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Abstract The aim of this study is the formulation of a

new radiopharmaceutical for imaging solid tumor bearing.

Gemcitabine is a nucleoside analogue used as chemother-

apeutic agent. Gemcitabine was formulated and radiola-

beled with one of the most important diagnostic radioactive

isotopes (technetium-99m) to be investigated in solid

tumor imaging. The labeling parameters such as gemcita-

bine amount, stannous chloride amount, pH of the reaction

mixture, and reaction time were optimized. 99mTc–gem-

citabine was prepared at pH 9 with a maximum labeling

yield of 96 ± 0.3 % without any notable decomposition at

room temperature over a period of 8 h. The preclinical

evaluation and biodistribution in solid tumor bearing mice

showed that 99mTc–gemcitabine had solid tumor selectiv-

ity, preclinical high biological accumulation in tumor cells

and high retention. Tumor/normal muscle (T/NT) ratios

increased with time showing high T/NT ratio (T/NT =

4.9 ± 0.27 at 120 min post injection) and high Tumor/

Blood ratio (3.4 ± 0.06), suggesting 99mTc–gemcitabine as

a novel solid tumor imaging agent.
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Introduction

Tumor is one of the main courses of death worldwide. In

world health organization had reported that tumor affected

about third of population and caused quarter of the deaths

in the developed world during the year 2000 [1]. Tumor

cells are normal cells lost their normal regulatory mecha-

nism resulting in high multiplication rate. When tumor

increases in size, the disruption of the tumor blood supply

will start leading to unbalance between O2 supply and

consumption [1, 2]. This O2 unbalance will create the

hypoxic domain, which is expressed, in about 50–60 % of

the solid tumor [3, 4]. The early and accurate diagnosis of

tumor will intensively improve the treatment plans for the

patient. Tumor could be imaged invasively or noninva-

sively. The invasive methods are not suitable for routine

clinical use because of their invasive nature, inconvenience

and inability to acquire repeated measures [5]. The non-

invasive method based upon using targeted radiopharma-

ceutical which use the difference of the pathological and

physiological processes between tumor cells and normal

one [6–10]. The target/non target (T/NT) ratio of the

radiopharmaceutical expresses the ability of this radio-

pharmaceutical to specific tumor receptor [7, 9]. In litera-

ture, it has been considered that T/NT ratio greater than 1.5

proves the potentiality of the diagnostic agents [10–12].

The nitroimidazole analogues have received great attention

as solid tumor imaging agents. These analogues showed

some defects such as: lower tumor uptakes and slow blood

clearance [13–18].

Currently, the positron emission tomography (PET)

tracer such as: [18F] Fluoromisonidazole ([18F] FMISO),

2-deoxy-2-18F-fluoro-D-mannose ([18F] FDM) and 2-[18F]

fluoro-2-deoxy-D-glucose (18F-FDG), have been used to

evaluate solid tumor hypoxia. However, the short half life
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and high cost of the [18F] isotope restrict their wide

application in clinical nuclear medicine [19–32]. Single-

photon emission tomography (SPET) imaging also repre-

sents one of the standard technologies for most nuclear

medicine departments [8, 33].

Recently, several 99mTc labeled radiopharmaceuticals

such as 99mTc-meropenem, 99mTc-bombesin, 99mTc-citro-

folate, 99mTc-sunitinib, 99mTc-PyDA (99mTc-pyrimidine-

4,5-diamine), 99mTc(CO)3-Labeled-tetra-Peptides, 99mTc

(CO)3-VIP (vasoactive intestinal peptide), 99mTc(CO)3-

labeled chlorambucil analog, 99mTc-DMSAmetronidazole,
99mTc-BnAO-NI (3,3,10,10-tetramethyl-1-(2-nitro-1H-imi-

dazo-1-y1)-4,9-diazadodecane-2,11-dionedioxime), 99mTc-

nitride-pyrazolo[1,5-a]pyrimidine, 99mTcN-MAG-AMCPP

(7-(2-aminoethylamino)-5-methyl-3-cyanopyrazolo[1,5-

a]pyrimidine-N-mercaptoacetylglycine), 99mTc-DETA

(Diethylenetriamine), 99mTc-TETA (Triethylenetetramine)

and 99mTc-TEPA (Tetraethylenepentamine) have been

reported [6, 34–45]. Also radioiodinated radiopharmaceu-

tical as radioiodinated somatostatin analogue [Tyr3]octre-

otide, [131I]Iodoerythronitroimidazole and [131I]

Iodomisonidazole (IMISO) [32, 46–49]. 99mTc-sestamibi

(99mTc-MIBI) was used to image tumor [50, 51]. It was

tested in Ehrlich Ascites Carcinoma (EAC) model and

showed many disadvantage such as: low tumor/blood (T/B)

ratio, low tumor-to-muscle (T/NT) ratio [52], very rapid

blood clearance (few minutes) [53] and low tumor uptake

(2.8 % ID/g) [54].

The introduction of new radiopharmaceutical for solid

tumor imaging based upon pharmaceutical having specific

receptor to solid tumor could increase the selectivity and

enhance the imaging ability of the radiotracer [55].

Gemcitabine is one of the selective antitumor. Gemcit-

abine (dFdCyd) is an analogue of deoxycytidine which is

the drug of choice for various solid tumors such as non-

small cell lung cancer, pancreatic cancer, bladder cancer

and breast cancer. It is also under investigation for the use

in oesophageal cancer and lymphomas. Approximately

92–98 % of gemcitabine was eliminated via renal pathway

[56–68].

The triphosphate analogue of gemcitabine inhibits

DNA replication and arrest tumor growth. This mecha-

nism is most likely by which gemcitabine causes cell

death and there by determine antitumor activity. The

diphosphate analogue of gemcitabine binds to ribonucle-

otide reductase (RNR) active site and inactivates the

enzyme irreversibly. Once RNR is inhibited, the cell

cannot produce the deoxyribonucleotides required for

DNA replication and repair, so cell apoptosis is induced

as shown in Fig. 1 [66–71].

In this study, gemcitabine was labeled with 99mTc and

the parameters affecting labeling yield were studied to

select the optimum conditions required to get high labeling

yield with high purity. Biological evaluation of the 99mTc–

gemcitabine was carried out in tumor bearing mice.

Experimental

Materials and equipments

Gemcitabine 20, 20-difluorodeoxycytidine (C9H11F2N3O4,

M.Wt = 263.198 g/mol) was purchased from Sigma to

Aldrich laborchemikalien GmbH D-30918 seelze
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Fig. 1 Chemical structure and mechanism of action of gemcitabine
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(Germany) with purity C98 %. All chemicals were of

analytical grade and were used directly without further

purification. Deionized water was used in all experiments

for the preparation of all solutions. Albino mice, each of

20–25 g, were used for the biological distribution study.

A NaI (Tl) c-ray scintillation counter (Scaler Ratemeter

SR7 model, England) was used for the measurement of c-

ray radioactivity. Whatman No.1 paper chromatography

(PC), Whatman International Ltd, Maidstone, Kent, UK.

Technetium-99 m was eluted as 99mTcO4
- from

99Mo/99mTc generator, Gentech, Turkey.

Preparation of 99mTc–gemcitabine complex

Labeling procedure study

Gemcitabine was dissolved in N2-purged DMSO in an

evacuated penicillin vial. The required amounts (0.25–3 mg)

of gemcitabine were transferred to 10 ml clean vials which

were kept under positive N2-gas pressure. Exactly the

required SnCl2�2H2O amounts (3–200 lg) were added. After

gently swirling, 1 ml of freshly eluted 99mTcO4
- (400 MBq)

was added through sterilized syringes to each vial. The pH of

the preparations was studied in range 5.0–11.0 at different

reaction time followed by incubation at room temperature

before investigations then the in vitro stability were studied

at the optimum condition.

Labeling yield assay

The labeling yield and in vitro stability of 99mTc–gemcit-

abine were determined by paper chromatography (PC) and

high performance liquid chromatography (HPLC).

PC analysis

The labeling yield and the in vitro stability of 99mTc–

gemcitabine complex were assessed by ascending PC to

evaluate the percent of 99mTc–gemcitabine, free 99mTcO4
-

and reduced hydrolyzed-99mTc colloid species as follows

[72–74]:

For each labeling experiment, ascending chromatogra-

phy was carried out using two strips of Whatman No.1

paper chromatography (13 cm long and 0.5 cm wide). Two

drops of the reaction product were spotted on line (origin)

at distance of 2 cm from the bottom. One strip was

developed with acetone and other strip was developed with

ethanol: water: ammonium hydroxide mixture (2:5:1, v/v/v).

After complete development, the two strips were dried, cut

into 1 cm pieces and separately counted using the NaI(Tl)

c-ray scintillation counter to determine the ratio of the

hydrolyzed 99mTc, free 99mTcO4
- and 99mTc–gemcitabine

complex. Each experiment was repeated three times.

Acetone, as developing solvent, was used to develop

one paper strip where the free 99mTcO4
- moved with the

solvent front (Rf = 1), while 99mTc–gemcitabine and

reduced hydrolyzed technetium colloid remained at the

origin.

A mixture of ethanol: water: ammonium hydroxide

(2:5:1, v/v/v) as developing solvent to develop another

paper strip where reduced hydrolyzed technetium colloid

remained at the origin (Rf = 0) while free 99mTcO4
- and

99mTc–gemcitabine species migrated with the solvent front

(Rf = 1).

The labeling yield percent of 99mTc–gemcitabine com-

plex was determined as follows:

% labeling yield ¼ 100� ð%Free 99m TcO4

þ % Reduced hydrolyzed� 99m Tc colloidÞ

The labeling procedure using P.C. is a valid procedure

showing precision as have acceptable degree of repeat-

ability where percent of relative standard deviation less

than 1 (%RSD \ 1 %), intermediate precision as fulfill the

acceptance criterion of pooled %RSD \ 3 % defined in

validation plan and showing linearity (R2 C 0.99) as

results proved a linear relationship between the measured

activity vs. calculated activity.

HPLC analysis

The labeling yield was further confirmed by a Shimadzu

HPLC system, which consists of pumps LC-9A and UV

spectrophotometer detector (SPD-6A) operated at a wave-

length of 234 nm. Chromatographic analysis was per-

formed by injection of 40 mL from the reaction mixture of
99mTc–gemcitabine into a reversed-phase column (Lichro-

spher RP18, 4 mm 9 250 mm; 5 lm). The column was

eluted with mobile phase of (acetonitrile: water) (55:45

v/v) and the flow rate was adjusted to 0.5 mL/min. Then

fractions of 0.5 mL were collected separately using a

fraction collector up to 20 mL and counted in a well-type

NaI (Tl) c-scintillation counter.

An HPLC chromatogram was presented in Fig. 2

showing two peaks, one at fraction No. 1, which corre-

sponds to 99mTcO4
-, while the second peak was collected

at fraction No. 3.8 for 99mTc–Gemcitabine which was

found to coincide with the UV signal at retention time

3.5 min.

In-vitro stability of 99mTc–gemcitabine in serum

Stability of 99mTc–gemcitabine was studied in serum by

mixing 1.8 ml of serum and 0.2 ml of 99mTc–gemcitabine

complex and incubated at 37 �C for 12 h. Exactly 0.2 ml

aliquots were withdrawn during the incubation at different

time intervals up to 12 h and assayed using P.C. for
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determination of the in vitro stability of 99mTc–gemcitabine

in serum.

Biodistribution study

The study was approved by the animal ethics committee

and was in accordance with the guidelines set out by the

Egyptian Atomic Energy Authority.

Tumor hypoxia induction in mice

The biodistribution study was done in tumor hypoxia

bearing mice. The parent tumor line (Ehrlich Ascites

Carcinoma) was withdrawn from 7 days old donor female

Swiss Albino mice and diluted with sterile physiological

saline solution to give 12.5 9 106 cells/ml. Exactly 0.2 ml

solution was then injected intramuscularly in the right thigh

to produce a solid tumor evaluated in female Albino Swiss

mice weighting 20–25 g. The animals were maintained till

the tumor development was apparent (4–6 days).

Biodistribution assay

A volume of 0.15 ml of 99mTc–gemcitabine complex

containing 185–1,850 kBq was intravenously injected in

the tail vein of mice. The animals were anesthetized by

chloroform at the predesigned time interval and their body

organs and fluids were separated, weighted and their

radioactivities were assayed using a NaI(Tl) c-ray scintil-

lation counter. Biological distribution of 99mTc–gemcita-

bine complex in mice organs and fluids was studied as a

function of time 20, 30, 60, 90, 120, 180 and 240 min post

injection (p.i.). The percentages of the injected dose/g

organ or fluids were calculated.

Experiment studying was repeated five times and dif-

ferences in the data were evaluated with one way ANOVA

test. Results for p are reported and all the results are given

as mean ± SEM. The level of significance was set at

p [ 0.05.

Results and discussion

Factors affecting the percent labeling yield of 99mTc–

Gemcitabine complex

Effect of gemcitabine amount

The gemcitabine was labeled with technetium-99 m using

the direct technique, in which the Sn(II) chelate react with

the reduced technetium-99m at pH 9 to form the labeled

chelate according to the following equations [75]:

Gemcitabine þ Sn IIð Þ
! gemcitabine� Sn� Complex þ free Sn IIð Þ

Gemcitabine� Sn þ 99m TcO�4
! 99m Tc�gemcitabine� complex

As shown in Fig. 3, at low gemcitabine amount (0.25 mg)

the labeling yield was small to 46 ± 0.6 %. This low

labeling yield was due to the gemcitabine amount was

insufficient to react with the reduced form of technetium-

99 m forming 99mTc–gemcitabine complex so; the remaining

reduced form of technetium-99m was converted to reduced

hydrolyzed technetium colloid (35 ± 0.1 %). By increasing

the gemcitabine amount to 2 mg, the labeling yield was

maximized to become 96.3 ± 0.03 % which was signifi-

cantly higher than other yields (p \ 0.001). By increasing

the gemcitabine amount over the optimum values, the

labeling yield was slightly decreased to 93.7 ± 0.019 % at

3 mg gemcitabine.
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Effect of pH of the reaction mixture

Data presented in Fig. 4 reflects the results obtained from

the labeling of gemcitabine with technetium-99m at dif-

ferent pH values (5–11). The labeling yield of the 99mTc–

gemcitabine is maximum and significantly higher than

other yields (p \ 0.001) at pH 9 (96.3 ± 0.03 %). At pH

below or above the optimum pH, the labeling yield is

significantly decreased by forming reduced hydrolyzed

technetium-99m which is the main radiochemical impurity.

Effect of SnCl2�2H2O amount

SnCl2�2H2O is the best reducing agent for reduction of
99mTc from (VII) to lower valence state, which facilitates

its chelation with different organic molecules [70]. The

results in Fig. 5 showed that, the maximum labeling yield

of 99mTc–gemcitabine complex (96.3 ± 0.3 % at 10 lg of

SnCl2�2H2O) was significantly higher than other yield

(p \ 0.001). Below this value, the percentage of free per-

technetate increased to 43.3 ± 0.012 % at 3 lg SnCl2-

2H2O because SnCl2�2H2O is not sufficient for complete

reduction of pertechnetate to form 99mTc–gemcitabine

complex. By increasing the stannous chloride amount more

than 10 lg, the labeling yield decreased again. This may be

due to the fact that most of the gemcitabine were consumed

in the formation of complexes, so the pertechnetate is

reduced to insoluble technetium (IV) TcO2�xH2O in the

absence of gemcitabine [75–77].

Effect of reaction time

The labeling yield of 99mTc–gemcitabine complex was

studied at different reaction times (5–60 min). Figure 6

shows that the formation of 99mTc–gemcitabine complex

was started relatively slowly with labeling yield of

80.9 ± 0.19 % at 5 min. The maximum yield of 99mTc–

gemcitabine complex (96.3 ± 0.03 % at 30 min) had sig-

nificantly higher than yields at 5 min and 15 min

(p \ 0.001) and not significantly difference with yields at

45 and 60 min (p [ 0.05) because the labeling yield

reaches the saturation value and not affected by increasing

the reaction time above 30 min.

In-vitro stability of 99mTc–gemcitabine complex

The stability of 99mTc–gemcitabine complex was studied in

order to determine the suitable time for injection to avoid

the formation of the undesired products that result from the

radiolysis and oxidation of the labeled compound during
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storage time post labeling with technetium, besides to the

effect of ionizing c-radiation (radiolysis). These undesired

radioactive products may be accumulated in non-target

organs.

The results show that 99mTc–gemcitabine complex was

stable at a maximum yield of 96.3 ± 0.3 % with no sig-

nificant decrease up to 8 h (p [ 0.05).

In-vitro stability of 99mTc–gemcitabine in serum

The stability of 99mTc–gemcitabine complex in serum was

determined by PC at different time. The results showed

that, 99mTc–gemcitabine complex was stable in serum

showing maximum labeling yield of 96.3 ± 0.3 % with no

significant decrease up to 6 h (p [ 0.05) then the stability

decreased slightly showing labeling yield of 87.1 ± 0.3 %

at 12 h.

Biodistribution

The results of biodistribution of 99mTc–gemcitabine in

tumor bearing Albino mice are summarized in Table 1.

Solid tumor and different body organ were assayed at

different time intervals (20, 30, 90, 120, 180 and 240 min)

(p.i.), and the results were expressed as the average percent

of injected dose per gram of organ or fluid (% ID/g

organ ± SEM) for five mice per group. The solid tumor

uptake of 99mTc–gemcitabine (11.2 ± 0.38 % ID/g) was

significant high at 120 min p.i. which clearly indicates the

ability of 99mTc–gemcitabine to accumulate and localize

selectively in solid tumor sites. The whole-body clearance

of radioactivity was fast as the radioactivity level for
99mTc–gemcitabine in the blood was 5.9 ± 0.1 % ID/g at

60 min p.i. followed by a steady declining to 2.6 ± 0.06 %

at 240 min p.i. 99mTc–gemcitabine has high Tumor/Blood

ratio (T/B) (3.4 ± 0.06 at 120 min p.i.). The high radio-

activity in kidney reflects that urinary pathway is the main

elimination route for 99mTc–gemcitabine [68]. 99mTc–

gemcitabine has significant high tumor-to-muscle (T/NT)

ratio 4.9 ± 0.27 at 120 min p.i. as shown in Fig. 7.

As, the main important properties of diagnostic radio-

pharmaceutical to be used as a potential targeting for solid

tumor are high tumor uptake, high T/NT and high T/B ratio

[6, 10, 11]. 99mTc–gemcitabine has the advance over some

radiopharmaceuticals for solid tumor imaging as follows:
99mTc–gemcitabine has higher solid tumor uptake than

other radio-labeled pharmaceuticals such as [131I] Iodoer-

ythronitroimidazole (1.28 % ID/g at 2 h p.i.), 99mTc (CO)3-

VIP (0.4–1 % ID/g at 1 h p.i.), 99mTc-sestamibi (MIBI)

(2.8 % ID/g at 1 h), 18F-FDM (2.17 % ID/g at 1 h p.i.) and
18F-FDG (2.4 % ID/g at 1 h p.i.) [19–32, 44].

Table 1 In vivo biodistribution study of 99mTc–gemcitabine in tumor bearing Albino mice at different time intervals post injection, (% ID/g

organ ± S.E., n = 5)

Organ % Injected dose/g organ (fluid) at time intervals (min)

20 30 60 90 120 180 240

Tumor 4.4 ± 0.12 4.8 ± 0.13 7.4 ± 0.34 7.9 ± 0.26 11.2 ± 0.38 5.8 ± 0.23 2.7 ± 0.08

Muscle 2.6 ± 0.1 2.6 ± 0.2 3.4 ± 0.3 2.7 ± 0.13 2.3 ± 0.16 1.7 ± 0.23 1.4 ± 0.17

Blood 9.7 ± 0.18 6.2 ± 0.13 5.9 ± 0.1 5.8 ± 0.1 3.3 ± 0.08 2.9 ± 0.07 2.6 ± 0.06

Kidneys 30.4 ± 0.2 24.4 ± 0.26 20.4 ± 0.29 15.0 ± 0.31 11.4 ± 0.38 10.7 ± 0.38 6.39 ± 0.27

Liver 7.4 ± 0.2 6.2 ± 0.12 5.9 ± 0.15 5.1 ± 0.11 4.98 ± 0.1 4.8 ± 0.1 4 ± 0.2

Spleen 2.4 ± 0.13 2.5 ± 0.13 2.4 ± 0.1 1.9 ± 0.08 1.6 ± 0.2 1.4 ± 0.13 1.2 ± 0.11

Intestine 4.5 ± 0.17 5.8 ± 0.2 7.0 ± 0.3 7.1 ± 0.5 7.2 ± 0.4 8.1 ± 0.3 8.8 ± 0.4

Stomach 2.6 ± 0.2 2.4 ± 0.1 2.0 ± 0.09 1.8 ± 0.06 1.6 ± 0.1 1.6 ± 0.07 1.2 ± 0.2

Lungs 9.8 ± 0.3 9.6 ± 0.28 4.2 ± 0.2 3.8 ± 0.18 3.7 ± 0.16 3.2 ± 0.1 2.9 ± 0.13

Heart 6.3 ± 0.4 5.4 ± 0.1 3.1 ± 0.08 2.0 ± 0.38 1.8 ± 0.11 1.4 ± 0.13 1 ± 0.1

Bone 2.9 ± 0.2 2.9 ± 0.2 2.6 ± 0.3 1.9 ± 0.1 1.7 ± 0.2 1.2 ± 0.17 0.7 ± 0.02
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Fig. 7 The variation of T/NT of 99mTc–gemicitabin at different time

intervals post injection
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The T/NT ratio of 99mTc–gemcitabine is higher than

other radio-labeled pharmaceuticals such as 99mTc-me-

ropenem (3.5 at 1 h p.i.), 99mTc-bombesin (4.5 at 4 h p.i.),
99mTc-citro-folate (4.3 at 4 h p.i.), 99mTc-sunitinib (3 at 1 h p.i.),
99mTc-PyDA (3 at 1 h p.i.), 99mTc(CO)3-labeled-tetra-pep-

tides (3.95 at 2 h p.i.), 99mTc(CO)3-labeled chlorambucil

analog (3.2 at 3 h p.i.), 99mTc-DMSAmetronidazole (2.57 at

4 h p.i.), 99mTc-BnAO-NI (2.59 at 2 h p.i.), 99mTcN-MAG-

AMCPP (1.83 at 1 h p.i.), 99mTc-DETA (2.47 at 4 h p.i.),
99mTc-TETA (2.45 at 4 h p.i.), 99mTc TEPA (2.91 at 4 h

p.i.), 99mTc-nitride-pyrazolo[1,5-a]pyrimidine (2.2 at 1 h p.i.)

and 18F-FMISO (3.4 at 4 h p.i.) [6, 34–45]. Some labeled

pharmaceuticals such as [131I] Iodomisonidazole (IMISO)

and radioiodinated somatostatin analogue [Tyr3]octreotide

showed high T/NT ratio with low tumor/blood ratio (0.75–1)

restricting their potentiality as tumor hypoxia imaging agents

[32, 46–49].

These data suggest that 99mTc–gemcitabine could be used

as a potential agent for tumor imaging. Further studies will

be carried out to evaluate the real potentiality of 99mTc–

gemcitabine for the diagnosis of the human solid tumors.

Conclusion

In this study, novel 99mTc–gemicitabin can be easily pre-

pared with high labeling yield of 96.3 ± 0.03 %, in vitro

stability up to 8 h and in vitro stability in serum up to 6 h.
99mTc–gemicitabin accumulated specifically in the solid

tumor with high T/NT ratio (4.9 ± 0.27) and high T/B

ratio (3.4 ± 0.06) and was quickly cleared from most of

the body organs suggesting that it could be used as

potential diagnostic agent for solid tumor.
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