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1,8-naphthalimide derivative (NAD) was developed for highly sensitive and selective
detection of Cys and Cu®* with the detection limits as 25 nM for Cysand 11 nM Cu®*. In addition,

the NAD probe can be further applied to cell imaging owing to its photostability and low

cytotoxicity.
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Abstract: A new 1,8-naphthalimide derivative (NAD) was syeglzed and employed as a highly
sensitive and selective probe for the detectionysteine (Cys) and Gl The terminal olefin of
NAD could react with Cys and resulting in fluoresce quenching, with the adding of Cuthe
schiff base unit of NAD could coordinate with €and lead to a highly selective fluorescence
“turn-on” response. The detection limits reachedbasas 25 nM for Cys and 11 nM for Euln
addition, the NAD probe can be further applied éfiscimaging owing to its photostability and
low cytotoxicity.

Keywords: 1,8-naphthalimide-based derivatives; Fluorescertbgy Detection limits; Cells

imaging
1. Introduction

Among the essential heavy metal ions in the hunaaty bcopper ion plays an important role
in biological process[1-3]. Copper deficiency ma&ad to hematological manifestations and a
wide variety of neurological problems, while exdes<Clf* can also be potentially toxic to living
cells and resulting in oxidative stress cardiovéscdisorders and neurodegenerative diseases
including Alzheimer'sdisease[4], Menke's diseasaifl] prion diseases[6]. In recent years, amino
acids have drawn much attention due to their ctuoles and play the crucial roles in various
physiological process§s-11]. In these amino acids, Cys as an essential@acid could be used

in protein synthesis[12], detoxification[13], metahding[14-15], post-translational modification
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and metabolism widely[16-17]. Abnormal level of Gyan lead to many diseases including slow
growth, liver damage, skin lesions, and so on[1B-Z0erefore, accurate and rapid detection of
trace CG" and Cys are very important for disease surveiéandiving organisms.

Until now, many analytical methods including atomébsorption spectrometry [21],
inductively coupled plasma emission spectrometry[2#2utron activation analysis[23], and
fluorescence method [24-31] have been establishatetect the Cii and Cys. Compared with
other technologies, fluorescent analysis methods httracted great interests as to its advantage
of simplicity, high sensitivity and low lost. Thdéoee, looking for ideal fluorescent probe becomes
a hot research topic.

As traditional fluorescent dye, 1,8-naphthalimideséd derivatives have attracted
considerable attentions due to their desirablecapproperties such as high photostability, large
Stokes’ shift, high fluorescence quantum vyield, ibles absorption and fluorescence
emission[32-35]. In this paper, a novel 1,8-napliiide derivative (NAD) with strong
fluorescence emission was designed and synthesitedobtained NAD exhibit high selectivity
and sensitivity towards direct and visual detectdrace cysteine, and the resultimgsitu new
NAD derivative was found to further show highly sitive response behavior on TuThe

synthetic route of NADwas illustrated as shown in Scheme 1.
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Scheme 1 Synthesis and structure of NAD

2. Materials and methods
2.1. Reagents and chemicals
NAD, Butylamine, Hydrazine hydrate and 2-methokgetol were purchased from Aladdin

Chemistry Co. Ltd (Shanghai, China) and were usédowt further purification. Double-distilled
water was used in all of the experiments. Otherganic salts, amino acids were obtained from
Sinopharm. All samples were prepared at room teatpex and were shaken for 1 min before the
test.
2.2. Apparatus

'H NMR and**C NMR spectra were recorded on a Bruker 400 speetter instrument for
solutions in Dimethyl Sulfoxide (DMSO), using tetrathylsilane as an internal reference.
Electron impact mass spectra were run on MAT-2l&tspmeter. Ultraviolet-visible (UV-vis)
absorption spectra were measured with a Varian 6@rgpectrophotometer at 1 cm of the light
path length. Fluorescence spectra were recordedVarian Cary Eclipse fluorescence
spectrophotometer with an excitation wavelengtds6 nm. Elemental analysis was recorded on
VARIO EL lll. High-resolution mass spectra (HRMSkke obtained on a MALDI-TOF/TOF

Ultrafle Xtreme (Bruker USA).



2.3. Synthesis of NAD

Compound 3 and 2-formylphenyl acrylate were synthesized atiogr to a previous
described procedure [36]. The synthetic route oDNRas outlined in Scheme 1, and the detailed
procedures are as follows: a mixture of compo8¢(td56 g, 2.0 mmol), 2-formylphenyl (0.39 g,
2.2 mmol) and 0.5 mL acetic acid was added intar®0ethanol then refluxed for 36 h. After
cooled to temperature, the mixture was filtered waghed with ethanol. The crude product was
recrystallized from dimethylformamide and driedvacuum to give an orange sollAD). Yield:
72%. Mp:315-317C. '*H NMR (400 MHz,de-DMS0), 6: 0.91 (t, 3H,J = 4Hz, CH), 1.29-1.38
(m, 2H, CH), 1.55-1.63 (m, 2H, C}), 4.01 (t, 2H,J = 6Hz, CH), 6.28-6.31 (m, 1H, CH),
6.54-6.60 (m, 1H, CH), 6.65-6.70 (m, 1H, CH), 7(87LH,J = 4Hz, ArH), 7.41 (t, 1H) = 6Hz,
ArH), 7.46-7.51 (m, 1H, ArH), 7.69 (d, 1H,= 8Hz, ArH), 7.76 (t, 1HJ = 8H, ArH), 8.07-8.10
(m, 1H, ArH), 8.33 (d, 1HJ = 8Hz, ArH), 8.45 (d, 2HJ = 8Hz, ArH), 8.72 (d, 1HJ = 8Hz,
N=CH), 11.50 (s, 1H, NH**C NMR (100 MHz,ds;-DMS0),164.6, 163.9, 163.2, 148.8, 146.5,
138.5, 134.8, 133.6, 131.2, 130.8, 129.4, 128.8,91227.5, 127.0, 126.9, 125.3, 123.7, 122.4,
119.0, 111.8, 107.5, 30.2, 20.3, 19.0, 14.2; MS,(Efz): 442.2 (M+1). Elemental analysis (%)
calcd for GgHo3aN304: C 70.74, H 5.25, N 9.52; found: C 70.69, H 5189.50. HRMS (ESI): m/z
[M+H] " calcd for GgH23Nz0,: 442.1768; found: 442.1783.
2.4. UV-visand fluorescent experiments

The stock solution of 1@M probe NAD was prepared in DMSOM (9:1, v/v). Stock
solutions (10.QuM) of metal ions and amino acids were preparedsdtilled water. Test solutions
were prepared by placing 3 mL of the stock solutioto a cuvette. All experiments were

performed at room temperature.



2.5. Célls Assay

Human Hela cells were cultured in dulbecco's medifeagle medium (DMEM) containing
10% fetal bovine serum in a humidified incubator3@’'C and 5% C@ Cells were plated in
96-well plates and incubated with the NAD conceidreof 10uM for 24 h at 37C, washed with
PBS 3 times. The fluorescence images were acquisedusing a Nikon eclipse inverted
fluorescence microscope.
3. Resultsand discussion
3.1 Fluorescent sensing of Cys

The availabilities of NAD as a highly selective peofor amino acids were researched by
using fluorescence spectra. The fluorescence speetponse of NAD with the concentration of
10 uM to various amino acids (Cys, Met, Thr, Lys, Gluy, His , Phe, Gly, Leu, Val, Ben, Ala,
Leu) (10uM) were measured respectively. It could be fourat tinly Cys could induce obvious
fluorescence weakening while other amino acids glloslight changes which indicated this probe
can effectively detect Cys. To examine the senbilgavior of the probe to Cys, fluorescence
titration experiments of the probe (1) with Cys were carried out. The fluorescence spec
with different concentrations of Cys were studied ahown in Fig.1(a). It can be seen clearly that
the probe initially exhibited a characteristic ftascence emission band at 536 nm under the
excitation at 456 nm. The fluorescence intensitgrei@sed significantly with increasing the
concentration of Cys from 0 to 200 nM. A good linealationship between the fluorescence
intensity at 535 nm and the concentration of Cyshm range of 0-80 nM was obtained (R =
0.9912) The calibration curve was illustrated ig.E{b) with the concentration from 0 to 80 nM

and the detection limit was calculated to be as &ww25 nM (based on S/N = 3). which



demonstrated that NAD probe can be used for datptitace Cys with high sensitivity.
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Fig.1. (a) Fluorescence response of probe in the pres#rinereasing concentration of Cys (from up to dave
concentration of Cys is 0, 10, 20, 30, 40, 50, 0,80, 140 and 200 nM); (b) The linear relationsbfpF/F,
versus the concentration of Cys over the range iam80 nM.

3.2 UV-vis spectra

In this paper, the UV-vis absorption spectral ofINAo Cys was further researched in

DMSO/H,0O (9:1, v/v) As shown in Fig. 2, the absorption band of NAD leckin 454 nm and

gradually increase with red shift to 464 nm whers @as added (0-200 nM) into the solution of

NAD. Meanwhile the colour of the new NAD derivatiw®lution changed from yellow to orange,

which could be clearly observed by the naked eydifect and visual recognition of Cys.
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Fig.2. UV-vis spectra of the probe (1tM) brfore and after adding 200 nM Cys. inset was gheto of NAD
before and after adding Cys.

3.3 Fluorescent sensing of Cu?* ion
A large number of reports[37-39] confirmed that pepcould react with Schiff base through
coordination with the amino of Schiff base. In thpaper, NAD-Cys may be applied as a

fluorescent probe to detect copper. As showed m3[), with the concentration of copper
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increases from 0 to 180 nM, the fluorescence of N&Y3 system recovery gradually and the
enhancement of fluorescence emission is propottimnthe concentration of Gliin the range
from 60 to 160 nM (R=0.990), with the detection limit is 11 nM (based®/N = 3). In addition, a
set of comparable experiments were further caroat by using other relevant metal ions
including N&, K*, CU*, Fe*, Mg, C&*, Mn*, Cd*, C&*, Ag', Zn**, Ni** and PB". The results
showed that only Cii could cause a strong fluorescence change (FigvB&h proved that this

NAD-Cys systems could be used for detection of eofgns with high selectivity.
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Fig.3. (a) Fluorescence response of the probe in thepcesof increasing concentration of?C(from down to up
the concentration of Gliis 0, 20, 40, 60, 80, 100, 120, 140, 160 and 18} (b) The linear relationship of F{F

versus the concentration of €wver the range from 60 to 160 nM.

3.4 Mechanism for the analysis of Cysand Cu?

In this paper, we further investigated the mecharfisr the analysis of Cys and €ult is
well known that the condensation of acrylates withs can be used for the preparation of
substituted 1,4-thiazepine[40]. As shown in Schéinmen the detection of Cys, the conjugate
addition of Cys to acrylate to generate thioethemd the ensuing intramolecular cyclization
reaction will cause strong fluorescence quenchimd with the addition of Cli, the hydroxyl
oxygen atom and Shift base nitrogen atoms can gwtslwith CG* easily, which can induce an
increasing fluorescence. The different fluoresgesponses make NAD possible to be used for

Cys and Ct detection.
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Scheme 2. Mechanism of “off -on” detection of Cys and Cu

3.5 Cell Imaging

To further demonstrate the practical applicabildy the probe in biological systems,
fluorescence imaging experiments were carried auHela cells. We first investigated the
application of NAD for live cell bioimaging. 3-(4dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) assay was first carriatt & evaluate the cytotoxicity of NAD to
Hela cells. As illustrated in Fig. S4, the vialyilldaf Hela cells declines by only <8% even when the
concentration of NAD was increased up to 100 pg/mdlicating that the concentration of NAD
in vitro is much higher than that required for the imagigving cells. As shown in Fig.4, Upon
incubating the HelLa cells with the probe (@) for 8 h, strong green fluorescence was observed
inside the cells. In contrast, weak fluorescence whserved when Hela cells were further
incubated with Cys (1QuM) for another 8 h, indicating that the probe cou&hcted with
intracellular Cys. However, the fluorescence ofscebuld be quickly recovered after incubation
with CU** (10 uM) for another 20 min. These imaging experimentcated that this probe could
be applied to detecting Cys in cells and its comNAD-Cys would also have the potential for

the detection of Cii in living cells.



Fig.4. Fluorescence microscope images of HelLa cell wifferdint treatment. (a and b) Bright-field image and
fluorescence mode of Hela cells treated with NAD |(M). (c and d) Bright-field image and fluorescencedeo
of HelLa cells treated with NAD (10M) and Cys (1QuM). (e and f) Bright-field image and fluorescencedemf

Hela cells treated with NAD (16M). Cys (10uM) and C#*(10uM). Ex=488 nm. Scale bar: 50n.
4. Conclusions

In conclusion, a new 1,8-naphthalimide-based flsoeat probe was synthesized and be used
for detection of cysteine with high sensitivity armblectivity. Cysteine can quench the
fluorescence of the probe by reacting with termilefin of NAD, The formed NAD-Cys show
stronger binding ability to Giiand recover the fluorescence of NAD. The NAD furtbeuld be
developed and applied to detect Cys and" @uHela cells via intracellular fluorescent imagjin
successfully.

Supporting I nformation.

Appendix A. Supplementary data Supplementary degac@ated with this article can be found, in

the online version, at http:// dx.doi.org/10.10%61j2016.xX.Xx

Acknowledgments

This work was supported by the financial suppoxnirthe Priority Academic Program

Development of Jiangsu Higher Education Institugion



References

[1] K. A. Price, J. L. Hickey, Z. G. Xiao, A. G. Wid, S. A. James, J. R. Liddell, P. J. Crouch, A.
R. White, P. S. Donnelly, The challenges of usingopper fluorescent sensor (CS1) to track,
intracellular distributions of copper in neuronatalial cells, Chem. Sci. 3 (2012) 2748-2759.

[2] X. B. Wang, X. Y. Ma, Z. Yang, Z. Zhang, J. Mlen, Z. R. Geng, Z. L. Wang, An NBD-
armed tetraaza macrocyclic lysosomal-targeted dsment probe for imaging copper(ll) ions,
Chem. Commun. 49 (2013) 11263-11265.

[3] C. S. Lim, J. H. Han, C. W. Kim, M. Y. Kang, V. Kang, B. R. Cho, A copper(l)-ion
selective two-photon fluorescent probe for in vivmaging, Chem. Commun. 47 (2011)
7146-7148.

[4] X. J. Xie, Y. Qin, A dual functional near infied fluorescent probe based on the bodipy
fluoro- phores for selective detection of coppedl aluminum ions, Sens. Actuators B 156 (2011)
213-217.

[5] C. H. Zong, K. L. Ai, G. Zhang, H. W. Li, L. HLu, Dual-emission fluorescent silica
nanoparticle-based probe for ultrasensitive detraif Cif*, Anal. Chem. 83 (2011) 3126-3132

[6] E. Gaggell, H. Kozlowsk, D. Valensin, G. Valéms Copper homeostasis and neurode-
generative disorders (alzheimer’'s, prion, and pedi’s diseases and amyotrophic lateral
sclerosis), Chem. Rev. 106 (2006) 1995-2044.

[7]1 V. A. Ozeryanskii, A. Yu. Gorbacheva, A.r F. 2arskii, M. P. Vlasenko, A. Yu. Tereznikov,
M. S. Chernov'yants, The first proton sponge-basetho acids: synthesis, acid-base properties
and some Reactivity, Org. Biomol. Chem. 13 (2015)488532.

[8] A. A. Rodriguez-Sanz, E. M. Cabaleiro-LagoRadriguez-Otero, On the interaction between
the imidazoliumMcation and aromatic amino acidscomputational study, Org. Biomol. Chem.
13 (2015) 7961-7972.

[9]S. Kirchhecker, S. Troger-Miller, S. Bake, M. tAnietti, A. Taubert, D. Esposito, Renewable
pyridinium ionic liquids from the continuous hydnetmal decarboxylation of furfural-amino acid
derived pyridinium witterions, Green Chem. 17 (204551-4156.

[10] T. Kawasaki, N. Takamatsu, S. Aiba, Y. J. To&uSpontaneous formation and amplification
of an Enantioenriched a-amino nitrile: a chiralqumsor for Strecker amino acid synthesis Chem.

Commun. 51 (2015) 14377-14380.
10



[11] J. Dai, W. L. Ren, H. N. Wang, Y. Shi, A faeibpproach t@-amino acid derivatives via
palladium-catalyzed hydrocarboxylation of enimideish formic acid, Org. Biomol. Chem. 13
(2015) 8429-8432.

[12] K. G. Reddie, K. S. Carroll, Expanding thedtional diversity of proteins through cysteine
oxidation, Curr. Opin. Chem. Biol. 12 (2008) 746475

[13] M.G. Tian, F. Q. Guo, Y. M. Sun, W. J. Zhakg,Miao, Y. Liu, G. F. Song, C. L. Ho, X. Q.
Yu, J. Z. Sun, W. Y. Wong, A fluorescent probe fotracellular cysteine overcoming the
interference by glutathione, Org. Biomol. Chem(2@14) 6128-6133.

[14] H. L. Tan, G. Tang, C. J. Ma, Q. Li, Lumineace detection of cysteine based on'Ag
mediated conformational change of terbium ion-presddG-quadruplex, Anal. Chim. Acta, 908
(2016) 161-167.

[15] Y. W. Liu, X. Lv, M. Hou, Y. W. Shi, W. Guo, &ective fluorescence detection of cysteine
over homocysteine and glutathione based on a ogstéfiggered dual michael addition/retro-
aza-aldol cascade reaction, Anal. Chem. 87 (201573-11483.

[16] S. Shahrokhian, Lead Phthalocyanine as a ®edecarrier for preparation of a cysteine-
selective electrode, Anal. Chem. 73 (2001) 59728597

[17] A. Pastore, A. Alisi, G. di Giovamberardino, £rudele, S. Ceccarelli , N. Panera, C.
Dionisi-Vici, V. Nobili, plasma levels of homocyste and cysteine increased in pediatric
NAFLD and strongly correlated with severity of livelamage, Int. J. Mol. Sci. 15 (2014)
21202-21214.

[18] W. H. Wang, O. Rusin, X. Y. Xu, K. K. Kim, @D. Escobedo, S. O. Fakayode, K. A. Fletcher,
M. Lowry, C. M. Schowalter, C. M. Lawrence, F. RoRczek, Detection of homocysteine and
cysteine, J. Am. Chem. Soc. 127 (2005) 15949-15958.

[19] R. Janédky, V. Varga, A. Hermann, P. Sarans&uiS. Oja, Mechanisms of L-cysteine
neurotoxicity, Neurochem. Res. 25 (2000) 1397-1405

[20] X. Dai, T. Zhang, J. Y. Miao, B. X. Zhao, Ati@metric fluorescent probe with DNBS group
for biothiols in aqueous solution, Sens. Actuai®223 (2016) 274-279.

[21] R. Girkan, S. Korkmaz, N. Altunay Preconcetidra and determination of vanadium and
molybdenum in milk,vegetables and foodstuffs byragibnic-thermostatic-assisted cloud point

extraction coupled to flame atomic absorption specktry, Talanta 155 (2016) 38-46.
11



[22]D. R. Migneault, Enhanced detection of sulfiy inductively coupled plasma atomic
emission spectroscopy with high-performance ligaidomatography, Anal. Chem. 61 (1989)
273-275.

[23] G. Baccolo, M. Clemenza, B. Delmonte, N. Maffeli, M. Nastasi, E. Previtali, M. Prata,
A.Salvini, V. Maggi, A new method based on low bgir@und instrumental neutron activation
analysis for major, trace and ultra-trace elemenémnination in atmospheric mineral dust from
polar ice cores, Anal. Chim. Acta 922 (2016) 11-18.

[24] Q. J. Ma, He. P. Li, F. Yang, J. Zhang, XV¥#u, Y. Bai, X. F. Li, A fluorescent sensor for
low pH values based on a covalently immobilizedddmine-napthalimide conjugate, Sens.
Actuators B 166 (2012) 68-74.

[25] L. Yang, W. Yang, D. M. Xu, Z.Y. Zhang, A. Eiu, A highly selective and sensitive ¥e
fluorescent sensor by assembling three 1,8-napimida fluorophores with a tris(aminoethyl-
amine) ligand, Dyes Pigments 97 (2013) 168-174.

[26] H. Kim, S. Lee, J. Lee, J. Tae, Rhodamineztiie-based fluorescent probe for the detection
of P£*, Org. Lett. 12 (2010) 5343-5345.

[27] H. N. Kim, M. H. Lee, H. J. Kim, J. S. Kim, ¥.. Yoon, A new trend in rhodamine-based
chemosensors: application of spirolactam ring-apghd sensing ions, Chem. Soc. Rev. 2008, 37,
1465-1472.

[28] L. Zhu, Z. Yuan, J. T. Simmons, K. Sreenatm(lg-coordination modulated ligand
photophysical processes-the development of fluergsindicators for imaging biological Zn(ll)
ions, RSC Adv. 4 (2014) 20398-20440.

[29] E. M. Nolan, S. J. Lippard, Small-Molecule Btascent Sensors for Investigating Zinc
Metalloneurochemistry, Acc. Chem. Res. 42 (20098-203.

[30] L. Zhu, A. H. Younes, Z.Yuan, R. J. Clark, Bylvinylene-2,2-bipyridyls: Bright
“push—pull” dyes as components in fluorescent iattics for zinc ions, J. Photochem. Photobiol.
A: Chem. 311(2015) 1-15.

[31]Y. C. Chen, Y. Bai, Z. Han, W. J. He, Z. J. GBthotoluminescence imaging of Zn2+ in

living systems Chem. Soc. Rev., 44 (2015) 4517-4546

[32] X. F. Wu, L. H. Li, W. Shi, Q. Y. Gong, X.H.iLH. M. Ma, Sensitive and selective

ratiometric fluorescence probes for detection dfaicellular endogenous monoamine oxidase A,
12



Anal. Chem. 88 (2016) 1440-1446.

[33] Q. Cai, T. Yu, W. P. Zhu, Y. F. Xu, X. H. QiaA turn-on fluorescent probe for tumor

hypoxia imaging in living cells, Chem. Commun. 2015) 14739-14741.

[34] Y. M. Zhou, H. Zhou, T. S. Ma, J. L. Zhang,Yd.Niu, A new Schiff base based on vanillin

and naphthalimide as a fluorescent probe fof lgaqueous solution, Spectrochim. Acta A 88
(2012) 56-59.

[35] Z. Y. Zhang, S. Z. Lu, C. M. Sha, D. M. Xu,sigle thiourea-appended 1,8-naphthalimide
chemosensor for threeheavy metal ions’ Felf*, and HG", Sens. Actuators B 208 (2015) 258-

266.

[36] Z. J. Chen, L. M. Wang, G. Zou, J. Tang, X. Ghai, M. H. Teng, L. Cherhlighly selective

fluorescence turn-on chemosensor based on naphitialderivatives for detection of copper(ll)

ions, Spectrochim. Acta A 105 (2013) 57-61.

[37] M. Kumar, N. Kumar, V. Bhalla, P. R. Sharma, Raur, Highly Selective Fluorescence

Turn-on Chemodosimeter Based on Rhodamine for NatawnDetection of Copper lons, Org.

Lett.14 (2012) 406-409.

[38] S. Park, W. Kim, K.M. K. Swamy, H. Y. Lee,¥.Jung, G. Kim, Y. Kim, S. J. Kim, J. Yoon,

Rhodamine hydrazone derivatives bearing thiophemsipg as fluorescent chemosensors for

Hg?*,Dyes and Pigments 99 (2013) 323-328.

[39] X. J. Liu, M. Zhang, M. P. Yang, B. Li, Z. Chg, B. Q. Yang, Low cytotoxicity

rhodamine-based fluorescent probes for Fe(lll) taed application in living cells, Tetrahedron 71

(2015) 8194-8199.

[40] X. J. Yang, Y. X. Guo, R. M. Strongin. ConjugaAddition/Cyclization Sequence Enables
Selective and Simultaneous Fluorescence DetectibnCgsteine and Homocysteine,
Angew.Chem.Int.Ed.50(2011)10690-10693.

13



