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ABSTRACT: We designed and synthesized a novel platinum
complex conjugated with 2-fluorinated 2-deoxyglucoside, named
FGC-Pt, to capitalize on the Warburg effect and metabolic trapping
properties of [18F]2-deoxy-2-fluoro-D-glucose ([18F]FDG). Then,
we conducted comprehensive in vitro and in vivo studies to
evaluate the effects of FGC-Pt. In vitro cytotoxicity assays using
HeLa cells revealed that FGC-Pt exhibited concentration-depend-
ent cytotoxicity, even though its cytotoxic effect was less
pronounced than that of cisplatin. In the evaluation of in vivo
biodistribution in mice, platinum concentration in tumors and
major organs (muscle, bone, blood, liver, and kidney) and the ratio
of platinum concentration in tumors to major organs following the
tail vein injection of FGC-Pt and cisplatin suggest that FGC-Pt is
more retained in tumors than in other organs and tends to accumulate in tumors more than cisplatin. Furthermore, an in vivo
assessment of the antitumor effect conducted in A549 cell-bearing mice demonstrated that FGC-Pt possesses substantial potential as
an antitumor agent. It exhibited a tumor growth-inhibitory effect comparable to that of cisplatin while inducing lower toxicity, as
evidenced by lower weight loss after administration. Herein, we successfully produced a novel compound with a tumor-growth-
inhibitory effect comparable to that of cisplatin and low toxicity.

■ INTRODUCTION
Platinum-based antitumor drugs, such as cisplatin, carboplatin,
and oxaliplatin, are widely used for the clinical treatment of
various solid tumors.1,2 Among them, cisplatin is used to treat
patients with bladder, ovarian, head and neck, lung, testicular,
cervical, esophageal, breast, and brain tumors, being widely
effective against many types of cancers including carcinomas,
germ cell tumors, lymphomas, and sarcomas. Therefore,
cisplatin is one of the most commonly used drugs in clinical
practice and is essential for cancer chemotherapy.2−5

Cisplatin, or cis-diamminedichloridoplatinum(II), is a
platinum-coordination compound. It exhibits a square planar
geometry characterized by two chloride ions in a cis
orientation.4 Cisplatin is a neutral metal complex with no
net charge, easily traversing cell membranes.
As the chloride ion concentration is lower in cells than in

plasma, water molecules replace the intracellular chloride ions
coordinated to platinum, resulting in an active complex. The
hydrolyzed product binds to the N7 position of purine residues
in the nucleus, particularly, the guanine base. The formation of
covalent adducts with deoxyribonucleic acid (DNA) damages
DNA within the cancer cells, causing cell cycle arrest, blocking
cell division, and leading to apoptotic cell death.3−6 Addition-
ally, mechanisms of action of cisplatin include the induction of

DNA-damage-response-triggered apoptosis and mitochondrial
apoptosis. Therefore, cisplatin exhibits anticancer activity
through multiple mechanisms.7−9 The interaction between
cisplatin and DNA, leading to the formation of covalent
adducts with purine bases, represents the basis for its
effectiveness in cancer treatments. However, it is also the
underlying cause of the cytotoxicity of cisplatin, resulting in
various adverse effects, including nausea, nephrotoxicity,
cardiotoxicity, hepatotoxicity, and neurotoxicity.5 Thus, while
existing platinum-based antitumor drugs are highly effective in
treating cancer, their lack of tumor specificity and ability to
induce severe adverse effects pose significant clinical
challenges. Other platinum-based antitumor drugs, like
cisplatin, also act through nonspecific mechanisms of action.1

Therefore, the challenge lies in identifying tumor-specific
targeting ligands to suppress the nonspecific distribution of
platinum.10
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Cancer cells typically exhibit an altered glucose metabolism
to survive in the hypoxic environment of malignant lesions.
Unlike normal cells, they predominantly rely on glycolysis for
energy production, whether oxygen is present or not. This
process is known as aerobic glycolysis. Compared to oxidative
phosphorylation, the process that normal cells adapt to under
aerobic conditions, aerobic glycolysis yields much less
adenosine triphosphate (ATP) from glucose. Consequently,
highly proliferative cancer cells have a markedly increased
requirement for glucose as their primary energy source,
resulting in enhanced expression of glucose transporter
membrane proteins (GLUTs) on the cell membrane surface
and enhanced glucose uptake.1,11−15 This phenomenon, later
named the Warburg effect, has been recognized as a hallmark
of cancer.1,11−15 Among GLUT isoforms, GLUT1 is overex-
pressed in various cancers, and its overexpression in patient-
derived tumor samples has been strongly correlated with poor
prognosis, often marked by increased tumor invasiveness, rapid
proliferation, and decreased patient survival.12−17

Therefore, since altered glucose intake and overexpression of
glucose transporters are common in cancer, glucose trans-
porters are clinically valid targets for cancer therapy.17 The
potential of glycoconjugates in both diagnosis and therapy is
supported by the GLUT-mediated uptake and selective
accumulation of the radioactive glucose derivative [18F]2-
deoxy-2-fluoro-D-glucose ([18F]FDG) in cancer tissue.17

Therefore, designing glycoconjugates that utilize sugar as a
carrier for platinum-based drugs and target overexpressed
glucose transporters holds promise for enhancing the
selectivity of platinum-based drug design in tumor cells. This
has led to active research into novel sugar-conjugated Pt (II)
derivatives. The introduction of sugar chains into platinum
complexes led to a substantial reduction in their toxicity and an
improvement in their antitumor effects.17−24 Moreover,
[18F]FDG is a diagnostic agent frequently used in clinical
practice for the diagnosis, staging, and monitoring of various
types of cancer.25,26 After intravenous injection, [18F]FDG
enters cells via GLUT and is phosphorylated by hexokinase to
form [18F]FDG-6-phosphate. Normally, phosphorylated glu-
cose undergoes intracellular metabolic processes such as
glycolysis and glycogen formation, followed by the isomer-
ization of glucose-6-phosphate to fructose-6-phosphate.
Conversely, [18F]FDG-6-phosphate lacks oxygen atoms at C-
2 position, preventing further isomerization. As a result,
[18F]FDG-6-phosphate cannot diffuse out of the cell and
undergoes dephosphorylation at a slow rate; therefore, it is
“trapped” intracellularly, accumulating proportionally to the
amount of glucose used.12,27 This is known as metabolic
trapping.
Based on the above-mentioned mechanism, the introduction

of a fluorine atom at the 2-position of the sugar chain may
enhance its retention in the tumor and improve its therapeutic
effect. However, this concept has not been explored in previous
drug design studies.
Hence, in this study, we aimed to address the issue of

platinum-based antitumor drugs, which lack tumor specificity
and often result in side effects. We sought to improve the
therapeutic efficacy by increasing the intracellular retention
within the tumor. To achieve this, we developed a novel sugar-
linked platinum complex by exploiting the Warburg effect
observed in cancer cells and capitalizing on the metabolic
trapping characteristics of [18F]FDG.

■ RESULTS AND DISCUSSION
Chemistry. When designing platinum complexes con-

jugated with 2-fluorinated 2-deoxyglucoside, we aimed to
enhance the cellular uptake of platinum in tumors via the
Warburg effect and increase its reactivity within cells by
trapping metabolites such as 6-phosphorylated sugars. To
achieve this, we considered introducing sugar on the non-
leaving ligand side of platinum-based drugs, such as ammonia
in cisplatin. Previous studies reported glucose-conjugated
platinum complexes consisting of 2-glucopyranosidyl-1,3-
propanediamine and two chloride ions as ligands.24 Mikata
et al.28 also reported similar ligands in which 1,3-propanedi-
amine was bound to various sugars. Thus, we planned to
synthesize a platinum complex (FGC-Pt) comprising 1,3-
propanediamine conjugated to 2-fluoro-2-deoxyglucose and
two chloride ions (Scheme 1).

First, nucleophilic fluorination was performed using
commercially available 1,3,4,6-tetra-O-acetyl-β-D-mannopyra-
nose (1) as the starting material. Compound S1 was then
obtained. Subsequent steps involved deacetylation at position
1 and chloroimidation, resulting in the creation of imidate 2 as
a glycosyl donor for glycosylation with 1,3-dibromopropan-2-
ol. This step was necessary because glycosylation using an
acetate substrate, as done in previous work by Mikata et al., did
not proceed after 2-fluorination.
Subsequently, Schmidt’s glycosylation with imidate 2 and

1,3-dibromopropan-2-ol was performed at 24 °C using
trimethylsilyl trifluoromethanesulfonate (TMSOTf) as a
promoter to produce compound 3. Although Bucher et al.
have also reported Schmidt’s glycosylation using 2-fluorinated
2-deoxysugars, they reported that the use of 2-fluorinated 2-
deoxyglucose at −30 °C gives a mixture of α- and β-isomers
(α/β ratio is 1:1.9).29 Conversely, under our conditions, only
α-isomer could be obtained. We believe that this result is due
to thermodynamic stereocontrol. Azidation of 3 resulted in the
production of the diazido derivative 4, followed by

Scheme 1. Synthesis of FGC-Pta

aReagents and conditions: (i) DAST, 1,4-dioxane, 100 °C, 7 min,
78%; (ii) piperidine, THF, 24 °C, 4 h, 83%; (iii) CCl3CN, DBU,
CH2Cl2, 24 °C, 3 h, 76%; (iv) 1,3-dibromo-2-propanol, CH2Cl2,
TMSOTf, 0 °C to rt, 22 h, 89%; (v) NaN3, DMF, 30−70 °C, 6 h,
92%; (vi) NaOMe, MeOH, 24 °C, 2 h; (vii) Pd/C, MeOH, 24 °C, 2
h, 86%, 2 steps; (viii) K2[PtCl4], H2O, 24 °C, 24 h, 37%.
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deacetylation and subsequent reduction of the azido group to
an amino group to obtain 5 as a diamine ligand for the
platinum complex. Then, the complexation reaction of ligand 5
with K2[PtCl4] resulted in the production of FGC-Pt in 37%
yield.
FGC-Pt was purified by gel filtration using water. Although

this complex is considered relatively stable in water, it was
unexpectedly found that the chloride ion in FGC-Pt was easily
replaced with acetonitrile when acetonitrile was used for high-
performance liquid chromatography (HPLC) analysis.30 The
synthesized compounds were characterized by nuclear
magnetic resonance (NMR) and electrospray ionization mass
spectrometry (ESI-MS). The purity of FGC-Pt was determined
to be 96% by quantitative (q)-NMR. The analysis revealed
interesting changes in the 1H NMR (400 MHz) and 13C NMR
(100 MHz) chemical shifts due to complexation. For example,
the chemical shifts of the methylene hydrogens and carbons
adjacent to the 1,3-propanediamine moiety coordinated with
platinum shifted downfield (see Figure S18). However, the
chemical shift of the methylene carbon at the γ-position from
the nitrogen atom shifted upfield upon complexation (Figure
S19). This upfield shift in the methylene carbon might be
attributed to a steric compressive effect that is based on the
Gauche relationship between Pt and the carbon at γ-position,
which is shielded due to coordination.
Biology. In Vitro Cytotoxicity Assay. To identify the in

vitro anticancer activity of FGC-Pt, we evaluated its
cytotoxicity in comparison with that of cisplatin using a [3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] (MTS) assay with HeLa cells.
Expression of GLUT1 was confirmed in HeLa cells by Western
blotting analysis (see Figure S20). The corresponding half-
maximal inhibitory concentration (IC50) values are listed in
Table 1, and photographs of the morphological changes in

HeLa cells treated with FGC-Pt and cisplatin are shown in
Figure 1. The IC50 value of cisplatin was 15.5 ± 2.3 μM. In
addition, in the optical microscopy study, cisplatin-treated cells
presented concentration-dependent morphological changes,
and dead cells were conspicuous (Figure 1). Thus, cisplatin has
a strong cytotoxic effect and exhibits cell-killing activity in a
concentration-dependent manner. On the other hand, the IC50
value of FGC-Pt was 447.4 ± 99 μM, which is higher than that
of cisplatin (Table 1). However, our optical microscopy
observations and cell viability calculations based on absorbance
measurements reveal that high concentrations of FGC-Pt can
effectively induce cell death. These results indicate that FGC-
Pt exhibits concentration-dependent cytotoxic activity and
meets the basic requirements of an antitumor agent.
In Vitro Stability of FGC-Pt in Mouse Plasma. To

investigate the stability of FGC-Pt, FGC-Pt was mixed with
mouse plasma and incubated at 37 °C. The results showed that
54.7 ± 5.7% of FGC-Pt was present at 2 h, with a half-life of
approximately 2 h (Figure 2). This is longer than the 0.88 ±
0.05 h (mean ± SEM) half-life of cisplatin in plasma,31

confirming its tendency to remain more stable than cisplatin in
the plasma.

In Vivo Biodistribution of FGC-Pt in Healthy Mice and
A549 Cell-Bearing Mice. To investigate the basic character-
istics of the biodistribution of FGC-Pt in healthy mice, the
platinum concentration (expressed as Pt ng/g tissue) in 15
organs (pancreas, heart, lung, spleen, brain, muscle, bone,
blood, gallbladder, stomach, small intestine, large intestine,
liver, kidney, and thyroid) 24 h postinjection of FGC-Pt was
analyzed by inductively coupled plasma mass spectrometry
(ICP−MS) (Figure 3A). To confirm the accumulation and
retentivity of FGC-Pt in tumors, we also assessed the platinum
concentrations in major organs (muscle, bone, blood, liver, and
kidney) and tumors in A549 cell-bearing mice at 24 and 48 h
postinjection of FGC-Pt using ICP−MS (Figure 3B). In
addition, we compared the distribution of FGC-Pt and
cisplatin in A549 cell-bearing mice by analyzing the platinum
concentration in major organs and tumors at 24 h post-
injection of FGC-Pt and cisplatin using ICP−MS (Figure 3C).
Although cisplatin is administered with large amounts of
intravenous fluids during human treatment, this is not
applicable in experiments on mice. Therefore, intravenous
administration was selected as the method of administration in

Table 1. Half-Maximal Inhibitory Concentration (IC50)
Values (μM) of Cisplatin and FGC-Pt in HeLa Cell Linea

compounds IC50 (μM)

cisplatin 15.5 ± 2.3
FGC-Pt 447.4 ± 99

aData are expressed as mean ± SD (n = 3).

Figure 1. Observation of HeLa cells treated with cisplatin (0, 10, and
100 μM) and FGC-Pt (0, 100, and 1000 μM) by optical microscopy.
(×100).

Figure 2. Stability of FGC-Pt in mouse plasma. Data are expressed as
mean ± SD (n = 3).
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our study in order to reflect clinical conditions as closely as
possible, despite this condition being likely to cause cisplatin
toxicity. To compare the intratumor accumulation rates of
FGC-Pt and cisplatin and examine changes in the intratumor
accumulation rate of FGC-Pt over time, we calculated the
ratios of platinum concentration in tumors to major organs at
24 and 48 h postinjection of FGC-Pt, as well as at 24 h
postinjection of cisplatin (Table 2). Expression of GLUT1 was
confirmed in A549 cells by Western blotting analysis (Figure
S20).

Platinum accumulation in tumors at 24 and 48 h post-FGC-
Pt injection (24 h: 1058 ± 220 Pt ng/g tissue, 48 h: 1055 ±
278 Pt ng/g tissue) was confirmed, and no significant
difference was found between the two values (Figure 3B). In
addition, the ratios of Pt content in tumors to major organs at
24 and 48 h post-FGC-Pt injection increased over time (Table
2). These results suggest that the elimination of platinum from
tumors was slower compared to other organs in FGC-Pt-
treated A549 cell-bearing mice, possibly due to enhanced
metabolic trapping in tumors. We then measured the platinum
concentration in the organs 24 h postinjection of FGC-Pt and
cisplatin, finding high values in all organs for both compounds

(Figure 3C). There was no significant difference between
FGC-Pt and cisplatin in the accumulation of platinum in
tumors. However, platinum accumulation in other organs at 24
h postinjection of FGC-Pt was lower than that of cisplatin (*p
< 0.05, **p < 0.01; Figure 3C). In addition, the ratios of Pt in
tumors to other organs except for tumor-to-kidney (tumor/
kidney) ratios were higher for FGC-Pt in all cases (Table 2).
These results indicate that FGC-Pt tends to accumulate in
tumors more readily than cisplatin. The platinum concen-
tration in the kidney 24 and 48 h post-FGC-Pt injection
decreased significantly over time (*p < 0.05; Figure 3B). This
suggests that FGC-Pt is not retained in the kidney and is
excreted by the kidney. The nephrotoxicity of platinum-based
antitumor drugs is known to depend on the amount of
platinum accumulation in the kidney.32 Therefore, FGC-Pt has
the potential to avoid nephrotoxicity caused by platinum
accumulation in the kidney. Additionally, the higher tumor-to-
bone (tumor/bone) ratio of FGC-Pt compared to that of
cisplatin suggests a potential reduction in bone marrow
suppression (Table 2).
In Vivo Assessment of the Antitumor Effect of FGC-Pt and

Cisplatin Using A549 Cell-Bearing Mice. To investigate the in
vivo antitumor effect of FGC-Pt, A549 cell-bearing mice were
treated on days 1, 8, 15, and 22 with saline, FGC-Pt (2.7 mg of
Pt/kg), or cisplatin (2.7 mg of Pt/kg) via intravenous injection.
The antitumor effect was evaluated by measuring the tumor
volume over 30 days. Furthermore, the toxic side effects of
these platinum complexes were assessed by examination of the
animals, including body weight, signs of lethargy, loss of
appetite, and condition of the injection site. As shown in
Figure 4A, the FGC-Pt-treated group exhibited similar tumor
growth inhibition as the cisplatin-treated group, with no
significant difference in tumor size (Figure 4A). Furthermore,
although null hypotheses were retained by Tukey’s all-pairwise
comparison, these groups presented a trend toward greater

Figure 3. In vivo biodistribution of FGC-Pt and cisplatin. (A) Biodistribution of FGC-Pt in healthy mice 24 h after administration. Data are
expressed as mean ± SD (n = 6). (B) Biodistribution in A549 cell-bearing mice at 24 and 48 h postinjection of FGC-Pt. (C) Comparison of
biodistribution in A549 cell-bearing mice 24 h postinjection of FGC-Pt and cisplatin. Data are expressed as mean ± SD (n = 4). The statistical
significance of the difference among groups was determined by Student’s t-test. (Significance: *p < 0.05, **p < 0.01, ns: not significant).

Table 2. Ratio of Platinum Concentration in Tumors to
Other Major Organs (Muscle, Bone, Blood, Liver, and
Kidney) at 24 and 48 h Post-Injection of FGC-Pt and 24 h
Post-Injection of Cisplatin in A549 Cell-Bearing Mice

value of the ratio

tumor/
muscle

tumor/
bone

tumor/
blood

tumor/
liver

tumor/
kidney

FGC-Pt (24 h) 3.64 2.93 11.07 0.50 0.29
FGC-Pt (48 h) 4.09 3.03 14.37 0.59 0.42
cisplatin (24 h) 2.72 1.41 4.10 0.42 0.29
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tumor growth inhibition than the saline-treated group (Figure
4A). However, the cisplatin-treated group experienced a more
pronounced weight loss after the fourth dose (administered on
days 1, 8, 15, and 22) than the FGC-Pt-treated group (Figure
4B). Additionally, a higher number of mice in the cisplatin-
treated group exhibited loss of appetite and presented with a
red and swollen injection site compared to those treated with
FGC-Pt. These results indicate that FGC-Pt reduces toxicity
compared to that of cisplatin but has comparable effects on
tumor growth.
Mice were randomly divided into three groups: saline group

(n = 6), FGC-Pt group (n = 6), and cisplatin group (n = 6).
They were treated on days 1, 8, 15, and 22 with saline, FGC-Pt
(2.7 mg of Pt/kg), or cisplatin (2.7 mg of Pt/kg) via
intravenous injection. (A) Tumor growth over time in A549
cell-bearing mice treated with saline, FGC-Pt, or cisplatin. (B)
Toxicity assessment of saline, FGC-Pt, and cisplatin by
monitoring body weight in A549 cell-bearing mice. Data are
expressed as mean ± SD (n = 6). The statistical significance of
differences among groups was determined by Tukey’s test.

■ CONCLUSIONS
To harness the Warburg effect in cancer cells and exploit the
metabolic trapping properties of [18F]FDG, we designed and
synthesized a novel sugar-conjugated platinum(II) complex
incorporating 2-fluorinated 2-deoxyglucoside inspired by
cisplatin.
In vitro evaluation of cytotoxicity demonstrated that FGC-Pt

does not possess the same level of cytotoxicity as that of
cisplatin. However, it does display concentration-dependent
cell-killing activity, similar to cisplatin. In addition, approx-
imately 55% of FGC-Pt was present in mouse plasma after 2 h,
and the half-life of FGC-Pt was approximately 2 h. In the
evaluation of biodistribution, platinum accumulation in tumors
at 24 and 48 h postinjection of FGC-Pt showed no significant
difference in those values. Furthermore, the changes in the
ratio of platinum concentration in tumors to other major
organs following administration of FGC-Pt indicated that
FGC-Pt is more retained in tumors. Additionally, the ratios of
Pt in tumors compared to other organs at 24 h postinjection of
FGC-Pt and cisplatin and a comparison of the biodistribution
of these compounds indicated that FGC-Pt tends to
accumulate in tumors more readily than cisplatin. Further-
more, despite being less toxic than cisplatin, FGC-Pt
demonstrated a tumor growth-inhibitory effect as effective as
that of cisplatin when compared to the control groups.
These results suggest the potential of FGC-Pt as an

antitumor drug, but the detailed mechanism of cellular uptake
of FGC-Pt is under study. In addition, the strategy outlined in

this study holds promise for the future development of new
sugar-based platinum complexes. In this study, although we
have not yet been able to validate a strategy using the Warburg
effect, we hope to build up a drug discovery platform using
established synthetic methods and aim to develop anticancer
drugs that selectively accumulate in tumors.

■ MATERIALS AND METHODS
General Information. All reagents, solvents, and starting

materials were purchased from commercial sources: Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan), Nacalai Tesque
Inc. (Kyoto, Japan), and Fujifilm Wako Pure Chemical
Corporation (Osaka, Japan), and used without further
purification. NMR spectra were obtained using a Bruker
Ascend 500 NMR spectrometer (Bruker, Billerica, MA, USA)
and a JEOL JNM ECS-400 spectrometer (JEOL, Tokyo,
Japan). 1H NMR spectra were collected at 400 or 500 MHz,
and 13C NMR spectra were collected at 125 or 100 MHz. 1H
NMR chemical shifts (δ) are shown in parts per million (ppm)
relative to tetramethylsilane (0 ppm), which was used as the
internal standard. 1H NMR showed chemical shifts based on
the solvent peak (4.75 ppm) when D2O was used. The 13C
NMR values were reported relative to tetramethylsilane (0
ppm) or 3-(trimethylsilyl)propionic-2,2,3,3-d4-acid sodium salt
(0 ppm), which was used as an internal standard. Assignments
were based on the analysis of coupling constants as well as
correlation spectroscopy, heteronuclear single quantum
coherence, and heteronuclear multiple bond correlation
spectra. High-resolution mass spectra were obtained by using
an LC-MS-IT-TOF instrument (Shimadzu, Kyoto, Japan).
Chromatographic purification was performed using an EPCLC
W-Prep 2XY automated flash chromatography system
(Yamazen Corp., Osaka, Japan). Thin-layer chromatography
(TLC) was performed on silica gel 60 F254 plates (Merck,
Darmstadt, Germany) and NH2 silica gel 60 F254 plates (Wako
Pure Chemical Industries). Platinum concentration was
determined using ICP−MS (Agilent 7700X ICP−MS, Agilent
Technologies, Tokyo, Japan). Analytical HPLC was performed
using a Shimadzu LD-20AD (Shimadzu Corporation, Kyoto,
Japan) fitted with a Sugar-D column (4.6 ID × 150 mm)
(Nacalai Tesque Inc.) and an SPD-20A (Shimadzu Corpo-
ration) UV detector. The flow rate was 0.5 mL/min, and UV
absorption was measured at 220 nm. The runs were performed
with linear gradients of Millipore water (A) and methanol (B;
FujifilumWako HPLC-grade): t = 0−7 min, 85% B; t = 7−10
min, 85−50%, t = 10−30 min, 50−10% B. All animal care and
experimental studies were performed in accordance with the
guidelines and with the approval of the Animal Investigation
Committee of Kyoto Pharmaceutical University.

Figure 4. In vivo antitumor effect of FGC-Pt in A549 cell-bearing mice.
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Synthesis of Compounds. 1,3,4,6-Tetra-O-acetyl-2-
deoxy-2-fluoro-β-D-glucopyranose (S1). 1,3,4,6-Tetra-O-ace-
tyl-β-D-mannopyranose (1) (2.00 g, 5.74 mmol) was reacted
with DAST (2.30 mL, 17.2 mmol) in 1,4-dioxane (40.0 mL)
under N2 atmosphere. After being stirred at 100 °C for 7 min,
the reaction mixture was cooled to 0 °C, and methanol (6.60
mL) was added. The reaction mixture was diluted with
chloroform and washed thrice with saturated aqueous sodium
bicarbonate and brine. The organic layer was dried over
anhydrous magnesium sulfate and evaporated in vacuo. The
residue was purified by silica gel chromatography (hexane/
ethyl acetate = 1:1) to obtain S1 (1.57 g, 78%).
3,4,6-Tri-O-acetyl-2-deoxy-2-fluoro-α-D-glucopyranosyl

Trichloroacetimidate (2). Compound S1 (2.77 g, 7.91 mmol)
was reacted with piperidine (4.55 mL, 45.9 mmol) in THF
(55.4 mL) under N2 atmosphere. The solution was stirred at
24 °C for 4 h. After completing the reaction, the mixture was
poured into 1% hydrochloric acid and extracted using ethyl
acetate. The organic layer was washed with brine, dried over
anhydrous sodium sulfate, and evaporated in vacuo. The crude
product was purified by silica gel chromatography (hexane/
ethyl acetate = 1:1) yielding 3,4,6-tri-O-acetyl-2-deoxy-2-
fluoro-D-glucopyranose (2.02 g, 83%) as a mixture of α and
β anomers (α/β anomer ratio = 71:29). CCl3CN (3.60 mL,
35.5 mmol) and DBU (3.60 mL, 35.5 mmol) were added to a
solution of 3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-D-glucopyranose
(1.99 g, 6.45 mmol) in CH2Cl2 (40.0 mL) under N2
atmosphere. The resulting solution was stirred at 24 °C for
1.5 h. The reaction was quenched with water, and the mixture
was extracted with ethyl acetate. The organic layer was washed
with brine, dried over anhydrous magnesium sulfate, and
evaporated in vacuo. The crude product was purified using
silica gel chromatography (hexane/ethyl acetate = 2:1) to yield
2 (2.23 g, 76%).
1,3-Dibromo-2-propyl 3,4,6-Tri-O-acetyl-2-deoxy-2-fluo-

ro-α-D-glucopyranoside (3). 1,3-Dibromo-2-propanol (55.6
μL, 0.54 mmol) and TMSOTf (19.5 μL, 0.108 mmol) were
added to a solution of compound 2 (98.5 mg, 0.217 mmol) in
CH2Cl2 (2.00 mL) under Ar atmosphere. The solution was
stirred for 22 h, gradually returning to 24 °C from 0 °C. After
completion of the reaction, the reaction was quenched with a
saturated aqueous solution of sodium bicarbonate, and the
mixture was extracted with ethyl acetate. The organic layer was
washed with brine, dried over anhydrous sodium sulfate, and
evaporated in vacuo. The crude product was purified using
amino silica gel chromatography (hexane/ethyl acetate = 2:1)
to yield compound 3 (97.1 mg, 88%).
1,3-Diazido-2-propyl 3,4,6-Tri-O-acetyl-2-deoxy-2-fluoro-

α-D-glucopyranoside (4). A solution of compound 3 (1.71 g,
3.37 mmol) in DMF (34.0 mL) was reacted with NaN3 (2.65
g, 40.5 mmol) under N2 atmosphere. The resulting solution
was stirred at 70 °C for 6 h. The reaction was quenched with
water, and the mixture was extracted with ethyl acetate. The
organic layer was washed five times with water, dried over
anhydrous magnesium sulfate, and evaporated in vacuo. The
crude product was purified using silica gel chromatography
(hexane/ethyl acetate = 2:1) to yield 4 (1.34 g, 92%).
1,3-Diamino-2-propyl 2-Deoxy-2-fluoro-α-D-glucopyra-

noside (5). A solution of compound 4 (1.34 g, 3.45 mmol)
in MeOH (27.0 mL) was added to NaOMe (28% in methanol,
ca. 0.8 mL) under N2 atmosphere. The mixture was stirred at
24 °C for 2 h. The resulting solution was neutralized using a
Dowex 50 W-X4 200−400 MESH HFORM. After filtration to

remove the resin (washing with MeOH), the filtrate was
evaporated in vacuo to give 1,3-diazido-2-propyl 2-deoxy-2-
fluoro-α-D-glucopyranoside (987 mg, 93%). Compound S3
was used in subsequent reactions without purification.
Palladium-activated carbon (10% Pd, 98.2 mg) was added to
a solution of compound S3 (935 mg, 3.05 mmol) in methanol
(20.0 mL), and the mixture was stirred under H2 atmosphere
at 24 °C for 2 h. The resulting solution was filtered through a
Hyflo Super-Cel layer, and the filtrate was evaporated in vacuo
to obtain 5 (703 mg, 91%).
cis-Dichloro [(2-Fluoro-α-D-glucopylanosidyl)propane-

1,3-diamine] Platinum (6): FGC-Pt. K2[PtCl4] (257 mg,
0.620 mmol) was added to a solution of 5 (155 mg, 0.610
mmol) in water (3.10 mL). The mixture was stirred in the dark
under N2 atmosphere at 24 °C for 24 h. The resulting solution
was purified using a Biogel P2 resin column. Based on SiO2-
TLC monitoring (isopropanol/water/aqueous ammonium
solution = 6:5:2, Rf = 0.77), the fractions were combined
and evaporated in vacuo to yield 6 (116 mg, 37%).
Cell Culture. HeLa (human cervical cancer) and A549

(human lung cancer) cell lines were purchased from the
European Collection of Authenticated Cell Cultures (ECACC,
London, UK). HeLa cells were cultured in Eagle’s minimum
essential medium (Fujifilm Wako Pure Chemical Corporation)
containing 10% fetal bovine serum (Sigma-Aldrich, St. Louis,
MO, USA), 1% penicillin−streptomycin (Nacalai Tesque
Inc.), nonessential amino acids solution 1 mM (Nacalai
Tesque Inc.), and 1% sodium pyruvate solution (Nacalai
Tesque Inc.) in a humidified atmosphere containing 5% CO2
at 37 °C. A549 cells were cultured in Ham’s F-12K medium
(Fujifilm Wako Pure Chemical Corporation) containing 10%
fetal bovine serum (Sigma-Aldrich) and 1% penicillin−
streptomycin (Nacalai Tesque Inc.) in a humidified atmos-
phere containing 5% CO2 at 37 °C. The cells were passaged
twice a week until reaching 70−90% confluence.
In Vitro Cytotoxicity Assay. HeLa cells were seeded in

24-well plates (Corning, New York, USA) at 40000 cells/well
and incubated in 5% CO2 atmosphere in 1 mL of complete
medium at 37 °C for 24 h. Subsequently, 500 μL of freshly
prepared culture medium containing drugs at multiple
concentrations (cisplatin:0−100 μM, FGC-Pt:0−1000 μM)
was added, and incubated for another 48 h. MTS reagent
(Promega Corporation, Madison, WI, USA) was added, and
the cells were incubated for 3 h. Finally, 100 μL of the medium
containing MTS was transferred to 96-well plates (AGC
TECHNO GLASS Co., Ltd., Shizuoka, Japan). The
absorbance was measured at 490 nm. IC50 values were
calculated using GraphPad Prism software (version 6.00 for
Windows; GraphPad, Inc., California, USA). All experiments
were performed in triplicate.
In Vitro Stability of FGC-Pt in Mouse Plasma. Plasma

was purchased from Japan SLC (Shizuoka, Japan). FGC-Pt
(2.4 mg) was mixed with plasma (160 μL) and incubated at 37
°C. The mixtures were incubated at 37 °C for 0, 2, 4, and 6 h,
mixed with saline, and filtrated using a syringe filter (Nacalai
Tesque Inc.). The filtrate was analyzed by HPLC. HPLC
analysis was carried out under the aforementioned measure-
ment conditions.
Biodistribution of FGC-Pt and Cisplatin in Healthy

Mice and A549 Cell-Bearing Mice. The in vivo
biodistribution of FGC-Pt was evaluated in healthy and
A549 cell-bearing mice. Five-week-old male BALB/c nu/nu
mice were purchased from Japan SLC (Shizuoka, Japan) and
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quarantined for 1 week prior to tumor inoculation. A549 cells
were injected subcutaneously into the right shoulder at a
concentration of 1 × 107 cells/site. Tumor volume was
calculated using the following formula: V = (4/3) × π ×
(tumor length/2) × (tumor width/2) × (tumor height/2).
Five-week-old male Slc/ddy mice were purchased from Japan
SLC (Shizuoka, Japan) and quarantined for 1 week prior to
drug injection. The experiment began when the tumor size
reached 50 mm3. Freshly prepared saline solutions of 4 mg of
Pt/kg of FGC-Pt and cisplatin were administered by tail vein
injections to healthy mice (n = 6/group) and A549 cell-bearing
mice (n = 4/group). Biodistribution was assessed by ICP−MS
at 24 and 48 h postinjection of the tested drugs. Quantification
of the platinum concentration was performed by ICP−MS
after nitric acid, perchloric acid, and hydrogen acid digestion.
In Vivo Assessment of the Antitumor Effect of FGC-Pt

and Cisplatin Using A549 Cell-Bearing Mice. Five-week-
old male BALB/c nu/nu mice were purchased from Japan SLC
(Shizuoka, Japan) and quarantined for 1 week prior to tumor
inoculation. A549 cells were subcutaneously injected at a
concentration of 1 × 107 cells/site into the right shoulder. The
experiment began when the tumors reached 100−200 mm3 in
size. The mice were randomly divided into three groups:
control (saline, 4.0 mL/kg, n = 6), FGC-Pt (2.7 mg of Pt/kg, n
= 6), and cisplatin (2.7 mg of Pt/kg, n = 6). FGC-Pt and
cisplatin were freshly prepared by dissolution in saline before
injection and administered via tail vein injection on days 1, 8,
15, and 22. The mice were weighed, and their weight was
recorded.
Statistical Analysis. Data are expressed as means ±

standard deviation (SD), and BellCurve for Excell (version
3.21) (Social Survey Research Information Co., Ltd., Tokyo,
Japan) was used for all statistical analyses. Student’s t-test was
used for two-group comparisons. Multiple comparisons among
groups were performed using Tukey’s test. Differences were
considered significant when p < 0.05.
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