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Abstract

Three novel ferrocene appended naphthalimide demes @a, 2b and 6) were
synthesized and characterized by IBd NMR and mass spectroscopies. In
electrochemical experiments, all of the ferroceppeaded naphthalimide derivatives
exhibited reversible one-electron oxidation in Q¥wes. And the DNA binding ability
of the compounds was studied by ethidium bromidpldcement experiments and UV-
visible spectrophotometry. The ferrocene appendaphthmalimide derivatives also
exhibited the highest DNA binding ability in allelested compounds. According to the
viscosity results, all of the synthesized compoudiplayed the partial intercalation
binding mode to DNA duplex. Bis-naphthalimide compd 5 was used as reference
compound to evaluate the synergistic effect offéineocene group in ferrocene appended
naphthalimide derivativés. The cytotoxicity of the synthesized compoundsirsiat

different human cancer cell lines (EC109, BGC823(CS7901 and HepG2) was studied



by MTT assay. The ferrocene appended bis-naphtitdinherivative 6 showed the best
cytotoxicity against tested human cancer cells lintlee synthesized naphthalimide
derivatives and control drug amonafide. The uptakeaphthalimide derivativé was

proved by laser confocal images. In addition, tiAOJamage induced by naphthalimide

derivative6 was studied by comet assay.
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1. Introduction

Cancer is the second cause of death and respofwildee-sixth of the deaths (estimated
9.6 million) all over the world in 2018 [1]. AndéHnternational Agency for Research on
Cancer (IARC) estimated that there would be 21.Wiani new cancer cases and 13
million cancer deaths by 2030 [2]. The developnamew cancer treatments and drugs
have been attracted great attention for decadeg017, FDA approved 12 oncology

products which were 26% of the approved produdts [3

Organometallic compounds exhibited remarkable ptefor the development of new
cancer drugs not only due to the direct cytotoyititit also to the drug targeting and
active anticancer immune response ability [4]. Agndhe organometallic compounds,
ferrocene is one of the most well-known compoumdsiany areas of science, especially
in medicinal chemistry. It attracted great attemtion account of the high stability,
lipophilicity, low toxicity, easy functionalizatioand mild reversible redox property [5].

Hence, ferrocenyl group conjugated nature prodoctsirugs were synthesized and



exhibited kinds of biological activities, includiratitumor, antimalarial and antibacterial
activity [6]. In the development of ferrocene basdmigs, the two most successful
examples were ferrocifen and ferroquine. The las entered the clinical trials and
would be completed in 2019 [7]. The two compounelsresent one type of ferrocene
derivatives, in which the ferrocenyl group repla@egdortion of the lead compound [8].

And in another type, the ferrocenyl group directtiached to the lead compound, which
is a promising strategy to enhance the anticarfieremcy by attaching ferrocenyl group

to a DNA intercalator [5a]. Ferrocene appendedroatators were reported to exhibit far
more cytotoxicity or better selectivity towards carous cells than the single

intercalators [9].

1,8-naphthalimide, a well-known DNA intercalatogshbeen extensively investigated in
the development of antitumor agents [10]. Soméefrtaphthalimide derivatives, such as
amonafide, elinafide and bisnafide (Figure 1), hautered into phase Il clinical trials
stage [10b, 11]. Among them, elinafide and bisreafigere typical bis-intercalator which
constructed by a polyamine linker and two naphthigle groups. Such a strategy was
helpful to enhance the DNA binding ability and aaticer activity of the intercalator [12].
In our previous work, some bis-aryl compounds wEsigned and synthesized according
to the strategy [13]. And the DNA binding and cgtdtity activity of the bis-aryl
compounds were systematically studied, which dygaasignificant advantage over the

mono-aryl ones.

Herein, ferrocene appended mono-naphthalimide &iddphthalimide derivatives were
synthesized to study the influence of linker andesgistic effect of the ferrocenyl group

to naphthalimide derivatives. The cytotoxicity dfet synthesized compounds against



human cancer cells was evaluated by MTT assay.tAadNA binding ability of the
compounds was studied by ethidium bromide (EB)ldsgment experiments, UV-visible
spectrophotometry and viscosity studies. Accordmtie results of experiments, suitable
linker and the presence of the ferrocenyl groupeweslpful to enhance the cytotoxicity

and the DNA binding ability of the bis-naphthaliraiderivative.
2. Materials and methods
2.1 General

All of the chemical reagents and solvents were inbthfrom commercial sources and
used directly without further purification, excépiF. CT DNA was from Sigma-Aldrich.
N-Boc-bromoethylamine was synthesized according toe tliterature [14].
Electrochemical experiments were performed on a G@istruments CHI-600
electrochemical workstation. Fluorescence specteewecorded on a Hitachi F4600
spectrofluorometer at room temperature. UV-visitd¢a were carried out on a Shimadzu
UV-2600spectrophotometer at room temperature. IRctsp were recorded on a
Shimadzu IRAffinity-1 spectrophotometéH NMR and**C NMR spectra were recorded
on a Bruker AVIII 400 spectrometer, with tetramdsiipne (TMS) as an internal
standard. Mass spectra were recorded on a Shima@AMS-IT-TOF. Confocal
microscopy images were captured on an Olympus F@:RB1 Confocal Microscope.

Comet assay data were recorded with an Olympus Bl&Bescence microscopy.
2.2 Synthesis

2.2.1 Synthesis of mono-naphthalimide derivafive



1,8-Naphthalimide (2 g, 10.14 mmol), hydroxyethyliae and triphenylphosphine (5.3 g,
20.27 mmol) were dissolved in 50 mL anhydrous THfer cooled to 0°C in an ice-

water bath, diisopropyl azodiformate (4.0 mL, 20r@mol) was added dropwise with
stirring in 30 minutes. Then the mixture was stirtender the protection of nitrogen at
room temperature for 5 hours. After removed theesdl by rotary evaporator, the crude
oil product was purified by column chromatograpbthyl acetate: methanol) to yield the

pure product as a white solid.

Naphthalimidoethylaminga

Yield: 51.64%. FTIR (KBrjv: 3348(NH), 1698(C=0).*H NMR (400 MHz, CDC}) &:
8.61 (dd,J = 7.2, 1.1 Hz, 2H, -ArH), 8.22 (dd,= 8.2, 1.1 Hz, 2H, -ArH), 7.76 (dd,=
8.2, 7.3 Hz, 2H, -ArH), 4.29 (8 = 6.6 Hz, 2H, -Ch), 3.08 (t,J = 6.6 Hz, 2H, -Ch). 1°C
NMR (100 MHz, CDCJ) §: 164.62, 134.14, 131.72, 131.46, 128.35,127.02, 712

43.24, 40.64. HR-MS, m/z: [M+HR41.0939 (calcd for GH1:N,0,": 241.0899).

2-(Naphthalimidoethylamino)ethylamirid

Yield: 58.33%. FTIR (KBryv: 3433(NH), 3243(NH), 1692(C=0O}H NMR (400
MHz, CDCk) &: 8.56 (dd,J = 7.3, 1.2 Hz, 2H, -ArH), 8.18 (dd,= 8.3, 1.2 Hz, 2H, -
ArH), 7.72 (dd,J = 8.2, 7.3 Hz, 2H, -ArH), 4.32 (§,= 6.6 Hz, 2H, -Cl), 2.99 (t.J = 6.6
Hz, 2H, -CH), 2.77 — 2.72 (m) = 3.3 Hz, 4H, -Ch). *C NMR (100 MHz, RO) &:
165.54, 135.67, 131.80, 130.98, 127.10, 126.99,212016.76, 44.54, 36.64, 35.29. HR-

MS, m/z: [M+H] 284.1401 (calcd for GH1,N,O,": 284.1392).

2.2.2 Synthesis of ferrocene appended mono-najpnidal derivative?



Ferrocenecarboxaldehyde (0.53 g, 2.46 mmol) ancpoamdl1 were dissolved in 50 mL

methanol. After refluxed for 3 hours, the mixturasacooled to room temperature. Then
sodium borohydride (0.2 g, 4.92 mmol) was addeddtches with constant stirring at
room temperature. After the mixture was refluxed Zchours, the solvent was removed
by rotary evaporator to obtain the crude produbernrthe crude product was dissolved in
50 mL dichloromethane, washed by 50 mL saturateliLigo bicarbonate for two times,

50 mL water and 50 mL saturated brine in turn. ®rganic layer was dried by sodium
sulfate. After the organic solvent was removed dtany evaporator, pure product was

obtained by column chromatography (ethyl acetatthanol).

Ferrocene appended mono-naphthalimide derivave

Yield: 56.48%. FTIR (KBr)v: 3316(NH), 1698(C=0), 491(Cp-Fe-Cpi NMR
(400 MHz, DMSOd) 5: 8.49 (dddJ = 16.6, 7.8, 1.1 Hz, 4H, -ArH), 7.88 (dii= 8.2,
7.3 Hz, 2H, -ArH), 4.25 — 4.17 (m, 4H, 5d,), 4.11 (s, 5H, -6Hs), 4.07 (t,J = 1.9 Hz,
2H, -CHp), 3.57 (s, 2H, -Ch), 3.34 (s, 2H, -Ch), 2.91 (t,J = 6.4 Hz, 2H, -Ch). °C
NMR (100 MHz, DMSO#d) 8: 163.59, 134.24, 131.26, 130.67, 127.39, 127.29,14,
68.17, 67.18, 47.60, 46.25. HR-MS, m/z: [M+H]439.1082 (calcd for

C25H23F9N202+Z439.1031).
Ferrocene appended mono-naphthalimide derivtive

Yield: 48.57%. FTIR (KBr)v: 3369(NH), 1696(C=0), 495(Cp-Fe-CgH NMR (400

MHz, DMSO«g) &: 8.49 (ddd,) = 8.4, 5.1, 1.2 Hz, 4H, -ArH), 7.89 (ddi= 8.3, 7.3 Hz,
2H, -ArH), 4.35 (tJ = 1.9 Hz, 2H, -Ch), 4.23 — 4.14 (m, 8H, -FcH), 3.79 (s, 2H, GH

2.97 — 2.78 (m, 6H, -CHl. 3C NMR (100 MHz, DMSOdg) §: 163.54, 134.23, 131.29,



130.67, 127.42, 127.18, 122.14, 68.15, 67.18, 474848, 46.37. HR-MS, m/z: [M+H]

482.1529 (calcd for £5HogFeNsO,":482.1453).
2.2.3 Synthesis of N-(tert-butyloxyoxycarbonyl){2isydroxyethyl)aminoethylamin

To a solution of N-Boc-bromoethylamine (10 g 44.62 mmol) and N-

hydroxyethylenediamine (2.85 mL, 29.75 mmol) in 180 acetonitrile, anhydrous
potassium carbonate (20.56 450 mmol) was added. The mixture was refluxed for 4
hours. After filtrated to remove the solid, thetrte was concentrated by

rotary evaporator to obtain the crude product. Ppoee oil product was purified by

column chromatography (ethyl acetate: methanol &,20Vv). The yield of compound 3
was 20%. FTIR (KBry: 3346(br, NH, OH), 1691(C=0JH NMR (400 MHz, CDC}) &:
3.90 — 3.74 (m, 4H, -C§), 3.44 (g,J = 5.5 Hz, 2H, -Ch)), 3.25 — 2.95 (m, 6H, -C}
1.44 (d,J = 4.1 Hz, 9H, -OC(CH)3). *C NMR (100 MHz, CDGJ) &: 159.51, 79.95,
62.31, 60.64, 55.69, 38.17, 28.51. HR-MS, m/z: [N+H49.1802 (calcd for

C11H25N>04:249.1736).
2.2.4 Synthesis of bis-naphthalimide derivatve

1,8-Naphthalimide (2.67 g 13.55 mmol), compound® (1.53 g, 6.16 mmol) and
triphenylphosphine (4.8,918.48 mmol) were dissolved in 50 mL anhydrous THAfter
cooled to C°C in an ice-water bath, diisopropyl azodiformat& (8L, 18.48 mmol) was

added dropwise with stirring in 30 minutes. Thee thixture was stirred under the
protection of nitrogen at room temperature for urso After removed the solvent by
rotary evaporator, the crude oil product was pedifoy column chromatography (ethyl

acetate: petroleum ether = 1:1, v/v) to yield tlmeepproduct. The yield of compoudd



was 52.94%. FTIR (KBry: 3349(NH), 1701(C=0OYH NMR (400 MHz, CDC}) §: 8.51
(dd,J = 7.3, 1.1 Hz, 4H, -ArH), 8.24 (dd,= 8.3, 1.1 Hz, 4H, -ArH), 7.73 (dd,= 8.3,
7.3 Hz, 4H, -ArH), 4.74 (q) = 7.6 Hz, 4H, -Ch), 3.77 (s, 6H, -Ch), 3.59 (s, 2H, -Ch),
1.32 (s, 9H, -OC(CH3). °C NMR (100 MHz, DMSOdg) &: 164.08, 163.82, 134.32,
131.25, 130.70, 127.47, 127.12, 122.01, 78.45,284R-MS, m/z: [M+H] 607.2551

(calcd for GsH3sN4Os: 607.2558).
2.2.5 Synthesis of reference compo&nd

To a solution of Compound (1.5 g 2.47 mmol) in 30 mL dichloromethane, 15 mL
trifluoroacetic acid (TFA) was added. After stirread 2 hours, 80 mL saturated sodium
bicarbonate solution was slowly added. Then themsdlution was extracted by 100 mL
dichloromethane for 3 times. The organic layer wasbined and dried by sodium
sulfate. Dichloromethane was removed by rotary exatpr to obtain the pure product.
The vyield of compound 5 was 89.6%. FTIR (KBt)3177(NH), 1694(C=0)H NMR
(400 MHz, DMSO#) &: 8.43 (ddJ = 8.3, 1.1 Hz, 4H, -ArH), 8.30 (dd,= 7.3, 1.2 Hz,
4H, -ArH), 7.81 (tJ = 7.8 Hz, 4H, -ArH), 4.12 (t] = 6.8 Hz, 4H, -CH), 2.81 (t,J = 6.8
Hz, 4H, -CH), 2.61 (t,J = 6.5 Hz, 2H, -Ch), 2.53 (d,J = 6.1 Hz, 2H, -CH). 1*C NMR
(100 MHz, DMSOsg) 6: 163.42, 134.22, 131.22, 130.54, 127.32, 127.09,917, 53.62,

51.59, 38.21, 37.64. HR-MS, m/z: [M+H$07.2028 (calcd for £gH27N404":507.1954).
2.2.6 Synthesis of ferrocene appended bis-naphitusiderivatived

Ferrocenecarboxaldehyde (0.42 §.96 mmol) and compouns (1.00 g 1.97 mmol)

were dissolved in 50 mL methanol. After refluxed 3ohours, the mixture was cooled to

room temperature. Then sodium borohydride (0.1%4@ mmol) was added in batches



with constant stirring at room temperature. Aftee mixture was refluxed for 2 hours,
the solvent was removed by rotary evaporator t@iobthe crude product. The crude
product was dissolved in 50 mL dichloromethane, hgdsby 50 mL saturated sodium
bicarbonate for two times, 50 mL water and 50 miursded brine in turn. The organic
layer was dried by sodium sulfate. After the orgamsiolvent was removed by
rotary evaporator, pure product was obtained bymal chromatography (ethyl acetate:
methanol = 3:1, v/v). The yield of compoufidvas 43.06%. FTIR (KBry: 3349(NH),
1698(C=0), 485(Cp-Fe-CpjH NMR (400 MHz, DMSO#d) &: 8.46 (d,J = 8.2 Hz, 4H,
-ArH), 8.33 (d,J = 7.2 Hz, 4H, -ArH), 7.84 (] = 7.8 Hz, 4H, -ArH), 4.17 — 4.14 (m, 4H,
-CsHa), 4.01 (s, 5H, -6Hs), 3.93 (t,J = 1.8 Hz, 2H, -Ch), 3.88 (t,J = 1.9 Hz, 2H, -CHh),
3.08 (s, 2H, -Ch), 2.83 (t,J = 6.8 Hz, 4H, -CH), 2.67 (t,J = 6.2 Hz, 2H, -CH). °C
NMR (100 MHz, DMSOsdg) 6: 163.39, 134.17, 131.24, 130.54, 127.34, 127.08,0D,
68.31, 68.18, 67.32, 51.62, 37.61. HR-MS, m/z: [N+H705.2162 (calcd for

Cys1H37Fe N404+:705 2086) .
2.3 Water solubility

Excess amount (more than 10 mg for each compousghthalimide compounds were
added into 5 mL volumetric flask, respectively. tekfthe addition of distilled water, the
mixture was ultrasonic treatment for 30 minutesilutie compounds were dissolved
adequately in water to form a saturation solutibimen the saturation solution was stored
in dark for 24 hours. The supernatant was movecktdrifuge tubes and centrifuged for
15 minutes, then filtrated by microfiltration merabe to obtain the test solution. After

dilution, the absorbance of the test solution wasasared by UV-Vis spectrophotometer.



And the saturation solubility of the compounds wakulated according to the standard

curve of each compound.
2.4 Electrochemical studies

A three electrode system was used to study thetretdemical properties of the
ferrocene appended naphthalimide compounds. Thekingorelectrode, auxiliary

electrode and reference electrode were glassy ealamtrode, platinum electrode and
Ag/AgCI/KCI (sat.), respectively. The tested compds were dissolved in 50% DMSO
water solution as storage solution (10 mmol/L). e mL compound solution was
diluted to 10 mL by 90% ethanol solution containtatya-n-butylammonium perchlorate
(TBAP, 0.1 mol/L) as the supporting electrolyte.eTbcan rate was 100 mV/s in the

experiment.
2.5 Ethidium bromide displacement experiment

200 uL stock solution of EB (1 mg/mL) was added intoGrBL volumetric flask. Then
diluted with PBS buffer solution (10 mmol/L, pH Y.tb volume. To another 163L
stock solution of CT DNA (1 mg/mL) in 25 mL volumiet flask was diluted by the
prepared EB-PBS buffer solution to volume. The mmaxn fluorescence intensity of the
EB-DNA PBS buffer solution was measured on a Hitd&et600 spectrofluorometer at
room temperature as.An 3 mL EB-DNA PBS buffer solution, increasinglwme of the
compounds solution (5 mmol/L in DMSO, 5 - k) were added. And the maximum
fluorescence intensity of the mixture solution wagasured as F. The quenching

constants were calculated according to the Stedm¥®oequation [15].

Fo/F = 1 + K [Compound]



Where Ky is the quenching constant.
2.6 UV-visible spectrophotometry

20 uL stock solution of naphthalimide compounds (5 minah DMSO) was diluted by

3 mL phosphate buffer (10 mmol/L, pH = 7.4). Incieg volume of CT DNA solution
(10-30puL, 1 mg/mL) was added into the solution. The UV-8ectra of the compounds
were recorded by a Shimadzu UV-2600  spectropho®met And
the molar absorption coefficient of the compound344 nm was calculated according to
the recorded data as Then the solution was stirred and incubated ainrétemperature
for 10 min. After that, the UV-Vis spectra in thbsance and presence of DNA were
recorded by a Shimadzu UV-2600 spectrophotometbe Binding constant Kwas

calculated from a QNe,p vs D plot according to the following equation [16]
D/Agap = DIAe + 1/[(Ae)K4]

Where D is the concentration of DNAgap = [ea-€i], €a = Aobd[COMpound],Ae = [ep-&i],
gpb andg correspond to the extinction coefficients of thBlAAcompound adduct and

unbound compound, respectively.
2.7 Viscosity studies

Naphthalimide compounds were dissolved in 30 % DN&@er solution as storage
solution (5 mmol/L). 0.5 mL CT DNA (1 mg/mL) waslaled by 20 mL phosphate
buffer (10 mmol/L, pH 7.4) in an Ubblehode viscoaretAfter the mixture was

equilibrated in a water bath at 25 °C for 10 misutihe flow time was measured by

stopwatch after varying the concentrations of commgis. The plot ofr( o)™ vs r was



obtained according to the flow time, whey@andno were the flow time of presence and

absence of compounds, respectively, and r was ¢g{zdmpound]/[DNA].
2.8 Cytotoxicity assay

Human esophageal carcinoma cell (EC109), Humanrigasarcinoma cell line

(BGC823), human gastric cancer (SGC7901) werenadtin RPMI 1640 medium, and
hepatoblastoma cell line (HepG2) were culture®@ MEM medium supplemented with
10% fetal bovine serum, 10 units/mL penicillin, a@ units/mL penicillin streptomycin.
Cell culture was kept in 5% GQunder humidified conditions at 3. The culture

solution was changed every other day, and the $wibesi were performed with 0.25%
trypsin. Tested compounds were solubilized in RPIMHO0 or DMEM medium and

diluted to different concentration right after iilvbe used.

The thiazolyl blue tetrazolium bromide (MTT) assayas used to evaluate the
cytotoxicity of synthesized naphthalimide in vitfumor cells were planted into 96-well
microtiter plates at a density of 5.0 x*1¢ells/well. After cultured in 5 % CQunder
humidified conditions at 37C for 24 hours, various compounds medium soluti@new
added to obtain the final drug concentration o6@5, 12.5, 25, 50 and 1Q0nol/L,
respectively. 5QuL MTT (5 mg/L) was added into each cell after 24itsoincubation.
For 4 hours later, the medium was removed and cedlay 15QuL DMSO to solubilize
the converted purple dye in culture plates. Theddance of each cell was measured by
a Bio-rad 680 microplate reader at 550 nm. Thg Which inhibits the growth of 50 % of
cells relative to nontreated control cells was waled as the concentration of tested

compound by linear fitting.



2.9 Cellular uptake and localization

After HepG2 cells were seeded into well plates0cells/well for 24 hours, compound
6 (6 umol/L ) was added into the well plates. After inatibn for 12 hours, the culture
supernatant was removed and the cells were washdtBB buffer for 3 times. Then
paraformaldehyde solution was added and incubatttoslls for 15 minutes to fix the
cells. After that, the cells were washed by PBSdywdgain, then stained with DAPI. The

images were captured using an Olympus FV1000-1X8if@cal Microscope.
2.10 Comet assay

HepG2 cells were planted into 6-well microtitertpka After cultured in 5% CQunder
humidified conditions at 37C for 24 hours, compound 6 was added to obtairfittae
drug concentration of 7, 11 and 1Bnol/L, respectively. 0.5 % DMSO was used as
control group. After incubation for 24 hours, cellsre washed by PBS buffer for comet
test experiment.11QuL 0.8% normal melting point agarose was precoated ao
microscope slide. Then 1@ 0.8% low melting point agarose with“1€ells was frosted
on the precoated microscope slide 8C4 After that, the slide was immersed in a lysis
solution (2.5 mol/L NaCl, 100 mmol/L NBDTA, 10 mmol/L Tris, 1% Sodium
Sarcosinate, 1% TritonX-100, pH 10.0) for 3 how&er the lysis immersion, the slide
was placed in a horizontal electrophoresis tankanimg an electrophoretic solution (1
mmol/L NaEDTA, 300 mmol/L NaOH, pH 13.0) for 30 rates. Then electrophoresis
was carried out at 22 V, 190 mA condition for 40hmAfter electrophoresis, the slide
was washed by PBS buffer for 3 times and staingl BB. Comets were visualized with
an Olympus BX53 fluorescence microscopy. 100 cele&se randomly selected for

recording the tail DNA% and tail moment.



2.11 Statistical analysis

The significance of the differences between valoleined through comet assay was
evaluated using one-way ANOVA, followed by LSD s$tiestatistically different from the

control: **p < 0.01.
3. Results and Discussion
3.1 Chemistry

The synthesis route of ferrocene appended naphridali derivatives was shown in
Scheme 1. In the synthesis of mono-naphthalimateatives, firstly, 1,8-naphthalimide
was reacted with the hydroxyl group of differenti@mnalcohols via Mitsunobu Reaction.
And the amino terminus of the amino alcohols wasndemsed with
ferrocenecarboxaldehyde by Schiff's base reacfiben the different Schiff bases were
reduced by sodium borohydride to yield the targemgound2. In the synthesis of bis-
naphthalimide derivative 6, due to the steric hamde of the naphthalimide group, the
alkylation reaction ofN-Boc-bromoethylamine with di(naphthalimidoethyl) iam 7
failed. Hence, a modified synthesis route of conmmgb® was started from the
alkylation reaction of N-Boc-bromoethylamine with diethanolamine. Then the
intermediate3 was condensed with 1,8-naphthalimide via MitsunBaaction to obtain
compound 4. After compound4 was deprotected by TFA to yield the reference
compound 5, the amino group of compound5 was condensed with
ferrocenecarboxaldehyde and reduced by sodium pdrole to obtain the
target compounds. All of the synthesized compounds were charaadripy IR,*H

NMR, *C NMR and mass spectroscopies.



The IR spectral data of the ferrocene appendedthaloinide derivatives were shown in

table 1. The broad band at3350 cm' owed to the stretching of N-H and the sharp peak
at ~1698 cn' was due to the stretching of C=0. And the charistierpeak of the
ferrocene group was observed-a#90 cm*[17]. In the'H NMR spectra of ferrocene

appended naphthalimide derivatives, the charatitereaks of naphthalimide and

ferrocene group were displayed around 7.84-8.49 amird.01-4.25 ppm, respectively.
3.2 Electrochemical studies

The electrochemical property of the synthesizedoteme appended naphthalimide
derivatives was studied by cyclic voltammetry (QNW)90 % ethanol water solution. All
prepared ferrocene appended naphthalimide deresBxhibited reversible one-electron
redox process (Figure 2), which was due to the &ion of ferrocene/ferrocenium redox
couple [18]. The oxidation peaks of compowa] 2b and6 were at 690 mV, 672 mV
and 689 mV, respectively. And the reduction peaksewat 604 mV, 580 mV and 599
mV, respectively. The\E values for the studied compounds were more tfam¥y,

which was attributed to the uncompensated solugsistance [19].
3.3 Ethidium bromide displacement experiment

EB is a typical DNA intercalator with strong flueaence intensity when binding with
DNA duplexes. After the addition of other DNA intatator into EB-DNA complex

solution, EB molecules which inserting into the DNbase pairs are replaced by the
intercalator and the fluorescence intensity of BeDNA complex solution is quenched
[20]. The fluorescence quenching constants areulzdés by Stern-Volmer equation and

used to evaluate the DNA binding mode and bindinigity of the intercalators [9c, 21].



In our experiments, the fluorescence intensity id EB-DNA complex solution was
decreased in the addition of synthesized naphtiddirderivatives (Figure 3). And the
fluorescence quenching constants were 1.53>_/lol, 1.70 x 16 L/mol, 2.04 x 16
L/mol and 3.37 x 10L/mol for compound®a, 2b, 5 and6, respectively. It was no doubt
that the fluorescence quenching constants of kpéthalimide compounds were larger
than the mono-naphthalimide compounds. To our @@pthe quenching constants of
bis-naphthalimide hybrid compour&were 1.65 times larger than that of the reference
compound 5. The enhanced quenching constants of ferroceneended bis-
naphthalimide derivativé might be due to the groove binding of ferrocensugr[22].
According to the calculated quenching constantsyaalation might be the binding mode

for all of the compounds.
3.4 UV-visible spectrophotometry

The EB displacement experiment is an indirect waystudy the interaction of small
molecules with DNA. UV-Vis absorption study is anet important technique to
evaluate the DNA binding ability of small moleculgs, 23]. In an effort to further
understand the role of the ferrocene group in ldybecompound 6, UV-visible
spectrophotometry was carried out to evaluate rikeraction of reference compoubd
and 6 with DNA. As shown in figure 4, the maximum abswp wavelength of the
compounds was at 341 nm, which was attributed ecathsorption of the naphthalimide
group. The UV-Vis spectra of both compounds wereowsdd a significant
hypochromic effect after the addition of DNA, whicidicated the intercalation binding
mode between the compounds with DNA duplex [21]c@kding to the data, the binding

constant of compoun®l and6 were calculated as 1.22 x*10mol and 1.35 x 10L/mol,



respectively. Ferrocene appended bis-naphthalird&téesative 6 was exhibited higher
binding constant than the reference compobndvhich was in accordance with the
results of EB displacement experiments. That isap, the conjugation of ferrocene in
the amino terminus is helpful to improve the DNAnding ability of naphthalimide

derivative.

3.5 Viscosity studies

Viscosity studies is a useful method to evaluate imding mode of small molecules
with DNA. In typical intercalation binding mode,eharomatic ring intercalate between
the base pairs of DNA duplex and prolong the lengthDNA, which increase the
viscosity of DNA solution. The viscosity results tfe naphthalimide derivatives were
shown in figure 5. The classic DNA intercalator BAs used as reference compound.
Compared with EB, all the naphthalimide derivativdgl not show the typical
intercalation binding mode with DNA. The viscosity DNA solution was slightly
increased then dropped after the addition of mauhthalimide derivatives. The
appended ferrocene group disturbed the typical rdatation binding mode of
naphthalimide [24]. And the addition of bis-napHitinéde derivatives induced a dramatic
decline of the viscosity of DNA solution, which nmtathe partial intercalation of

naphthalimide groups [25].

3.6 In Vitro Cytotoxicity

The cytotoxicity of ferrocene appended naphthaleniderivatives and reference
compound agains# different cancer cell lines EC109, BGC823, SGC1780d HepG2

were evaluated by MTT colorimetric assay (Table Athough the tendency of the



cytotoxicity was in accordance with that of thedirg ability, the binding ability was not
the only factor which influenced the anticancerivétgt According to the results of
mono-naphthalimide derivatives, the cytotoxicity fefrocene appended naphthalimide
derivative2a and2b was lower than that of the control drug amonafidieich might be
due to the lack of protonated amino substituentgr@6] and the low solubility in the
cell culture medium [27]. The water solubility 2d and2b was 1.60x19 and 1.53x13
mol/L, respectively (Table S1). The water solulilif 2b was 10 times than that 8&.
Comparing with the ethylene amine linkerasf the extended diethylene amine linker of
2b improved the hydrophilicity. The amount of the amimotif rather than the length of
the linker improved the potency of naphthalimid8][Zor bis-naphthalimide derivatives,
although the dimeric naphthalimide derivativesaatied attention, the success of this
strategy depended on suitable linkers between @yhthalimide groups [29]. With the
help of flexible polyamine linker, the bis-naphtinabde compound$ and6 displayed
higher cytotoxicity than the mono-naphthalimide némportantly, the ferrocene
appended bis-naphthalimide derivati@evas the most active compound in all of the
tested naphthalimide derivatives against cancétines. The 1Gp values of compouné
were found to be 10.52mol/L, 7.76 umol/L, 4.33umol/L and 6.79umol/L on EC109,
BGC823, SGC 7901 and HepG2 cells, respectivelyclwhvere much better than the
control drug amonafide and the reference compobndonsidering the ability of
ferrocene in promoting the generation of free raldi¢5b], the synergistic effect between
ferrocene group and bis-naphthalimide derivatigmificantly enhanced the cytotoxicity

[30].

3.7 Cellular uptake and localization



Due to the strong green fluorescence and supehotopstability, naphthalimide is
widely used in fluorescence chemosensors [31] &ratdscent cellular imaging agents
[10b]. Hence, the cellular uptake and localizatidrbis-naphthalimide derivativé were

able to study by confocal microscopy. DAPI, a nustepecific blue fluorescence dye
was used for co-localization study. As shown irufeg6, after 12 hours incubation of
HepG2 cells with compoun®, the cells were stained by compoufdand green

fluorescence was observed (figure 6a). Blue flumeese was observed for DAPI (figure
6b), which was located in the nucleus of the cellse merged image (figure 6c)
confirmed the uptake of bis-naphthalimide derivaBwvhich was located in the cytosol

and nucleus of the cancer cells.
3.8 Comet assay

Comet assay is a useful technique to evaluateateeaf DNA damages at the level of
individual cells [32]. As shown in figure 7, thedamaged cells exhibited comets with no
tails. After treated with bis-naphthalimide derivat6, the cells showed comets with
detectable tails. Comparing with the control groth® tail DNA (%) and tail moment
ratio of treated cells increased with the increafste concentration of bis-naphthalimide
derivative6 (Table 3). The tail DNA (%) and tail moment ratibthe cells in the control
group were 2.07 = 0.36 % and 0.89 + 0.34, respelgtivAfter treated by bis-
naphthalimide derivativé, the tail DNA (%) increased from 6.54 *+ 1.44 %1#.96 +
4.86 % and the tail moment ratio increased fron6 2£20.72 to 126.14 + 24.58 by
increasing the concentration fromumol/L to 15 umol/L. The DNA of HepG2 cells

showed significant damage (p < 0.01) induced bynbjshthalimide derivativé at 15



umol/L. This results indicated that bis-naphthaliengerivatives was able to cause DNA

damage in cancer cells.
4. Conclusions

Herein, some ferrocene appended naphthalimide aterés were synthesized and
characterized to evaluate the synergistic effecthef ferrocene group in anticancer
activity of napthalimide derivatives. And accorditgy the results of EB display, UV-
visible spectrophotometry and viscosity studieg frrocene appended naphthalimide
derivatives exhibited partial-intercalation bindingode with DNA duplex. Ferrocenyl
group was helpful to enhance the DNA binding apitf bis-naphthalimide derivative.
Hybrid compounds was 6.45 to 17.62 times more toxicity than them=fice compound
5 and control drug amonafide on tested cancer aedis| The synergistic effect of
ferrocene group played an important role to enhattve cytotoxicity of bis-
naphthalimide derivative. And the cytotoxicity cbrapound6 was relate to the DNA

damage in cancer cells.
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Figure 2. The CV curves of ferrocene appended haftihtide derivatives. (0.1 mmol/L
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Figure 6. Confocal microscopic images of HepG2sce#iat with bis-naphthalimide
derivative 6 (a), DAPI (b) and merge (c).



Figure 7. Photomicrographs of DNA damage evalubtedomet assay for HepG2
treated with different concentration of bis-naplithale derivative 6. (A) control group,
0 umol/L (B) 7 umol/L (C) 11umol/L (D) 15umol/L



Table 1 IR ¢ in cmi) spectroscopic data of ferrocene appended najnitiel
derivatives (2a, 2b and 6)

Compounds  vyu Vc=o  Vcp-Fe-Cp
2a 3316 1698 491
2b 3369 1696 495

6 3349 1698 485




Table 2 The cytotoxicity of naphthalimide derivatsv

Cytotoxicity (ICso pmol/L)

Compounds
EC109 BGC823 SGC 7901 HepG2
2a >200 >200 >200 >200
2b 113.70 88.16 68.54 123.90
5 67.86 62.84 31.00 120.00
6 10.52 7.76 4.33 6.79
Amonafide 129.00 80.14 52.17 34.64




Table 3. DNA damage induced by bis-naphthalimidevdéve 6 in HepG2 cells

Control ‘fumol/L 1lumol/L  15umol/L

Tail DNA (%) 2.07+0.36 6.54+1.44 8.29+1.90 14.9688l.

Tail Moment  0.89+0.34 2.26+0.72 8.64+7.20 126.14+24.58

"~ p<0.01 in comparison to control group using ANOVBDt test.



Bis-naphthalimide with suitable linker is helpful to improve the cytotoxicity.
Bis-naphthalimide with ferrocene exhibit synergistic effect in cytotoxicity.

The cytotoxicity is due to DNA damage in cancer cells.



