-21 days of tumor
growth. At the time of MS administration, tumors typically
appeared as a single oblate ellipsoid of up to 2 cm diameter,
thickening but still contained within the liver lobe and not
involving the body wall or other organs. On sectioning,
they usually had a white necrotic center, surrounded by a
prominently vascularized peripheral zone. Hepatic artery
instillation of FL-MS30 in two rabbits hosting such liver
VX2 tumors resulted in 99.2% retention of radiolabel in
the liver after 1 hour (Table 2); it was not noticeably less

than the retention by a normal liver. Accordingly, leakage
to the systemic circulation in these tumor rabbits was still
very low, as shown in Table 2. The imaging of excised
livers showed coarsely segmented features within the
organ as in normal livers but the lobe hosting the tumor
had accumulated noticeably more radiolabel than the rest
of the liver (Figure 4A).

Arterial instillation of FL-MS12 also showed a strong
retention of radiolabel in the tumor-bearing liver after 1 hour;
imaging of the excised liver showed a mean of 98.8% of
the total body activity (n=3; Table 2). As in normal livers,
it was noticeable that dispersal of FL-MS12 label was more
extensive in the organ than FL-MS30, reaching out to most
of the lobes and occupying a larger proportion of the liver,
but with a prominent accumulation of label at the tumor site
(Figure 4B). Intra-arterial instillation of FL-MS8 into rabbit
livers hosting VX2 tumors showed an even finer structure
of the arterial network after 1 hour (Figure 4C) compared
with FI-MS30, and yet 98.2% of the total activity was still
retained in the organ (n=4; Table 2). Accumulation of label at
the tumor site featured prominently, and assumed the form of
a bright, complete annulus at the angiogenic growth margin
of the tumor, surrounding a lower intensity (necrotic) center
(Figure 4C). Thus, a clearer definition of the tumor site in
the whole animal (Figure 5) and its growth zone (Figure 4C)
was considerably facilitated by the use of smaller MS, and
without degradation of the liver retention.

Intra-arterial instillation of *"Tc-MAA into livers with
tumors showed 98.1% retention of the total activity as in
normal livers (n=2; Table 2) and accumulation of radioac-
tivity at the tumor site (Figure 4D). While definition of the
tumor growth zone was comparable with FL-MS12, it was
not as clear as with FL-MSS.

Following the gamma camera imaging of rabbit livers
containing the VX2 tumors, the host lobe was excised and
imaged separately to determine if there was any preferential
labeling of the tumors. With FL-MS30, the accumulation of
label in the lobes hosting VX2 tumors represented an aver-
age 32.0% of the total liver uptake (Table 2). There was no
difference in the accumulation of label in tumor lobes with
FL-MS12 or FL-MS8, containing an average of 32.9% and
31.3% of the total liver uptake, respectively. Nor was there
a difference with ™Tc-MAA where the average tumor lobe
accumulation was 33.0%. The respective VX2 host lobes
represented on average just 15.8% (range 11.9%—24.4%) of
the liver weight. Thus, on a tissue weight basis, the tumor
lobe received approximately double the radioactivity per
gram of tissue compared with the rest of the liver.
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Figure 4 Distribution of radiolabeled microspheres and MAA in rabbit livers hosting a VX2 tumor implant.

Notes: The frames A—C show gamma camera images of excised livers with tumors removed from rabbits | hour after intra-arterial instillation of a 5% dextrose suspension
(5 mL) containing 40 mg FL-MS30, FL-MS12, and FL-MS8 (130 MBq), respectively. Note the accumulation of label at the tumor site, with more pronounced definition of the
angiogenesis zone by the smaller MS. For comparison, frame D shows an excised liver with tumor removed from a rabbit | hour after intra-arterial instillation of " Tc-MAA
(2.5 mg, 130 MBq). Liver images were obtained using the camera’s 3x zoom function.

Abbreviations: *"Tc-MAA, *"Technetium-labeled macroaggregated albumin; FL, FibrinLite.

Discussion filtration model,'s and this observation was exploited to
Surface coating of FL with the polycation PS has previously ~ bind FL through an electrostatic interaction to sulfonated
been shown to produce a marked change in the adhesion prop-  polystyrene microspheres of the same type as used in SIRT.

erties of these nanoparticles, clearly evident in a membrane  PS-coated FL bound avidly to the MS so that radiolabel was

Figure 5 Liver VX2 tumor imaging in an intact rabbit with FL-MS8.

Note: The frames A-C show fused SPECT+ CT images for the coronal, sagittal and transaxial views respectively of an anesthetized rabbit with a liver implant of a VX2
tumor, | h after intra-arterial instillation of FL-MS8 (40 mg; 130 MBq). The accumulation of the radiolabelled microspheres at the tumor site (red cross) is clearly evident.
The images are fused SPECT (color) + CT (gray scale) images. The whole body images were using the 1xX zoom function.

Abbreviations: FL, FibrinLite; MS, polystyrene sulfonate microspheres.

International Journal of Nanomedicine 2019:14 submit your manuscript 897
Dove,


www.dovepress.com
www.dovepress.com
www.dovepress.com

Stephens et al

Dove

well retained after successive washing steps, and this simple
process provided specific activity levels of radioisotope that
were more than sufficient to enable in vivo gamma camera
imaging of three sizes of FL-MS after administration to
anesthetized rabbits.

Leach tests of FL-MS30 lodged in the vascular network
of rabbit lungs demonstrated that the radiolabel had excellent
stability in vivo and persisted longer in the lungs than the lung
diagnostic agent *Tc-MAA. The **Tc-MAA is known to
be unstable in both lungs and the liver over time with a mean
residence time in the lungs of 4 hours.'>'* However, retention
of nanoparticle radiolabel on the microspheres was virtually
complete under these in vivo blood flow conditions so that
very little radioactivity reached other organs over a 3 hours
timecourse. The same tests with FL-MS12 and FL-MSS§
showed that retention diminished somewhat with decreas-
ing microsphere diameter, and slow loss of FL-MS8 from
the lungs was observed, with significant label appearing in
the liver after 3 hours. Nevertheless, lung retention of even
FL-MS8 was appreciable, given that 10 um is commonly
accepted as being the lower limit of particle size required
for retention in the lung capillary network.

Hepatic artery instillation of FL-MS30 into the rabbit
liver showed very efficient retention of this preparation at
limiting diameters of the liver arterial network, producing a
coarse segmented distribution in imaging, consistent with the
distributing arterioles within the organ. Arterial instillation
of the smaller microspheres produced a noticeably different
distribution of label, with finer features extending out to fill
more of each liver lobe. The diameter of the microspheres
was clearly an important property determining distribution
in the arterial network of the organ. The larger microspheres
reached a relatively proximal limiting diameter in the arte-
rial supply, and as a consequence of this limited dispersal
throughout the tissue, a higher radioactivity density was
observed in the scaled images (Figure 3A). That is, the same
radioactivity dose was contained within a smaller volume of
tissue with FL-MS30 compared with the other microspheres.
The smaller microspheres were carried further on to more
distal limits, producing a finer featured distribution image
with a lower radioactivity density. However, retention of
even the smallest microspheres in the liver was surprisingly
efficient; transit of radiolabel from the liver to other organs
was very low and leaching of soluble radiolabel into blood
was also very low. While it is difficult to extrapolate these
results to humans as there may be differences in the size and
length of human vs rabbit capillaries,?” these are impressive

results that demonstrate the stability of this radiolabeling
method under in vivo conditions.

PmTc-MAA, while nominally of similar particle size
to FL-MS30, and well retained in the liver after arterial
instillation, nevertheless produced an image showing more
extensive dispersal of label within the liver than that obtained
with FL-MS30. This could suggest that the particle integrity
of "Tc-MAA was not maintained under arterial blood flow
conditions in the liver and that it was disaggregated by shear
forces to produce smaller particles.

When a VX2 tumor was present in the liver, instillation
of all radiolabeled particles resulted in varying degrees of
accumulation at the tumor site compared with the rest of the
liver; the presence of a tumor effectively remodeled the arte-
rial supply so as to favor tumor perfusion at the expense of
arterial circulation to the rest of the liver. While there was no
difference for tumor lobe accumulation between the different-
sized microspheres, tumor definition on imaging, however,
was most evident using FL-MSS. The tumor often featured
as a remarkably intense annulus around the tumor set against
a fine-featured background. This provided superior visual
distinction of the active growth zone of the tumor compared
with the coarse segmented pattern obtained with FL-MS30,
and also compared with imaging with *"Tc-MAA.

In our series of rabbit liver tumor experiments, hepato-
pulmonary or hepatogastric shunting was not in evidence
and retention of radiolabel within livers hosting a tumor
was maintained at a very high level. Systemic release of
radiolabel was not appreciably more than that seen in the
case of normal livers, and even with the smallest diameter
microspheres tested, the lungs had received only 1.4% of the
radioactivity 1 hour after instillation of these microspheres in
the tumor-bearing liver. This was comparable with systemic
escape of radiolabel to the blood from *™Tc-MAA admin-
istered intra-arterially in normal and tumor-bearing livers.

Conclusion

Polymer microspheres of the type used for internal radiation
therapy in liver cancer patients were conveniently radiola-
beled at a specific activity suitable for imaging in vivo, using
electrostatic attachment of protamine-coated nanoparticles
comprising a carbon-encapsulated *"Tc core. This method
of radiolabeling provided a stable composite in vivo under
the shear stress conditions experienced in arterial networks
of the lungs and liver in rabbit models. In the normal
rabbit liver, arrest of radiolabeled microspheres at limiting
diameters of arterial vessels showed increasing dispersal
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and definition of network structure with decreasing size of
the microspheres used. In livers hosting model tumors, the
radiolabeled microspheres clearly demonstrated preferential
uptake at tumor sites due to the increased arterial perfusion
produced by angiogenesis. This result was most evident
with microspheres of 8 um diameter, which also provided
clearest definition of the tumor growth zone while still being
well retained within the liver. We did not find evidence of
hepatopulmonary shunting from livers hosting model tumors.

Data sharing statement

The raw data required to reproduce these findings are avail-
able to download from Mendeley Data (doi: 10.17632/
Shpzd4g524.1).
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