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A series of sulfur-substituted naphthalimides (1–5) was prepared and investigated as antitumor drugs.
Initial DNA interaction studies (by the fluorescence quenching method, UV/vis and CD spectroscopy, ther-
mal denaturation, topoisomerase Western blot analysis, and DNA photocleavage experiments) expect-
edly suggested the DNA and topoisomerase as main targets of the agents. Fluorescence spectroscopic
and microscopic experiments indicated a significant sensitivity of the emission intensities of 3 and 5
to the cellular environment and confirmed the cellular uptake and biodistribution into cell compartments
for 1–3 and 5. A comparative evaluation of the antiproliferative effects under different experimental set-
ups (concerning drug exposure period and an additional short-time UV irradiation) revealed significant
phototoxic effects for the environmentally sensitive compounds 3 and 5 and strongly suggested the fur-
ther development of sulfur-substituted naphthalimides for potential use in photodynamic tumor therapy.

� 2008 Elsevier Ltd. All rights reserved.
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Despite tremendous efforts in the development of new drugs and
therapeutic procedures cancerous diseases are still difficult to treat
and the development of effective anticancer medicines remains one
of the main goals of modern medicinal chemistry research. As cancer
cells are highly proliferative tissues, one of the most promising bio-
logical targets to decrease tumor cell growth is the DNA.

Among the agents directly interacting with the DNA naphthali-
mide derivatives have gained considerable attention based on their
DNA-intercalating properties and topoisomerase-poisoning activi-
ties. The first drugs of this group that reached the clinical trial stage
were amonafide and mitonafide (see Fig. 1). However, due to unex-
pected central neurotoxicity and limited efficiency, the clinical
studies on these two drugs met some problems.

Amonafide has so far failed to enter clinical phase III and has
long been challenged by its unpredictable side effects (e.g.,
dose-limiting bone marrow toxicity). In clinic, it was found that
amonafide was easily metabolized to N-acetyl-amonafide via N-
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by N-acetyltransferase 2, which caused a high-variable, unpredict-
able toxicity because of the interindividual differences in N-acety-
lation and greatly obstructed its clinical development. Challenged
by such a toxic issue and for avoiding the release of N-acetylated
metabolites a broad variety of novel compounds (including bisin-
tercalators such as elinafide) has been reported.1–9

As the amino group of amonafide undergoes extensive metabo-
lism and the nitro-group of mitonafide was made responsible for
toxic side effects, our efforts in the development of novel naphthal-
NO2NH2
amonafide mitonafide

Figure 1. structural formulas of amonafide and mitonafide.
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Figure 2. R16, novel target compounds and reference compounds.
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imide antitumor drugs have focused so far on tetra- and pentacyclic
aromatic derivatives, which lack these supposedly therapeutically
problematic functions. This led to the discovery of several naphthal-
imides containing enlarged fused aromatic ring systems which dis-
played promising intercalating, DNA photocleaving, and tumor cell
growth-inhibiting properties. Among the compounds evaluated so
far we noted as an overall result that especially sulfur-containing
derivatives showed promising antiproliferative efficiency.10–12

One of the most active agents found within our studies is the
thio-heterocyclic naphthalimide R16 (see Fig. 2), which exhibited
superior cytotoxic effects in comparison to amonafide and miton-
afide in several tumor models, acted as a topoisomerase poison
and induced apoptosis.13

Although many naphthalimides have been prepared and
screened for cytotoxic effects, little attention has been paid to sim-
ple thio-substituted derivatives and no concrete structure–activity
relationship studies involving this substituent have been described
so far. Based on the structure of R16 and structurally closely re-
lated thio-heterocyclic compounds recently described by Brana et
al.,6 we developed a series of non-ring fused derivatives containing
sulfur in position 4 of the naphthalimide ring system (1–5, see Fig.
2). The target compounds contain the N,N-dimethylaminoethyl
side chain, which is considered to be an optimized pharmacophore
concerning the interaction with the DNA backbone and with the
topoisomerase enzyme.1 Compounds, each lacking one of the men-
tioned properties, were prepared as references (6 and 7).

Naphthalimides have also been described as strongly fluores-
cent agents14–15 and photoactivatable species that exhibit signifi-
cant DNA photocleaving10,11,16–20 activities. Interestingly, to the
best of our knowledge these properties have not been used so far
to evaluate the compounds as phototoxic antitumor drugs in vitro
or in vivo although there are few reports on the use as photoacti-
vatable antiviral agents.21–22 However, the presence of phototoxic
properties might widen the applicability of this class of cytostatics
concerning the use in photodynamic therapy.23 The investigation
of sulfur-substituted naphthalimides appears very promising in
this context based on recent observations showing that the DNA
photocleaving potency of thio or thiono naphthalimides was signif-
icantly higher than that of the corresponding oxygen derivatives.24

This report deals with the preparation and basic fluorescence
characteristics of a series of novel thiosubstituted naphthalimides,
the study of their DNA interaction properties, cellular uptake and
intracellular distribution by fluorescence microscopy as well as
the in-vitro evaluation of their phototoxicity.

2. Results

2.1. Synthesis and fluorescence spectra

The synthesis of the target compounds was performed according
to established procedures as depicted in Scheme 1.10,12,16–19 Com-
mercially available 4-bromo-1,8-naphthalic anhydride was reacted
with the thiols to the corresponding 1,8-naphthalic anhydride thio-
ethers, which were then transformed into the target compounds by
refluxing with N,N-dimethlyaminoethylamine or cysteamine in
absolute ethanol. All target compounds used for the biochemical as-
says were purified by column chromatography over SiO2 and struc-
turally confirmed by 1H NMR, MS, and elemental analyses.

Fluorescence spectra were recorded in phosphate-buffered sal-
ine solution, pH 7.4 (PBS) under experimental conditions that were
also used for the study of the DNA binding by the fluorescence-
quenching method (see below).

The unsubstituted reference compound 7 showed an intense
maximum around Ex/Em 344/396 nm. For the ethyl-, butyl-, and
benzyl-substituted derivatives 1–3, this maximum was shifted to-
ward longer wavelengths (Ex/Em 396–403/506–523 nm; see Fig. 3
for representative examples) but no significant fluorescence inten-
sity was observed with the derivatives 4 and 5 containing addi-
tional heteroatoms (N and S) on the sulfur substituent. Absolute
fluorescence intensities at the respective Ex/Em maxima of 5 lM
of the compounds in PBS increased in the series 3 (649) < 7
(1896) < 1 (2968) < 2 (3539).

The weak or missing fluorescence emission of 3–5 can be attrib-
uted to changes in the photoinduced intramolecular electron trans-
fer (PET) caused by the aromatic substituents on the sulfur. PET
between the electron rich amino moiety and the relatively elec-
tron-deficient naphthalimide fluorophore component can be ex-
pected to be significantly influenced by these aromatic/
heteroaromatic moieties.25–27

2.2. Interaction with the DNA

Based on their fluorescence-emitting properties, we studied the
binding of 1–3 and 7 to DNA by the fluorescence-quenching meth-
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Scheme 1. Synthesis of the target compounds. Reagents conditions: (a) thiol (R2-SH), DMF, K2CO3, 30–50 �C, 3–7 h; (b) N,N-dimethylethylamine or cysteamine, EtOH (abs),
reflux 5–7 h.
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Figure 3. Contour plots of 3D fluorescence scans of 5.0 lM of 7 (left) and 1 (right) in phosphate-buffered saline pH 7.4.
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od. Figure 4 (top) shows exemplarily the quenching of the emission
curve of 5.0 lM of 1 by increasing (5–400 lM) amounts of DNA. In
Figure 4 (bottom), the relative fluorescence intensities at the max-
ima of 1–3 and 7 are plotted against the concentration of DNA.

Emissions for the stronger fluorescent target compounds 1 and
2 decreased exponentially and reached values under 50% of the ini-
tial fluorescence at incubation with 400 lM DNA. In contrast to
this, the emission of 3 could not be influenced strongly by the pres-
ence of DNA (>80% relative intensity at all concentrations) and for
7 the decrease in emission followed an almost linear trend. How-
ever, for all compounds fluorescence-quenching at least at the
highest DNA concentration (400 lM) could be observed, which is
in good agreement with a broad series of previous studies by dif-
ferent groups suggesting naphthalimides as agents with intercalat-
ing properties.1,7,8,10,12,17

UV/vis spectroscopy, CD (circular dichroism) spectroscopy, and
thermal denaturation studies offer useful tools to study the DNA
interaction independent of the presence of fluorescence
properties.28

The UV/vis spectra of 1–7 incubated with DNA at r = 0.1
(r = [compound]/[DNA]) for 60 min showed bathochromic and
hypochromic shifts in the case of 1, 2, 4, 5, and 7 (see Fig. 5 and
SI). For 3 a significant bathochromic and a slight hyperchromic
shift could be noted. This pattern could be caused by intramolecu-
lar p–p interactions between the aromatic ring of the side chain
and the naphthalimide core, which counteract an intercalative
interaction with the DNA.
The spectra recorded with 6 showed no bathochromic shift.
However, a slight hyperchromic shift was observed for this
compound.

In general, these results indicated intercalative properties for 1–
5 and 7 but not for 6. This can be attributed to the absence of the
nitrogen in the side chain of 6, which reduced the ability of the
compound to interact with the DNA (the protonable nitrogen in
the side chain is required to enable an initial electrostatic contact
with the negatively charged DNA phosphate backbone prior to
intercalation between the bases). It should be noted that in the
case of 5 a broadening of the absorption maximum was observed
(see Fig. 5, right), which indicates significant changes in the elec-
tron distribution upon interaction with the nucleobases.

Changes in the DNA melting temperature upon interaction with
an intercalating compound provide an effective means to estimate
the efficacy of intercalation. Melting temperature shifts DTm for 1–
7 are listed in Table 1. For 1–4 and 7 values between 6 and 9 �C
were measured and are indicative of an intercalative mode of inter-
action with the DNA. Small DTm values were found for 5 and 6 cor-
relating to low intercalative efficacy.

Circular dichroism (CD) spectroscopy can be used to monitor con-
formational changes of the DNA biopolymer as a consequence of
interaction with drugs. The CD spectrum of DNA shows a negative
peak at approximately 245 nm caused by the helical B conformation
and a positive peak at approximately 275 nm due to base stacking.

Incubation of DNA with 1–3 (see Fig. 6, left) led to a decrease of
the negative peak and an increase of the positive peak. Both effects
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Figure 4. Top: Quenching of the fluorescence emission curve of 5.0 lM of 1 by
increasing concentrations of DNA (37 �C, 1 h); bottom: fluorescence quenching of
the maxima of 5 lM of 1–3 and 7 by increasing concentrations of DNA (37 �C, 1 h);
emissions were recorded at the respective Ex/Em maxima (Ex/Em 1, 402/521; 2, 403/
519; 3, 396/511; 7, 344/396 nm), I: fluorescence intensity in the presence of DNA,
I0: fluorescence intensity in the absence of DNA

Table 1
Melting temperature shifts DTm [�C] for the interaction of 1–7 with DNA at
r = [compound]/[DNA] = 0.1

Compound DTm (�C)

1 8
2 8
3 7
4 9
5 3
6 2
7 6
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are in agreement with intercalative properties of the compounds. For
4 a strong decrease and deformation of the negative peak but no sig-
nificant change of the positive peak was observed. This pattern could
be the consequence of a –NH. . .O hydrogen-bonding interaction be-
tween the aniline nitrogen of 4 and a carbonyl group of the nucleo-
bases. Similar to the results obtained with 1–3 compounds 5 and 7
showed a decrease of the negative peak and an enhancement of
the positive peak (most marked for 7). No significant changes were
noted for 6, which is in good agreement with the above-described re-
sults concerning UV/vis spectroscopy and thermal denaturation.

As there are several reports on DNA photodamage and photoc-
leaving mechanisms of naphthalimides, we investigated if the tar-
get compounds 1–5 were able to photocleave pBR322 plasmid DNA
under UV irradiation conditions. Compounds 6 and 7 were used as
references. In this assay, the photocleaving efficacies of 3 and 5
300 350 400 450 500
0.0

0.1

0.2

0.3

1+ DNA

ab
so

rp
tio

n

nm

1

Figure 5. UV/vis spectra of 20 lM of 1 and 5 incubated with DNA (200 lM
were slightly more pronounced than those of 1, 2, 4, 6, and 7
(see Fig. 7). This indicates that sulfur-substituted naphthalimides
could be suitable for triggering phototoxic effects, which is in line
with a series of previous findings.10,16–19

Besides DNA intercalation and photocleavage, the interaction
with the topoisomerase system has been made responsible for
the antiproliferative effects triggered by naphthalimides such as
R16.1,13. Accordingly, the influence of 1–5, 7 and R16 on topoiso-
merase IIa (Topo IIa) was evaluated by Western blot analysis
(see Fig. 8). This assay does not enable to determine an inhibitory
effect of the target compounds on topoisomerase but it reflects
changes in the expression of the enzyme, which may be the conse-
quence of a direct or indirect intracellular interaction with the en-
zyme itself or with related biochemical pathways.

In this assay 1, 4, and 5 and both reference compounds strongly
reduced Topo IIa protein levels, 2 and 3 were devoid of activity. As
the non-sulfur compound 7 displayed almost the same activity as
1, 4, 5, and R16, it can be concluded that the effect was indepen-
dent of the presence of the sulfur substituent on position 4 of the
ring system. The inactivity of 2 and 3 in this assay indicated that
long lipophilic side chains are not well tolerated.

2.3. Fluorescence-imaging: cellular uptake, intracellular
distribution, and photobleaching

The target compounds seemed suitable for fluorescence
microscopic studies concerning their cellular uptake and biodistri-
bution into the nuclei of tumor cells. For this purpose, MCF-7 hu-
man breast cancer cells were selected, incubated with the drugs,
and investigated using a fluorescence microscope equipped with
a Ex/Em 390±11/460±25 nm filter.

As expected, due to the fluorescence characteristics described
above, the cellular uptake of 1 and 2 was confirmed clearly by
the significant blue emission of the compounds (see Fig. 9). In con-
trast to this 4 and 7 could not be visualized, which can be attrib-
uted on the one hand to the weak intrinsic fluorescence noted
for 4 and on the other hand to the Ex/Em 344/396 maximum of 7,
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) for 60 min (corresponding spectra of 2–4, 6, 7 are available in the SI).
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Figure 6. CD spectra of DNA (200 lM) incubated with 20 lM of 1–3 (left) and 4–7 (right) for 60 min.

Figure 7. Gel electrophoresis of PBr322 plasmid DNA incubated with 50 lM of 1–7 for 2 h under irradiation at 365 nm. Lanes 1 and 9: control (C, no compound), lanes 2–8:
compounds 1–7; photocleaving properties are indicated by the appearance of a second DNA band (nicked or linear form) with lower electrophoretic mobility than the control
DNA (supercoiled closed circular form). The amount of cleaved DNA is indicated as mean percentage of two independent experiments. (One of the gels is depicted.)

A control     1         2     3          4         5          7       R16 

Topo IIα

β-Actin

B

0

200

400

600

800

1000

1200

re
la

tiv
e 

In
te

ns
ity

control   1       2       3    4       5      7     R16

Figure 8. (A) Western blot analysis of protein extracts obtained from HeLa cells
treated with drugs at their IC50 concentrations (see SI) for 24 h. (B) Quantification of
the bands was performed and normalized in relation to untreated cells. b-Actin was
used as a loading control. Data are presented as means ± SD of three independent
experiments.
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which is outside the excitation and emission bandwidths of the
used filter.

Unexpectedly, 3 and 5 could be well monitored despite the low
or missing fluorescence emission in phosphate-buffered saline pH
7.4 (see Fig. 9, bottom). In fact, there are many reports on the
enhancement of naphthalimide fluorescence emission due to the
inhibition or switching-off of intramolecular PET processes upon
binding to metal ions,25,28–32 changing the pH value,14,16,34 or low-
ering the solvent polarity.26,34–36 Thus, the fluorescence properties
and quantum yields of naphthalimides are largely influenced by
their surrounding chemical environment and binding to mem-
branes or biological macromolecules as well as different pH values
within the cell will strongly affect the fluorescence properties of
the compounds.

As shown in Figure 9 the fluorescence intensity appeared to be
spread all over the cells but more intensive spots indicated an
accumulation of the target compounds in cell compartments such
as the nucleus (this effect was most marked for 5).

During microscopy photobleaching (decrease of emission inten-
sity) was noted leading to an almost complete loss of blue emission
within a 2–4 min irradiation interval (see Fig. 9, middle left).

However, after keeping the cells for 4 min in the dark (no UV
irradiation) and repeated irradiation, the blue emission was recov-
ered but it remained stable only for a few seconds. In this case, the
blue fluorescence light appeared to be more diffusely spread over
the cells and no spots with increased emission intensity were ob-
served. It should be noted that for 5 almost no fluorescence emis-
sion was recovered after a ‘dark period’ whereas for 1 and 3 results
comparable with those exemplarily depicted for 2 were obtained
(compare Fig. 9 top right and middle pictures).

An important parameter for the fluorescence characteristics of
the presented naphthalimides is the protonable nitrogen of the
side chain. As shown previously for some structurally closely re-
lated compounds, protonation of the nitrogen caused an increase
in fluorescence emission.16 Therefore, we included 6, in which
the N,N-dimethylamino group is replaced by a mercapto group,
in the experiments. In contrast to the well-detectable 1, cells incu-
bated with its thiol derivative 6 did not show any significant blue
emission (data not shown).

2.4. Antiproliferative effects and phototoxicity

The antiproliferative effects of 1–5 were evaluated in MCF-7
breast cancer and HT-29 colon carcinoma cells. R16, 6, and 7 were



Figure 9. Fluorescence microscopic studies of MCF-7 cells (40-fold enlargement) incubated for 6 h with 10 lM of 2, 3, and 5; top left: cells incubated with 2, picture taken
without using fluorescence equipment; top right: blue emission of 2 after a few seconds of fluorescence microscopy irradiation; middle left: no emission of 2 after 4 min
fluorescence microscopy irradiation; middle right: blue emission of 2 after a few seconds of fluorescence microscopy irradiation following a period of 4 min of fluorescence
microscopy irradiation and 4 min without irradiation; bottom left: blue emission of 3 after a few seconds of fluorescence microscopy irradiation; bottom right: blue emission
of 5 after a few seconds of fluorescence microscopy irradiation.
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used as references. Experiments were performed under continuous
(72 h for HT-29 and 96 h for MCF-7) exposure to graded concentra-
tions of the compounds or under short-time exposure (24 h) to the
drugs followed by additional culture in drug-free media with or
without a 20-min 366-nm irradiation interval. According to this
experimental setup, only the drug taken up into the cells is irradi-
ated and no toxic photochemical products formed outside the cells
will influence the outcome of the results.

In the continuous exposure experiments (see ‘96 h’ and ‘72 h’
columns of Table 2) R16 was with IC50 values below 1.0 lM the
Table 2
Antiproliferative effects (IC50 value) in MCF-7 and HT-29 cells after continuous exposure to
media (MCF-7: 24/72 h, HT-29: 24/48 h) or short exposure followed by irradiation (20 min
48 h); experiments were performed in duplicate (each n = 6); n.d., not determined

IC50 MCF-7 (lM)

96 h 24/72 h 24 h/irrad./72 h

1 4.4±1.6 4.5±0.7 4.3±0.5

2 2.6±0.6 5.7±1.0 4.0±0.3

3 3.4±0.5 6.7±1.1 1.7±0.4

4 2.6±0.9 4.8±1.6 4.9±1.8

5 2.7±0.5 7.3±0.4 2.4±0.6

6 >50 >50 >50
7 4.5±0.3 11.6±3.8 11.3±3.3

R16 0.20±0.03 0.17±0.01 0.18±0.02
by far most active compound. However, 1–5 were also highly active
and displayed IC50 values between 1.9 and 4.6 lM, which are well
in the range of established antitumor agents. Thus, cisplatin and 5-
fluorouracil showed IC50 values of 2.0 and 4.8 lM in the same as-
say38 in MCF-7 cells and for amonafide comparable activity in
the used cell lines has been reported (IC50 value of 1.1 lM in
MCF-7 cells5 and 4.7 lM in HT-29 cells6,7). As expected compound
6, which does not contain the N,N-dimethylamino pharmacophore
required for proper interaction with the DNA or topoisomerase,
was devoid of any activity in all the experiments.
the drugs (MCF-7: 96 h, HT-29: 72 h), short exposure followed by culture in drug-free
, 366 nm) and culture in drug-free media (MCF-7: 24 h/irrad./72 h, HT-29: 24 h/irrad./

IC50 HT-29 (lM)

72 h 24/48 h 24 h/irrad./48 h

1.9±0.1 2.2±0.3 2.5±0.4

4.6±0.2 4.3±0.0 3.0±0.5

4.1±0.1 4.8±0.4 1.3±0.0

2.9±0.9 2.8±0.7 2.8±0.3

4.4±1.4 5.5±1.1 1.8±0.4

n.d. >50 >50
3.5±0.9 7.2±0.8 5.3±0.3

0.62±0.18 0.23±0.03 0.21±0.06
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Interestingly, in the continuous exposure experiments no sig-
nificant effect of the sulfur substituents of 1–5 could be noted as
the unsubstituted counterpart 7 exhibited comparable activity.
This result was surprising as the ring-fused thio-heterocyclic R16
was the most active substance in the studied series.

Short time exposure (24 h) to the agents followed by incubation
in drug-free media showed in most of the experiments an increase
of the IC50 values in MCF-7 cells but in HT-29 cells no strong effect
could be noted (compare ‘24 h/72 h’ and ‘24 h/48 h’ columns in Ta-
ble 2 with the corresponding ‘96 h’ and ‘72 h’ columns). This is
most probably the consequence of the longer incubation period
used for MCF-7 cells (which is based on the slower growth charac-
teristics of MCF-7 cells compared to HT-29 cells, see SI) allowing a
more effective recovery from the initial drug exposure period.

Analogous experiments including a 20 min irradiation interval
at 366 nm showed 3–5 times decreased IC50 values for 3 and 5 in
both investigated cell lines (for MCF-7 cells compare the ‘24 h/
72 h’ with the ‘24 h/irrad./72 h’ column in Table 2, for HT-29 com-
pare the corresponding ‘24 h/48 h’ and ‘24 h/irrad./48 h’ columns).
In contrast to this with 1, 4, 6, and R16 absolutely no changes in the
antiproliferative activity could be noted upon irradiation. For 7 in
HT-29 and for 2 in both cell lines a very weak (each 1.4-fold lower
IC50 values) effect of the irradiation procedure was observed.

The enhanced phototoxicity of 3 and 5 might be the conse-
quence of toxic radicals formed during the irradiation period and
seems to correlate with the sensitivity of their fluorescence emis-
sions to the surrounding chemical environment (as observed dur-
ing the microscopy studies) as well as their enhanced
photocleaving efficacy (see above).
3. Discussion

A series of sulfur-substituted naphthalimides was prepared
and investigated for biological properties. Initial DNA interaction
studies (by fluorescence-quenching, UV/vis, thermal denatur-
ation, plasmid DNA photocleaving, and Topo IIa Western blot
assays) indicated intercalation into the DNA and interaction
with the topoisomerase system as possible modes of drug ac-
tion of 1–5 and 7 and suggested a potential use of the target
compounds as photoactivatable antitumor agents. In contrast
the reference compound 6, which does not contain the N,N-
dimethylaminoethyl side chain, was devoid of significant activ-
ity in all the mentioned assays.

Fluorescence microscopic studies showed that the compounds
were taken up into the cells in significant amounts. Replacement
of the N,N-dimethylamino group with a mercapto group (6) pre-
vented fluorescence emission of the cells highlighting the impor-
tance of the side chain nitrogen for cellular uptake and/or
fluorescence properties. The detectability of 3 and 5, which exhib-
ited only weak or no fluorescence in buffer solution, was compara-
ble to that of 1 and 2, which showed strong fluorescence emission
in buffer solution. This effect may be attributed to sensitivity of the
fluorescence of the compounds to their chemical environment
(concerning pH value, polarity, membranes, and macromolecules).
Similar properties (meaning weak fluorescence in polar aqueous
solvents but intensive fluorescence emission in apolar solvents or
upon binding to hydrophobic regions of proteins or membranes)
have recently been applied for biological binding studies (e.g.,
opioide receptor binding) using an environment-sensitive naph-
thalimide fluorophore.37,39

Interestingly, those target compounds (3 and 5) that were most
susceptible to fluorescence induction in cellular environment and
showed enhanced plasmid DNA photocleaving properties triggered
significant phototoxic effects in cultured tumor cells (MCF-7 and
HT-29) with 3–5 times lowered IC50 values after short-time UV
irradiation. Although the IC50 values of the lead compound R16
could not be reached, the exclusive phototoxicity of 3 and 5 may
offer interesting therapeutic advantages concerning the applica-
tion in photodynamic tumor therapy.

In this context it should be noted that for therapeutic purposes
the use of advanced light dosimetry technology (e.g., fibers or
inflatable balloons as used for photodynamic treatment of brain tu-
mors40) should be envisaged due to the low tissue penetration of
low wavelength irradiation.41 Based on the fact that 3 and 5 dis-
played antiproliferative effects also under non-irradiation condi-
tions, they could be useful lead compounds for cytostatics that
are active under ‘normal’ therapeutic conditions and can be addi-
tionally activated in a controlled manner by the use of advanced
optical fiber technology. It can be assumed that under dark condi-
tions intercalation and most probably the interaction with topoiso-
merase system lead to cell growth-inhibiting effects. Under
photoirradiation supposedly the cleavage of DNA contributes addi-
tionally to the antiproliferative potency of the agents.

The environmental sensitivity and phototoxic behavior of the
presented compounds can be seen as a consequence of the electron
distribution over the naphthalimide ring system, which is itself
influenced by the residues at the sulfur substituent in position 4.
Consequently, changes in electron distribution of the relatively
electron-deficient naphthalimide system will affect intramolecular
PET processes, which are themselves strongly dependent on the
chemical environment.14,16,25–36

According to the above-described results the introduction of
sulfur substituents containing non fused (hetero)aromatic rings lo-
cated close to the naphthalimide core can be recommended for fur-
ther drug development.
4. Conclusion

A series of sulfur-substituted naphthalimides exhibiting the
established biological properties of this class of compounds (DNA
interaction and antiproliferative effects) was prepared. The present
study demonstrates that the development of phototoxic naphthal-
imides can be realized by introducing appropriate sulfur residues
on the 4 position of the naphthalimide core. To the best of our
knowledge, this is the first report proving the phototoxicity of
naphthalimides in tumor cell culture studies. The fluorescence
emission of the target compounds was significantly influenced by
the chemical (cellular) environment.

5. Experimental

5.1. General

Chemicals and reagents were purchased from Sigma, Aldrich,
and Fluka. PBS: phosphate-buffered saline, pH 7.4; for biochemical
assays and in-vitro studies, the compounds were prepared as stock
solutions in dimethylsulfoxide (DMSO) and diluted 1:1000 with
the respective media. Human-reactive monoclonal antibodies,
anti-topoisomerase IIa, were from Thermo Scientific. NMR spectra
were recorded on a 400 MHz spectrometer or a 500 MHz NMR
spectrometer (Bruker); elemental analysis: Perkin-Elmer 240 C;
MS spectra: CH-/A- Varian MAT.

5.2. Cell culture

MCF-7 breast cancer, HT-29 colon carcinoma, and HeLa adeno-
carcinoma cells were maintained by standard procedures at 37 �C
in a humidified atmosphere of 95% air and 5% CO2; cell culture med-
ium for MCF-7 and HT-29 cells: minimum essential medium eagle
supplemented with 2.2 g NaHCO3, 110 mg/L sodium pyruvate, and
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50 mg/L gentamicin sulfate and adjusted to pH 7.4. Prior to use 10%
(V/V) fetal calf serum was added; cell culture medium for HeLa cells
RPMI 1640 medium supplemented with 10% heat-inactivated bo-
vine serum, penicillin (100 U/mL), and streptomycin (100 U/mL).

5.3. Synthesis of sulfur-substituted naphthalic anhydrides

4-Bromo-1,8-naphthalic anhydride (1.75–5.77 mmol) was dis-
solved in 15 mL dimethylformamide and an excess of thiol and
K2CO3 were added. After stirring for 3–7 h at ambient temperature
(30–50 �C), the suspension was poured into 40 mL distilled water,
the precipitate was collected by filtration, washed with distilled
water, and dried. In case the 1H NMR spectra showed significant
amounts of the mercapto educts, the products were further puri-
fied by column chromatography over SiO2.

5.4. 4-Ethylthio-1,8-naphthalic anhydride

4-Bromo-1,8-naphthalic anhydride: 1.60 g (5.77 mmol); etha-
nethiol: 0.44 mL (5.99 mmol), K2CO3: 0.51 g; 40 �C, 3 h; yield:
1.382 g (93%) yellow crystals; 1H NMR (DMSO-d6): d = 1.41 (t, 3H,
3J = 7.3 Hz, –CH3), 3.32 (q, 2H, 3J = 7.3 Hz, –CH2), 7.78 (d, 1H,
3J = 7.9 Hz, ArH), 7.92 (ddd, 1H, 3J = 8.2 Hz, 3J = 8.3 Hz, 4J = 0.8 Hz,
ArH), 8.40 (d, 1H, 3J = 7.9 Hz, ArH), 8.57 (m, 2H, 2 ArH).

5.5. 4-Butylthio-1,8-naphthalic anhydride

4-Bromo-1,8-naphthalic anhydride: 485 mg (1.75 mmol),
0.32 mL butane-1-thiol; K2CO3: 0.54 g; 30 �C, 7 h; yield: 204 mg
(0.71 mmol, 41%) yellow crystals; 1H NMR (DMSO-d6): d = 0.94
(t, 3H, 3J = 7.3 Hz, CH3), 1.51 (m, 2H, CH2), 1.74 (m, 2H, CH2),
3.32 (t, 2H, 3J = 7.4 Hz, –S–CH2), 7.80 (d, 1H, 3J = 7.9 Hz, ArH),
7.92 (m, 1H, ArH), 8.40 (d, 1H, 3J = 7.9 Hz, ArH), 8.56 (m, 1H,
ArH), 8.62 (m, 1H, ArH).

5.6. 4-Benzylthio-1,8-naphthalic anhydride

4-Bromo-1,8-naphthalic anhydride: 703 mg (2.54 mmol), ben-
zylthiol: 0.4 mL, K2CO3: 0.55 g; 30–50 �C, 6 h; the crude product
was purified by column chromatography over SiO2 (eluent: CHCl3,
CHCl3/MeOH 10:1 and 10:2); yield: 317 mg (0.99 mmol, 39%) yel-
low crystals; 1H NMR (DMSO-d6): d = 4.62 (s, 2H, CH2), 7.29 (m, 1H,
ArH), 7.36 (m, 2H, 2 ArH), 7.52 (m, 2H, 2 ArH), 7.92 (m, 2H, 2 ArH),
8.39 (d, 1H, 3J = 7.9 Hz, ArH), 8.55 (dd, 1H, 3J = 7.3 Hz, 4J = 0.9 Hz),
8.62 (dd, 1H, 3J = 8.5 Hz, 4J = 0.9 Hz).

5.7. 4-(2-Aminophenyl)-thio-1,8-naphthalic anhydride

4-Bromo-1,8-naphthalic anhydride: 942 mg (3.40 mmol), o-ami-
nothiophenol: 0.4 mL; K2CO3: 0.61 g, 40 �C, 6 h; the crude product
was purified by column chromatography over SiO2 (eluent: CHCl3);
yield: 687 mg (2.14 mmol, 63%) yellow crystals; 1H NMR (DMSO-
d6): d = 5.60 (s, 2H, –NH2), 6.70 (m, 1H, ArH), 6.92 (dd, 1H,
3J = 8.2 Hz, 4J = 1.1 Hz, ArH), 7.00 (d, 1H, 3J = 8.0 Hz, ArH), 7.32 (m,
1H, ArH), 7.40 (dd, 1H, 3J = 7.7 Hz, 4J = 1.4 Hz, ArH), 7.99 (m, 1H,
ArH), 8.33 (d, 1H, 3J = 8.0 Hz, ArH), 8.60 (dd, 1H, 3J = 7.3 Hz,
4J = 0.8 Hz, ArH), 8.77 (dd, 1H, 3J = 8.5 Hz, 4J = 0.8 Hz, ArH), prepara-
tion of 4-(2-aminophenyl)-thio-1,8-naphthalic anhydride without
structural characterization data has been reported.19

5.8. 4-(4,5-Benzo-1,3-thiazol-2-yl)-thio-1,8-naphthalic
anhydride

4-Bromo-1,8-naphthalic anhydride: 977 mg (3.53 mmol), 2-
mercaptobenzothiazol: 668 mg (3.99 mmol); K2CO3: 0.52 g, 45 �C,
7 h; yield: 930 mg (2.56 mmol, 73%) yellow crystals; 1H NMR
(DMSO-d6): d = 7.39 (m, 1H, ArH), 7.49 (ddd, 1H, 3J = 8.2 Hz,
3J = 7.2 Hz, 4J = 1.2 Hz, ArH), 7.88 (m, 1H, ArH), 7.97 (m, 1H, ArH),
8.02 (dd, 1H, 3J = 8.5 Hz, 4J = 1.2 Hz, ArH), 8.40 (d, 1H, 3J = 7.6 Hz,
ArH), 8.59 (d, 1 H, 3J = 7.6 Hz, ArH), 8.63 (dd, 1H, 3J = 7.3 Hz,
4J = 0.9 Hz), 8.81 (dd, 1H, 3J = 8.5 Hz, 4J = 0.9 Hz).

5.9. Synthesis of 1–5 and 7

1,8-Naphthalic anhydrides were suspended in 15 mL EtOH abs
and an excess of amine was added. The mixture was stirred under
reflux conditions for 5–7.5 h. After evaporation of the solvent, the
naphthalimides were isolated by column chromatography (CC)
over SiO2. Some compounds were obtained as hydrates (the pres-
ence of water was confirmed by 1H NMR in CDCl3) due to water
impurities in the chromatographic solvents.

5.10. N-(N0,N0-Dimethyl-2-aminoethyl)-4-ethylthio-1,8-
naphthalimide (1)

4-Ethylthio-1,8-naphthalic anhydride: 106 mg, (0.41 mmol),
0.15 mL N,N-dimethylethylamine; 5 h, CC: CHCl3 followed by eth-
ylacetate/methanol 9:1 and 8:2; yield: 128 mg (0.39 mmol, 95%)
yellow crystals (mp 103 �C); 1H NMR (CDCL3): d = 1.50 (t, 3 H,
3J = 7.6 Hz), 2.39 (s, 6H, N(CH3)2), 2.68 (t, 2H, 3J = 7.2 Hz), 3.21 (q,
2H, 3J = 7.6 Hz), 4.34 (t, 2H, 3J = 7.2 Hz), 7.56 (d, 1H, 3J = 8.0 Hz,
ArH), 7.76 (m, 1H, ArH), 8.49 (d, 1H, 3J = 8.0 Hz, ArH), 8.58 (m,
1H, ArH), 8.64 (m, 1H, ArH); MS (EI): m/z = 328 (2.1%, M+), 298
(0.3%, M+�2 CH3), 58 (100%). Anal. (Calcd/Found): C (65.83/
65.70), H (6.14/6.14), N (8.53/8.53).

5.11. N-(N0,N0-Dimethyl-2-aminoethyl)-4-butylthio-1,8-
naphthalimide (2)

4-Butylthio-1,8-naphthalic anhydride: 104 mg (0.36 mmol),
0.2 mL N,N-dimethylaminoethylamine; 6.5 h, CC: ethylacetate/
methanol 4:1 and CH2Cl2, CH2Cl2/MeOH 5:1; yield: 72 mg
(0.20 mmol, 56%) yellow crystals; 1H NMR (CDCl3): d = 0.99 (t,
3H, 3J = 7.3 Hz, –CH3), 1.56 (m, 2H, CH2), 1.80 (m, 2H, CH2), 2.36
(s, 6H, –N(CH3)2), 2.66 (t, 2H, 3J = 7.1 Hz, CH2), 3.16 (t, 2H,
3J = 7.4 Hz, CH2), 4.32 (t, 2H, 3J = 7.1 Hz, CH2), 7.54 (d, 1H,
3J = 7.9 Hz, ArH), 7.74 (dd, 1H, 3J = 8.5 Hz, 3J = 7.3 Hz, ArH), 8.47
(d, 1H, 3J = 7.9 Hz), 8.58 (dd, 1H, 3J = 8.5 Hz, 4J = 1.1 Hz, ArH), 8.62
(dd, 1H, 3J = 7.3 Hz, 4J = 1.1 Hz). Anal (Calcd/Found): C (67.38/
67.43), H (6.79/6.81), N (7.86/7.77).

5.12. 4-Benzylthio-N-(N0,N0-dimethyl-2-aminoethyl)-1,8-
naphthalimide�4H2O (3)

4-Benzylthio-1,8-naphthalic anhydride: 118 mg (0.37 mmol),
0.20 mL N,N-dimethylaminoethylamine; 6.5 h, CC: ethylacetate/
methanol 4:1 and CH2Cl2/methanol 5:1; yield: 88 mg (0.19 mmol,
51%), yellow crystals (mp 252 �C); 1H NMR (DMSO-d6): d = 2.82 (br,
2H, CH2), 3.36 (s, 6H, –N(CH3)2), 4.22 (tbr, 2H, CH2), 4.57 (s, 2H,
CH2), 7.30 (m, 3H, 3� ArH), 7.49 (m, 2H, 2� ArH), 7.88 (m, 2H,
2� ArH), 8.37 (d, 1H, 3J = 8.0 Hz, ArH), 8.54 (m, 2H, 2� ArH); MS
(EI): m/z = 390 (3%, M+), 58 (100%). Anal. (Calcd/Found): C (59.72/
59.43), H (6.54/6.19), N (6.06/6.05).

5.13. 4-(2-Aminophenyl)-thio-N-(N0,N0-dimethyl-2-
aminoethyl)-1,8-naphthalimide�H2O (4)

4-(2-Aminophenyl)-thio-1,8-naphthalic anhydride: 106 mg
(0.33 mmol), 0.20 mL N,N-dimethylaminoethylamine; 7.5 h; CC:
ethylacetate/methanol 4:1; yield: 115 mg monohydrate
(0.28 mmol, 85%), orange crystals (mp 256 �C); 1H NMR (DMSO-
d6): d = 2.88 (br, 2H, CH2), 3.37 (s, 6H, –N(CH3)2), 4.23 (t, 2H,
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3J = 5.8 Hz), 5.57 (s, 2H, NH2), 6.70 (m, 1H, ArH), 6.91 (m, 1H, ArH),
7.0 (d, 1H, 3J = 7.9 Hz, ArH), 7.31 (m, 1H, ArH), 7.40 (m, 1H, ArH),
7.96 (m, 1H, ArH), 8.31 (d, 1H, 3J = 7.9 Hz, ArH), 8.58 (m, 1H,
ArH), 8.71 (m, 1H, ArH); MS (EI): m/z = 391 (4.6%, M+), 58 (100%).
Anal. (Calcd/Found): C (64.53/64.38), H (5.66/5.82), N (10.26/
10.16).

5.14. 4-(4,5-Benzo-1,3-thiazol-2-yl)-thio-N-(N0,N0-dimethyl-2-
aminoethyl)-1,8-naphthalimide�3H2O (5)

4-(4,5-Benzo-1,3-thiazol-2-yl)-thio-1,8-naphthalic anhydride:
114 mg (0.31 mmol), 0.20 mL N,N-dimethylaminoethylamine;
6.5 h; SC: CH3Cl followed by ethylacetate/methanol 8:2 and 4:1;
yield: 88 mg (0.18 mmol, 58%), yellow crystals (mp 248 �C); 1H
NMR (CDCl3): d = 2.96 (d, 6H, 3J = 4.8 Hz, –NH+(CH3)2), 3.44 (m,
2H, CH2), 4.62 (m, 2H, CH2), 7.34 (m, 1H, ArH), 7.47 (m, 1H, ArH),
7.68 (m, 1H, ArH), 7.85 (m, 1H, ArH), 7.95 (m, 1H, ArH), 8.24 (d,
1H, 3J = 7.6 Hz, ArH), 8.64 (d, 1H, 3J = 7.6 Hz, ArH), 8.70 (m, 1H,
ArH), 8.81 (m, 1H, ArH); MS (EI): m/z = 433 (5.7%, M+), 58 (100%).
Anal. (Calcd/Found): C (56.66/56.99), H (5.17/4.92), N (8.62/8.88).

5.15. N-(N0,N0-Dimethylaminoethyl)-1,8-naphthalimide (7)

1,8-Naphthalic anhydride: 200 mg (1.01 mmol), 0.20 mL N,N-
dimethylaminoethylamine; 6.5 h; CC: dichloromethane/methanol
8:2; yield: 252 mg (0.94 mmol, 94%) white crystals, 1H NMR
(CDCl3): d = 2.37 (s, 6H, –N(CH3)2), 2.67 (t, 2H, 3J = 7.1 Hz CH2),
4.35 (t, 2H, 3J = 7.1 Hz CH2), 7.75 (dd, 2H, 3J = 7.4 Hz, 3J = 8.0 Hz,
2� ArH), 8.21 (m, 2H, 2� ArH), 8.61 (dd, 2H, 3J = 7.4 Hz,
4J = 0.8 Hz, 2� ArH). Anal. (Calcd/Found): C (71.62/71.84), H
(6.01/6.19), N (10.44/10.06); preparation of 7 without NMR struc-
tural characterization data has been reported.2,25

5.16. Synthesis of 4-ethylthio-N-(2-thiolethyl)-1,8-
naphthalimide (6)

4-Ethylthio-1,8-naphthalic anhydride (630 mg, 2.44 mmol) was
suspended in 50 mL absolute ethanol, 410 mg (3.61 mmol) cyste-
amine hydrochloride, and 0.5 mL triethylamine were added and
the mixture was stirred under reflux condition for 6 h. The formed
precipitate was isolated by filtration, washed with ethanol, and
dried. Yield 579 mg (1.76 mmol, 72%) yellow crystals; 1H NMR
(DMSO-d6): d = 1.37 (t, 3H, 3J = 7.3 Hz, CH3), 3.05 (t, 2H,
3J = 7.2 Hz, CH2), 3.25 (q, 2H, 3J = 7.3 Hz, CH2), 4.33 (t, 2H,
3J = 7.2 Hz, CH2), 7.72 (d, 1H, 3J = 8.0 Hz, ArH), 7.86 (dd, 1H,
3J = 7.9 Hz, 3J = 7.9 Hz, ArH), 8.33 (d, 1H, 3J = 8.0 Hz, ArH), 8.50
(m, 2H, 2� ArH); MS (EI): m/z = 317 (24.6%, M+), 284 (68.1%,
M+�H2S), 258 (100%). Anal. (Calcd/Found): C (60.54/60.30), H
(4.76/4.75), N (4.41/4.66).

5.17. Fluorescence scans and DNA fluorescence-quenching

Compounds were prepared as 5.0 mM stock solutions in DMSO.
For initial fluorescence-scanning investigations, the stock solutions
were diluted 1:1000 with PBS and measured. For DNA-binding
studies, the stock solutions were diluted 1:1000 with PBS contain-
ing DNA in graded concentrations (nucleoside concentration: 0, 5,
25, 50, 100, 200, 400 lM), incubated for 60 min at 37 �C and mea-
sured. Fluorescence measurements were performed using a Hitachi
F-4500 fluorescence spectrometer.

5.18. DNA binding studies (thermal denaturation, UV/vis, and
circular dichroism)

The thermal denaturation temperature Tm of 1:10 compound/
DNA mixtures [compound concentration: 20 lM, DNA concentra-
tion = M(nucleotide) = 200 lM] were determined in a 10 mM phos-
phate buffer at pH = 7.2 in the presence of 1% DMSO. Melting
curves were recorded at 1 �C steps for the wavelength 260 nm with
an Analytik Jena SPECORD 200 spectrometer equipped with a Pel-
tier temperature controller. Tm values were calculated by deter-
mining the midpoints of melting curves from the first-order
derivatives. The experimental DTm values are estimated to be accu-
rate within ±1 �C. Concentrations of CT DNA were determined
spectrophotometrically using the molar extinction coefficient e260

= 6600 M�1 cm�1.42 All electronic absorption measurements were
performed at 293 K. After sonication, buffered solutions of CT
DNA gave a UV absorbance ratio A260/A280 of approximately 1.90,
indicating that the DNA was sufficiently free of proton.43 Twenty
micromolar solutions of the compounds were treated with
200 lM DNA (nucleotide) for 60 min. All UV/vis and CD spectra
were measured after equilibration, that is, no further change in
the monitored absorbance or molar ellipticity. The UV/vis mea-
surements were performed on an Analytik Jena SPECORD 200 spec-
trometer and the CD measurements on a Jasco J-715 instrument.

5.19. DNA photocleavage

To 0.25 lg covalently closed pBR322 plasmid DNA (Takara Bio-
technology, Dalian, China) in 9 lL buffer (Tris–HCl, pH 7.5) 1.0 lL
of a 0.5 mM stock solution of 1–7 in DMSO or blank DMSO (control)
was added. The solutions were irradiated for 2 h at 365 nm (8 W,
distance: 10 cm). Gel electrophoresis of the samples was per-
formed in a 1% agarose gel. DNA was visualized by ethidium bro-
mide staining and photographed. Cleaved DNA was quantified
using Gel-Pro Analyzer software (Version 4.0) and expressed as
percentage of the total.

5.20. Western blot analysis of Topo IIa level after drugs
treatment

HeLa cells (1 � 106/dish) were seeded in 10-cm dishes. After
12 h of incubation, cells were treated with drugs (1–7) and R16
at the concentration of their IC50 values (as determined in separate
experiments, see Supporting information) for 24 h, respectively.
Cells were lysed in a 0.1% NP40 buffer containing 10 mM NaCl,
5 mM EDTA, 50 mM NaF, 50 mM Tris–HCl (pH 7.5), 1 mM phenyl-
methylsulfonyl fluoride, 20 mg/mL leupeptin, 20 mg/mL aprotonin,
20 mg/mL antipaoen, 1 mM DTT, and 0.1% SDS and placed in ice for
30 min. After centrifugation for 15 min at 4 �C, the supernatant was
collected. Lysates were quantified using the BCA protein assay
(Pierce Biochemicals, Rockland, IL). For Western blot analysis,
equal amounts of proteins (50 lg) were separated by SDS–poly-
acrylamide gel electrophoresis and transferred to a nitrocellulose
membrane. The blot was blocked in blocking buffer (5% non-fat
dry milk/1% Tween 20 in PBS) for 1 h at room temperature and
then incubated overnight with appropriate primary antibodies in
blocking buffer overnight at 4 �C. The blot was then incubated with
appropriate secondary antibody alkaline phosphatase (AP) conju-
gate and detected in 10 mL AP buffer containing 33 lL BCIP and
66 ll NBT (at room temperature for 10–20 min), and then photo-
graphed. b-Actin was used as a loading control.

5.21. Fluorescence microscopic studies

MCF-7 cells were grown in 6-well plates (Sarstedt) until at least
70% confluence. The cell culture medium was replaced with fresh
medium containing the compounds in a concentration of 10 lM
(0.1% V/V DMSO) and incubated for 6 h at 37 �C in a 5% CO2/95%
air atmosphere. The medium was removed, the cells were washed
with PBS, and finally 500 lL PBS was added to each well. Fluores-
cence microscopy was performed using a Axiovert 40 CFL micro-
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scope (Zeiss) equipped with a 50 W mercury vapor short arc lamp
and a Ex/Em 390±11/460±25 nm filter.

5.22. Antiproliferative effects and phototoxicity

The continuous exposure experiments were performed accord-
ing to a previously described assay procedure.38 In short each
100 lL of 10,000 cells/mL (MCF-7) or 2850 cells/mL (HT-29) were
incubated in 96-well plates at 37 �C in 5% CO2/95% air atmosphere
for 48 h (HT-29) or 72 h (MCF-7). Then the medium was replaced
with medium containing the drugs in graded concentrations
(200 lL per well, six replicates). After further incubation for 72 h
(HT-29) or 96 h (MCF-7), the cell biomass was determined by crystal
violet staining. For the short-time incubation and phototoxicity
experiments this procedure was modified as follows: after 24 h of
incubation with the drug containing media, the wells were emptied
and new drug-free cell culture medium was added (200 lL per well).
The plates for evaluation of phototoxic effects were placed under a
4 W UV lamp and irradiated at 366 nm for 20 min at a distance of
5 cm. Then incubation at 37 �C in 5% CO2/95% air atmosphere was
continued for further 48 h (HT-29) or 72 h (MCF-7). The cell bio-
masses were determined by crystal violet staining. IC50 values were
determined as that concentration causing 50% inhibition of cell pro-
liferation compared to an untreated control and expressed as mean
value of at least two independent experiments.
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