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Galactosylated chitosan (GC) was prepared by reacting lactobionic acid with water-soluble chitosan. GC
was labeled with fluorine-18 by conjugation with N-succinimidyl-4-'8F-fluorobenzoate (['®F]SFB) under
a slightly basic condition. After rapid purification with HiTrap desalting column, ['8F]FB-GC was obtained
with high radiochemical purity (>97%) determined by radio-HPLC. The total reaction time for ['3F]FB-GC
was about 150 min. Typical decay-corrected radiochemical yield was about 4-8%. Ex vivo biodistribution
in normal mice showed that ['®F]FB-GC had moderate activity accumulation in liver with very good

ﬁegw‘”ds" retention (11.13 £1.63, 10.97 = 1.90 and 10.77 + 0.95% ID/g at 10, 60, 120 min after injection, respec-
Galactosylated chitosan tively). The other tissues except kidney showed relative low radioactivity accumulation. The high liver/
['8F]FB-GC background ratio affords promising biological properties to get clear images. The specific binding of this

radiotracer to the ASGP receptor was confirmed by blocking experiment in mice. Compared with the non-
blocking group the hepatic uptake of ['®F]FB-GC significantly declined in all selected time points. The bet-
ter liver retention properties of ['8F]FB-GC than that of albumin based imaging agents may improve
imaging quality and simplify pharmacokinetic model of liver function in the future application with

Asialoglycoprotein receptor

PET imaging.

© 2010 Elsevier Ltd. All rights reserved.

In 1980s, neogalactosylalbumin (NGA) had been developed by
attaching the galactosyl unit to human serum albumin (HSA),
and then labeled with %°™Tc for imaging the liver.! Later, to sim-
plify the labeling procedure, diethylenetriaminepentaacetic acid
galactosyl human serum albumin (GSA) was obtained and devel-
oped as an instant kit.>> These radiopharmaceuticals are known
to bind asialoglycoprotein receptors (ASGP-R) that specifically ex-
ist on the mammalian liver and situate on the surface of hepato-
cyte membrane.* ASGP receptors participate in the hepatic
metabolism of serum proteins and can recognize a glycoprotein
with galactose residues on the terminal position of the saccharide
chain, such as asialoglycoprotein. Quantitative imaging of ASGP
receptors could estimate the function of the liver. The derivates
of glycoprotein radio-labeled with technetium-99m®~’, iodine-
125/1318, and indium-111° have been reported for single photon
emission computed tomography (SPECT) imaging applications.
58Ga-DF-NGA'? and ['8F]FNGA!" were introduced as positron emis-
sion tomography (PET) imaging agents. The degree of hepatic up-
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take of these radiopharmaceuticals correlates well with hepatic
function. These agents are similar in that each employs a protein
as the backbone for galactose or lactose. Chitosan have been tried
out as drug carriers.'? Water-soluble chitosan has useful character-
istics, such as biocompatible, biodegradable, nonimmunogenic, rel-
atively nontoxic, and cleared very rapidly from the bloodstream.
Recently, several researchers have reported that galactosylated
chitosan (GC) was able to bind to hepatocytes due to the galactose
residue positioned on chitosan’s exterior.'* ®*™Tc labeled galacto-
syl-methylated chitosan (GMC) and hydrazinonicotinamide-galac-
tosylated chitosan (HGC) were reported by Kim et al.'*!> Both
99MTc.GMC and °°™Tc-HGC showed specific and rapid targeting
of hepatocytes.

We previously labeled the NGA with '8F through N-succinim-
idyl-4-8F-fluorobenzoate (['8F|SFB) to get a novel PET tracer
['8F]FNGA.!! Here we report the radiolabeling galactosylated chito-
san with '®F for hepatic asialoglycoprotein receptor imaging with
PET.

The galactosylated chitosan was prepared by reacting the car-
boxylic group of lactobionic acid (Acros Organics) with the amino
group of chitosan (molecule weight <10 kDa, degree of deacetyla-
tion is about 88%, kindly donated by Dr. Yong He, Beijing University
of Chemical Technology) according to the procedure of Kim et al.*
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Briefly, chitosan (0.005 mmol) and lactobionic acid (0.1 mmol)
were dissolved in 6 mL MES buffer (2-(N-morpholino)ethanesulfo-
nic acid, 0.1 mol/L, pH 6.0). Then 0.2 mmol 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (EDC, J&K Chemical LTD)
and 0.8 mmol N-hydroxysuccinimide (NHS, Alfa Aesar) were added
to this solution and stirred for 48 h at room temperature. The final
GC solution was dialyzed against distilled water for 3 d and lyoph-
ilized (molecular weight cutoff = 3000-5000). The reaction is sche-
matically shown in Figure 1.

The GC was analyzed by 'HNMR spectra in deuterated water,
using a 400 MHz spectrometer (Bruker). Figure 2 shows the "THNMR
spectra of GC. The substitution value of galactose in GC was calcu-
lated by comparing the characteristic peak areas of the galactose
group (4.0 ppm) with that of the peak attributed to the original acet-
amide group of chitosan (1.9 ppm). The substitution value of lactob-
ionic acid coupled with chitosan in GC was estimated to be 20.6%.

Starting with ['8F]F~, the ['®F]SFB was synthesized by two-step
reaction which was described before.!' The methylene chloride
solution of ['®F]SFB was evaporated to dryness with a stream of
nitrogen. The residue was dissolved in 50 pL dimethyl sulfoxide
and then 200 pL of a solution of GC (1 mg) in 0.1 mol/L borate buf-
fer (pH 8.6) was added and incubated for 30 min at room temper-
ature. After reaction the crude product was passed through a
0.22 um millipore filter and loaded onto a HiTrap desalting
column, eluted with 0.05 mol/L phosphate buffer, pH 7.5, to give
the final complex ['8F]FB-GC. Starting with ['8F]F~ in Kryptofix
2.2.2./[K,CO3 solution, the total reaction time was about 150+
20 min. The typical overall radiochemical yield with decay correc-
tion was about 4-8%, including final purification. The radiochemi-
cal yield was lower than that of ['®F]JFNGA, which was reported
before'!, may due to the residual amino in GC had larger steric hin-
drance compared to the €-amino of lysine in NGA. Starting with
185-555 MBq ['®F]fluoride, the specific activity of ['®F]JFB-GC ran-
ged from 24 to 290 GBgq/mmol.
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After purification the radiochemical purity was evaluated by
ITLC chromatography and radio-HPLC. By ITLC, in ACD buffer,
['8F]FB-GC was remaining at the point of spotting (R¢=0-0.1),
while other radioactive impurities moved with the solvent front
(R¢=0.8-1.0). Radio-HPLC was performed on a SHIMADZU system
with reversed-phase Kromasil C-4 column (4.6 x 250 mm, 5 pm,
Eka Chemicals, Sweden). The mobile phase was changed from
70% solvent A (0.1% trifluoroacetic acid [TFA] in water) and 30% sol-
vent B (0.1% TFA in acetonitrile [ACN]) to 30% solvent A and 70%
solvent B at 30 min. The HPLC pattern of ['8F]FB-GC is shown in
Figure 3. The retention time of ['®F]FB, ['®F]SFB and ['F]FB-GC
were 7.2, 10.2 and 3.1 min in our gradient, respectively. After rapid
purified with HiTrap desalting column, the radiochemical purity of
['8F]FB-GC determined by both ITLC and radio-HPLC was above
97%.

To evaluate the biological properties of ['®F]FB-GC, the ex vivo
biodistribution studies were performed in normal Kunming mice.
['8F]FB-GC (about 0.037 MBq in 100 pL solution contained about
20 ug GC) was injected through the tail vein. At selected time
points (10, 60 and 120 min), mice (n =5 at each time point) were
sacrificed, and the tissues and organs of interest were collected,
wet weighed and counted in a y-counter. The percentage of in-
jected dose per gram (% ID/g) for each sample was calculated by
comparing its activity with appropriate standard of injected dose
(ID), the values are expressed as mean + SD. All biodistribution
studies were carried out in compliance with the national laws re-
lated to the conduct of animal experimentation.

Chitosan is relatively nontoxic. But it may cause some problems
when used in a blood contacting situation, especially by the
intravenous route.'® Intravenous injection of chitosan to rabbits
at 4.5 mg/kg/day for 10 days produced no abnormal changes, a
higher dose of 50 mg/kg/day likely caused blood cell aggregation.!”
Galactosylated chitosan (GC) has higher hydrophilicity than that of
chitosan. It can dissolve in water in neutral or even basic
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Figure 1. The synthetic scheme of GC.
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Figure 2. The 'HNMR spectra of GC. Star and circle correspond to proton of acetamide group of chitosan (1.9 ppm) and proton in opened pyranose ring linked between

grafted galactose group and chitosan main chain (4.0 ppm), respectively.
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Figure 3. The radio-HPLC radiochromatograms of the ['®F]FB, ['®F]SFB, and ['®F]FB-
GC. The retention time was 7.2, 10.2 and 3.1 min, respectively in our gradient
system.

conditions. Therefore, the GC is not easy to form colloid over the
physiological pH regions. Acute toxicity studies in mice were car-
ried out according to the Chinese Pharmacopoeia (2010 Edition).
No abnormal reaction was observed during the 72 h after intrave-
nous injection of GC to mice (18-20 g) at 50 mg/kg. Furthermore,
in our biological experiments, the animals were not observed any
adverse reactions. The injected dose of ['8F]FB-GC as an imaging
probe is much lower than 50 mg/kg. Therefore, we think the
['8F]FB-GC is safe for intravenous administration as a PET tracer.

The specific activity of ['®F]FB-GC was relatively low. We inject
as low as possible amount of tracer on the premise that the results
can be accurately measured according to the detection limit. The
specific activity of ['®F]FB-GC could be improved through increase
the activity of initial reactant ['F]F~ for the potential clinical use
in the future.

The biodistribution results of ['®F]FB-GC are shown in Figure 4A.
['8F]FB-GC showed moderate liver accumulation with very good
retention. The liver uptakes were 11.13 £ 1.63, 10.97 + 1.90 and
10.77 £0.95%ID/g at 10, 60 and 120 min post-injection time,
respectively. Very high accumulation of ['®F]FB-GC was observed
in kidneys. Localization to the kidney is consistent with the
known characterization of water-soluble chitosan.!?> The blood
showed relatively low activity uptake and fast clearance. At
60 min after injection, the radioactivity concentration in blood
was only 0.13%1D/g. The liver/background ratios of ['®F]FB-GC
and ['®F]FB-NGA at different time points were compared in
Table 1. The liver/background ratios of ['®F]FB-GC were higher
than ['8F]FB-NGA after a period of time due to the good retention
of ['®F]FB-GC in liver and fast clearance in other tissues. Com-
pared with the report of Kim's, the liver accumulation of
['8F]FB-GC is similar to that of ®*™Tc labeled GC, while the uptake
in other organs except kidney, such as spleen and blood are much
lower.'*!> The differences in kidney uptake of ['8F]FB-GC with
99mTc Jabeled GC may due to the different nature of our selected
chitosan material. The molecular weight of our chitosan is near
10,000 (88% deacetylated), while the chitosan Kim et al. used is
about 5000 (97% deacetylated). On the other hand, the degree
of substitution of LA moieties in our GC is about 20.6%, which is
higher than Kim’s reports (7.42%!* and 7%!°). These differences
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Figure 4. The biodistribution of the ['®F]FB-GC in normal mice: (A) The biodistri-
bution after 10, 60 and 120 min following intravenous injection of ['®F]FB-GC into
normal mice. (B) The results of blocking experiment with the preinjecting of free
NGA at 10 mg/kg mice body weight. Data are expressed as mean% ID/g + SD, n = 5.

Table 1
The liver/background ratios at different time points after injection of the [*®F]FB-GC
and ['®F]FB-NGA in normal mice

Liver/background ['®F]FB-GC ['8F]FB-NGA
10 min 60 min 120 min 5 min 30 min
Liver/blood 4.40 84.55 91.13 23.23 5.80
Liver/kidney 0.11 0.11 0.12 28.37 0.69
Liver/heart 11.74 26.01 19.46 76.99 13.39
Liver/muscle 17.99 17.38 12.04 213.53 14.74
Liver/lung 5.84 19.58 39.95 40.64 7.95

of GC may affect the tracers’ water solubility, receptor affinity,
and metabolic rate, which could be the main reasons for the dif-
ference of in vivo distribution after intravenous injection of the
GC.

We had reported the radiolabeling of NGA with '®F for hepatic
imaging with PET. The protein backbone of ['8F]FNGA is degraded
after lysosomal proteolysis in liver. The radioactivity metabolite is
quickly cleared from liver and eliminated from the body. When we
use chitosan as backbone, the radioactivity shows slow elimination

rate from the liver. The liver uptake at 120 min post-injection
shows no significant different with that of at 10 min, this may
due to the high in vivo stability of ['®F]FB-GC. The chitosan back-
bone may not be metabolized in the liver lysosome, the intact radi-
otracer remains in the liver for a long period. In the future, we will
test and verify this assumption through experiments.

In order to further confirm that ['®F]FB-GC had specific receptor
binding, blocking study was performed by conducting the biodis-
tribution experiment in the presence of free NGA (10 mg/kg body
weight) as blocking agent. Five minutes after the first injection of
free NGA, ['®F]FB-GC was intravenously injected (about 0.037
MBq in 100 pL solution). Mice were sacrificed at selected time
points (10, 60 and 120 min, n = 5). Results were expressed as the
percentage of the injected dose per gram tissue (% ID/g). Averages
and standard deviations were calculated.

The results are shown in Figure 4B. NGA (neoglycoalbumin) is
known to have high affinity with the ASGP receptors and was se-
lected as inhibitor in our study. The liver uptake was decreased sig-
nificantly (P <0.01, unpaired two-tail t-test) in the blocking group
at all selected time points (1.51+£0.20%ID/g, 2.65+0.39%ID/g
and 3.29 + 0.47% ID/g at 10, 60 and 120 min post-injection, respec-
tively) when compared with control group (without blocking).
After blocking, the radioactivity in the blood only increased slightly
at 5 min and there have no difference in blood uptake between
blocking and control group after 60 min. The kidney uptake in-
creased a little, while other organs had no significant changes.
The results of ex vivo biodistribution showed that the ['8F]FB-GC
has high affinity with the ASGP receptor, and its uptake in the liver
via receptor-mediated.

The results of blocking assay were different from °°™Tc-GSA.
When excess inhibitor was preinjected, most receptors which situ-
ated on the surface of hepatocyte membrane were occupied. The
following radiotracers would not be accumulated by the liver
through receptor mediated, as result they circulated in the blood.
After 30 min injection or longer, with the ASGP receptors re-circu-
lating to the cell surface, ®™Tc-GSA in blood would be re-accumu-
lated by the hepatocyte. Because of recycling of receptors and high
blood stability, the liver uptake of %°™Tc-GSA between blocking
and non-blocking was gradually converged after a period of time.
Therefore, in the clinical use of 9™Tc-GSA, the initial imaging of li-
ver is very vague especially for the patient who has severe cirrhosis
or cancer. The high radioactivity in hepatic blood pool will affect
the quality of the liver imaging. On the other hand, the radioactiv-
ity accumulation in liver will increase gradually with the time,
which makes it difficult to tell the imaging of a minor damaged li-
ver from a normal one at 30 min or longer after injection. And due
to the re-uptake of the radiotracer, the pharmacokinetic model
may be more complicated. Facts mentioned above may have nega-
tive effects on accurate assessment of liver function. We expect the
['8F]FNGA may encounter the same problems with the ®°™Tc-GSA
because of the natural character of albumin which they both use as
backbone. Water-soluble chitosan will be cleared very rapidly from
the bloodstream and excrete through kidney that shows different
features from albumin. After the injection of ['®F]FB-GC, one part
of the radiotracers would rapidly entry hepatocyte through ASGP
receptor mediated endocytosis, while the others would be metab-
olized and excreted by kidney due to the natural characterization
of water-soluble chitosan. After inhibition the radioactivity
remaining in the blood could be cleared by kidney rapidly. The
re-uptake phenomenon induced by the receptor re-circulated
was not obvious. The features are different from those radiotracers
using albumin as backbone, such as “™Tc-GSA and ['®F]FNGA. The
['8F]FB-GC might have an unique performance in liver imaging in
the future application. It may not only provide clear imaging pic-
tures and a distinct liver outline but also predict the liver function
more accurate and simple.
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In summary, galactosylated chitosan was successfully labeled
with fluorine-18 through the prosthetic labeling group ['®F]SFB.
We got ['8F]JFB-GC with high radiochemical purity (>97%).
['8F]FB-GC had moderate activity accumulation in liver via ASGP
receptor-mediated endocytosis. The other tissues except kidney
showed relative low radioactivity uptake. The high liver/back-
ground ratio affords promising biological properties to get clear
images. The specific binding of this radiotracer to the ASGP recep-
tor was also confirmed by blocking experiment in mice. The block-
ing experiment of ['8F]JFB-GC showed different features with
99MTc-GSA and ['8F]FNGA. ['®F]FB-GC might become a novel ASGP
receptor imaging agent, which could improve imaging quality and
simplify pharmacokinetic model of liver function.
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