1

Accepted Manuscript

4 DYES
e and
PIGMENTS

AV
|

Gold nanoparticles modified by new conjugated S=C=N terminal and its biological
imaging application

Anran Wang, Wan Sun, Cong Wang, Min Xu, Xin Lu, Xiaohe Tian, Shengli Li, Jieying
Wu, Yupeng Tian LI\

Pl S0143-7208(16)31249-9
DOI: 10.1016/j.dyepig.2017.02.004
Reference: DYPI 5778

To appearin:  Dyes and Pigments

Received Date: 24 November 2016
Revised Date: 30 December 2016
Accepted Date: 2 February 2017

Please cite this article as: Wang A, Sun W, Wang C, Xu M, Lu X, Tian X, Li S, Wu J, Tian Y, Gold
nanoparticles modified by new conjugated S=C=N terminal and its biological imaging application, Dyes
and Pigments (2017), doi: 10.1016/j.dyepig.2017.02.004.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.dyepig.2017.02.004

0, N

NG 7asCN),  seng /
— (=N
reflux, 2 SCNT\

Local electric field >

’ F 52 Charge delocalization

...... -T
|

Ll A S

=pe

|
|
|
1
\4

Se —

Change PET to ICT through conjugated S=C=N modified by Gold nanoparticles

Gold nanostructures had recently become the mastesting areas of scientific
endeavor. Herein, a novel nanostructure materiad designed by S1 (2, 2" 6/,
2"-terpyridyl derivative Zn(SCN) complex) modified gold nanoparticles with
obvious improving two photon absorption (TPA) creestion §), the fluorescence
intensity, lifetime, fluorescence quantum vyield due the enhancement of
intramolecular charge transfer (ICT) process. Caeghawith R1 (3-([2, 2" 6,
2"-terpyridin]-4'-yl) -9-hexyl-9H-carbazole), amjogated ligand of carbazolyl styryl
terpyridine derivatives, capping with Ag nanopdes; photon induced electron
transfer (PET) process led to the fluorescence chirg. The'H NMR study on the
coordination reaction mechanism provided a newghtsinto the great mystery of
nanoscience. Other related characterizations, asidR and Far IR, could also prove
the interaction of Au NPs and S1. The compositeenadtwith good nonlinear optical

properties had potential applications in vitro gkt imaging.



Gold nanoparticles modified by new conjugated S=C=Nerminal and

its biological imaging application

Anran Wang * Wan Sun*?, Cong Wand, Min Xu®, Xin Lu?, Xiaohe Tiar?, Shengli Li*?,
Jieying WU?, Yupeng Tian*?

% Department of Chemistry, Anhui Province Key Laliorg of Functional Inorganic
Materials, Anhui University, Hefei 230039, China;

®School of Life Science, Center for Stem Cell Reska@nd Translational Medicine. Anhui
University, Hefei 230039, China

TElectronic Supplementary Information (ESI) avaléalsee DOI: 10.1039/x0xx00000x

T These authors contributed equally.

Abstract

Gold nanostructures had recently become the mastesting areas of scientific
endeavor. Herein, a novel nanostructure materiad designed by S1 (2, 2" 6/,
2"-terpyridyl derivative Zn(SCN) complex) modified gold nanoparticles with
obvious improving two photon absorption (TPA) creestion §), the fluorescence
intensity, lifetime, fluorescence quantum vyield due the enhancement of
intramolecular charge transfer (ICT) process. Caeghawith R1 (3-([2, 2" 6,
2"-terpyridin]-4'-yl) -9-hexyl-9H-carbazole), amjogated ligand of carbazolyl styryl
terpyridine derivatives, capping with Ag nanopdes; photon induced electron
transfer (PET) process led to the fluorescence chirg. The'H NMR study on the
coordination reaction mechanism provided a newghtsinto the great mystery of
nanoscience. Other related characterizations, asidR and Far IR, could also prove
the interaction of Au NPs and S1. The compositeenadtwith good nonlinear optical
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1. Introduction

Design of chromophore-functionalized gold nanophles (NPs) with novel
optical and physical properties had emerged asobriee most interesting areas of
scientific endeavor over the past decades [1-5lefQly selecting the organics and
metal species, tuning and optimizing their optieald plasmonic properties by a
variation of their size, shape, surrounding enwinent and suited stabilizing agent
could contribute to obtain Au NPs with high stalilitnd overcome the limitations of
fluorescence resonance energy transfer (FRET) amdadiative electron transfer
from photo-excited dye molecules to Au NPs relativéraditional quenchers [6-10].
Earlier, Li et al [11], Ray et al [12], Dana et[4B] and Ming et al [14] had reported
the reason of emission enhancement of fluorophotieeirpresence of metal NPs due
to the local electric field increasing when the rhetaface plasmon band located
between the absorption and emission band of theofdlore [15]This theory guided
to improve for our earlier investigations that tthéorescence quenching had been
demonstrated by energy and electron transfer betwsg NPs and terpyridine
derivatives [16]. Two sulfur-terminal Zn(SCNromplexes containing terpyridine
group were chosen to be capped with gold nanopestaccording to the hard and
soft acid-base theory.

Metal NPs had gained high interests in the fielshariomedicine such as
biosensing, bioimaging and recently therapy [17-W/@jtal NPs were generally
synthesized by a simple method using small orgarotecules, polymeric or
biological templates to stabilize them in solutii@®]. Metal NPs exhibited
molecular-like properties [21-22], long-lifetime fluorescence in the
red-near-infrared region and large two-photon @tich. These properties
made them highly suitable fon vitro and invivo imaging [23-27]. What's
more, the Au NPs capped with nonlinear optical miale exhibited more
superior properties at the nonlinear optical fietsd the cellular level with
high permeability and low toxicity due to near-srked radiation when
compared with the pure metal NPs capped with poatianer common
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molecular [28-31]. Although the mechanism of theofascent enhancing was
not fully understood, recent findings tended to canfia coefficient
contribution of quantum confinement in the metalecand ligand-to-metal
charge transfer in the core-shell structure [32-34]

In the present investigation, to see the plasmait@x coupling effect and
charge delocalization form of the photo-excited dyelecules on Au NP
surface, two sulfur-terminal metal complexes contej terpyridine were
chosen which had the relatively strong gold-theléAu-S) bond and good
NLO properties. Finally, a novel Au-complex compesmaterial had been
obtained with longer fluorescent lifetime, largewotphoton absorption (TPA)
coefficient @), TPA cross sectionsf, nonlinear refractive indexy and third
order nonlinear optical susceptibility?) than the original complex. The
further application was explored in cell imagindieTNLO material could be
effectively penetrated into cellular cytoplasm withenomenon in two-photon

fluorescence microscopy towards HepG2 dellgitro.

2. Experimental section

2.1 Measurements and methods

All chemicals were purchased as reagent grade aed without further
purification. The solvents were dried and distilledcording to standard
procedures. IR spectra (4000-400Bmin KBr pressed pellets, were recorded
on a Nicolet FT-IR 170 SX spectrophotometéH-NMR spectra were
performed on a Bruker 500Hz Ultrashield spectromated reported as parts
per million (ppm) from TMS {). Coupling constantd are given in Hertz.
UV-vis absorption spectra were measured on a UVsp@istrophotometer. The
fluorescence spectra in solution were performedh it F-4500 fluorescence
spectrophotometer. The concentration of sampletisalwas 1.0x18 M. The
morphologies were obtained on transmission electnmuoroscope (TEM,
JEM-2100). Fluorescence lifetime measurements weareied out using an

HORIBA FluoroMax-4P fluorescence spectrometer ep@ip with a
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time-correlated single-photon counting (TCSPC) caMdO properties were

measured by a femtosecond laser pulse and Ti: @hsa system (680~1080
nm, 80 MHz, 140 fs, Chameleon II) as the light seurand all measurements
were carried out at room temperature. Zeta Polentiare measured by using a

zeta sizer ((Nano ZS90, Malvern Instruments, UKB temperature of 26.

2.2 Synthetic procedures
2.2.1. Synthesis of R1

The preparation of 3-([2, 2": 6" ,2"-terpyridinpA4)-9-hexyl-9H-carbazole
(R1) was carried out according to the reporteclarof previous work [35], as
shown inScheme land the relative characterizations were examipechéet

the purity requirement.

2.2.2.Synthesis of R1-Ag NPs

Sodium borohydride were known to be strong redueiggnts and suitable
for metal ion reduction. The R1-Ag NPs were obtdiy the reduction of
AgNO3; with NaBH; in DMF solution using R1 as the stabilizing agent
(Scheme 1 In more detail, R1 power (0.0964 g, 0.2 mmolkisst dissolved
in DMF (100 mL). Then, AgN©(0.1265 g, 0.5mmol) dissolved in DMF (50
mL) was added into the solution with magnetic stgrat room temperature for
30 min. In this step, Agions and R1 formed translucent R1°Agpl, and the
mixture color changed from colorless to brilliargllpw. Next, 12 mL freshly
prepared DMF solution containing 0.01M NaPBWas added into the above sol
and instantly a pale yellow solution generated.usagjally, the mixtures were
stirred for another 60 min. The color change indidathat the Agirons were
reduced. Finally, the products were collected bytrieigation of the
precipitate, washed with distilled water-DMF miduseveral times and then

dried in vacuum oven.



2.2.3. Synthesis of 3-([2, 2".6', 2"-terpyridin]-f)-9-hexyl-9H-carbazole Zn (SCH)
complex (S1)

As shownin Scheme 2 R1 (0.193 g, 0.4 mmol) was dissolved in 5 mL
CH.Cl,, in which 10 mL CHOH containing Zn(SCN)(0.073 g, 0.4 mmol)
was added with refluxing at 70°C for 2h. Cooledtihe room temperature,
bright yellow product was crystallized from thetdiled solution. 1H NMR
(DMSO-d6, 400 MHz) (ppm): 0.82(m, 3H), 1.30(d, 6H)82(s, 2H), 4.49(m,
2H), 7.33(m, 1H), 7.55(m, 2H), 7.69(m, 1H), 7.86&(m, 3H), 8.33-8.43(m,
4H), 8.84(s, 2H), 9.06(s, 1H), 9.13-9.18(m, 3H). MECT-MS),
C35H30ZnN6S2: 662.13, found: 603.18 [M+]. The caystructure of S1 was

shown inFigure. S1

2.2.4Synthesis of S1-Au NPs

In a typical reaction, as shown 3theme 2the following conditions were
used to prepare the Au NPs. An amount of 32&7.92x10° mol) of 24.3 mM
tetrachloroauric(lll) acid (HAuGl3HO) stock solution and the desired molar
concentration of S1 were dissolved in 25 mL DMFeTiixture was then
stirred at room temperature for 1 h, which was Baea the anticipated
minimum time necessary to promote precursor foromatisee below). An
amount of 72uL (6.3x10°mol) of 880 mM sodium borohydride (NaBstock
solution in DMF was added over 30 min with vigoratsring. To prepare
different size of nanoparticles, the molar concardan of HAuC) was fixed
and the amount of S1 was varied. With the followaalglition of reducing agent,
the color of the mixture immediately changed tovmar red depending on the
nanoparticle size. The mixture was then left stgrifor at least 3 h and it
gradually progressed to final appearantté. NMR (DMSO-ds, 400 MHz)
(ppm): 0.82(m, 3H), 1.30(d, 6H), 1.82(s, 2H), 4m9(2H), 7.33(m, 1H),
7.55(m, 2H), 7.69(m, 1H), 7.86-7.96(m, 3H), 8.33&m, 4H), 8.90(s, 2H),
9.04-9.06 (d, 2H), 9.17-9.21(d, 2H).



Scheme 1Synthetic route for R1, R1-Ag NPs ‘

Scheme ZSynthetic route for S1, S1-Au NPs ‘

3. Results and discussion

3.1 Characterizations of R1, S1, R1-Ag NPs and 5MNAs

These common characterizations of TEMRD, DLS, 'H NMR , IR
and Far-IR of R1, S1, R1-Ag NPs and S1-Au NPs veh@vn inSupporting
information.

3.2. Absorption and emission spectroscopy of RNRg

The absorbance properties of R1 and R1-Ag NPs \Westestudied. As
shown inFigure. 1, two major absorption bands in the range of 250~5M
were observed. The ligand peaks 309 nm and 360omihd be assigned te-r*
transition and ICT, blue shifted to 294 nm and 388 for the modified NPs,
respectively. Localized surface plasma resonanc8PR) band of Ag
nanoparticles located at about 400nm and red dhifieh the time, indicating
that the electrons of silver nanoparticles (Ag Nieahsferred to ligand and led
to density increasement of R1.

The fluorescence emission peak of R1 displayed28trm Eigure. 1).
Meanwhile, the emission peak of R1-Ag NPs shife®25 nm and quenched,
suggesting that there was a fast energy transtéretactron transfer from Ag
NPs to ligand R1. It was different with our assuimpt so the S1-Au NPs
composite was designed and their optical propentese described below

according to Anger’s theory.

Fig. 1.UV-vis spectrograms and fluorescence spectra oRR1Ag NPs

3.3 Absorption spectroscopy of S1-Au NPs

Prior to demonstrate the excited state behaviornwas necessary to

examine the ground state interaction between S1 And\NPs. Figure. S8



showed the absorption spectra of S1-Au NPs, in lwihe localized surface
plasmon resonance (LSPR) band located at abounh®B3and red shifted with
the increase of the ratio. The band at 393 nm wagaed to ICT of S1-Au
NPs, red shifted imperceptibly when compared wigefS1 (390 nm), due to
their strong coupling with surface plasmon of Aunparticles [36].

The time-dependent UV-vis absorption spectrum fbrA8 NPs with the
ratio 1:1 was shown ifigure. 2. The peak of ICT decreased and red shifted.
The LSPR band enhanced with time increasing, shgpiia composite process

of S1 and gold particles. S1 perfectly compositéth gold nanoparticles [37].

Fig. 2. Time-dependent UV-vis absorption spectra for SINRs (S1: Au=1:1)

3.4. Emission spectroscopy of S1-Au NPs

To investigate the molecular interaction and plasimoesonances of Au
NPs, emission spectroscopy had been carried ouSieAu NPs.Figure. 3
showed the emission spectra of S1 with Au NPs ffemint concentration.
Here, the concentration of S1 was 1XH10oll*, the molar concentration of
HAuCl,; was fixed and the amount of S1 was varied. Theceoimation of
S1-Au NPs was determined by the ratio. It was &dtng to see that, in the
presence of 1:1, the emission peak at 541 nm waaneed and blue shifted to
520nm, even part of spectral overlap between théscutar emission and
absorption of the surface plasmon. Energy transfight take place in the
S1-Au NPs system, and the emission enhancementuofofihore could
proceed in the presence of metal NPs. It provedéason was the enhanced
local electric field, while the surface plasmon bahesano metal particles lied
in between the absorption band and emission batttedfuorophore [11].

The different emission peaks of S1-Au NPs locate@83 nm, 519 nm,
504 nm and 503 nm, respectively, with the ratiacease of S1 to Au. S1-Au

NPs composites were excited at 400 nm with blueregf the plasmon band.



So emission enhancement could not be attributexptical enhancement [38].
To understand the reason of emission intensityement of S1 on Au NPs,
surface time-resolved emission had been studied dmsdribed in the next

section.

Fig. 3. Fluorescence spectra of S1-Au NPs (S1: Au =1101,,1:50, 1:500, 1:5000) and S1

3.5. Time-resolved emission spectroscopy of S1#s1 N

Figure. 4 showed the fluorescence decay of S1 and S1-Au alkthe
solid samples were dissolved in DMF. The averagissan lifetime of S1 was
2.51 ns, attributed to the lifetime of ICT statdaeTemission decay lifetime of
S1-Au NPs was 5.08ns could also be traced derivaith the ICT process.
Meanwhile, the luminescence quantum yields (QY)easinown inTable 1
QY of S-Au NPs was enhanced from 9.77% to 23.32f0mFluminescence
quantum yields and time-resolved emission studlie@gas confirmed that there
was no energy transfer from photo-excited S1 toMfs. This indicated a
drastic increment of emission due to the ICT eftdc®1 on Au NPs surface.

Further, the ability of Au NPs to store and trangflectrons increased the
attenuation number and extended the decay timecdtgeled effect for surface
plasmon could lead to enhancing the stability oé tbxcited state and

decreasing the total radiation attenuation raté [39

Fig. 4. The fluorescence lifetime of S1 and S1-Au NPs

Table 1.Single-photon-related photo physical propertieRdf R1-Ag NPs, S1 and S1-Au
NPs

3.6. Solvation effect of S1-Au NPs



Significantly, the S1-Au NPs could easily dispersecommon organic
solvents and exhibit a strong solvent-resolvedréisoenceFigure. 5 showed
the emission spectra of S1-Au NPs in seven solweiits different polarities.
The emission maximum displayed an obvious red sipfin increasing the
solvent polarity. There may be great changes inmb&ecular geometry of the
excited states before fluorescence emission. Therdscence deviation in
solution could be attributed to the dipolar intéi@t between the solute and the

local solvent.

Fig. 5.Normalized fluorescence spectra of S1 (left) aheA8 NPs (right) in different solvents

3.7. Nonlinear optical properties of S1 and S1-AsN

In the linear absorption spectra (degure. 2), it was discovered that
there was no linear absorption in the wavelengtigea680-910 nm for the
two-photo materials. Therefore, any emission indubg excitation at this
wavelength range should be derived from multipha@tbsorption process.

By the open and closed Z-scan test methods, thinean refractive index
(y), nonlinear absorption coefficient)( TPA cross sections§ and third order
nonlinear susceptibilityy(’) were shown iffable S1.andFigure. 6a, h The
calculation process was given 82 It was shown that the TPA cross section
(o) enhanced from 13368.5 GM to 16298.01 GM withdwet influence of pure
nano gold (c=2874.2 GM,Figure. S9, Table S1.)The third order nonlinear
susceptibility (Re®)[esu]) enhanced from 1.240%% to 1.24 10*?, for the
increased chromophore density in the complex gheajht lead to increasing
the otpa[40]. In view of the above advantages, it couldcbacluded that the
coupling interactions and the corresponding excifdasmon interactions
between the Au and S1 had significant contributeothe enhancement of TPA
[41], which stimulated the research to further explits potential application in

biological imagingFigure. 6creported the optical limiting (OL) measurements



for the S1-Au NPs, carried out with 790 nm lasdsgs. When the input energy
reached about 0.48 J/énthe transmitted energy started to deviate from th
normal line and exhibits a typical limiting effedthe damaging threshold was
0.98 J/crf, suggesting that this composite was a good cateiciempared to

Ceo, Which was considered as one of the best optioaithg materials [42].

Fig. 6. Open (a), closed (b) aperture Z-scan curves, a@ptimiting (c) of S1 and S1-Au NPs in
DMF (c = 1.0x10° molL ™)

3.8. Application in bioimaging

Before exploring the biological applications, cycity of the
nanoparticles were measured toward the live humepatocellular liver
carcinoma cells (HepG2) by MTT assay shownFigure. S10. The result
indicated that the concentration from 10 to 100 lmgi S1 and S1-Au NPs
exhibited low cytotoxicity.

As shown in Figure. 7, one- and two-photon fluorescent confocal
microscopy of HepG2 cells labeling with S1 and SiMPs were captured. A
bright-field image of each cell was taken immediatprior to one- and
two-photon microscopy (2 PM) imaging. One-photorag®s of HepG2 cells
incubated with 20 mg/L SIA{= 540 nm) and S1-Au NPs\g= 520 nm),
respectively. After 30 min of incubation, washed BBS buffer, all the
emission wavelengths were from 500 to 560 nm. Tplweton images of S1
and S1-Au NPsXg= 800 nm,Aen= 540-600 nm) were obtained by the same
process. The results indicated that the free coxfpledid not enter the cell and
S1-Au NPs evenly into the cells. The luminesceramated in cell cytosol,
supposing that the S1-Au NPs permeated the phappsbilayer of cellular
membrane and bounded with cellular cytosol organ€llhe colocalization
imaging and 3D image of S1-Au NFsidure. 7) could detect more clearly the

cellular targeted situation.
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Fig. 7.0One- and two-photon fluorescence microscopy imdddepG2 cells incubated
with S1, S1-Au NPs (scale bar: #8); two-photon fluorescence colocalizatipn
imaging (bar: am) and 3D image of S1-Au NPs incubated with Syto®r{mercial
dyes) Lex=488 nm =550 nm).

4. Conclusion
We designed and characterized the two-photon chpbore-functionalized gold

nanostructure, which one-photon fluorescence intieeshancing approximately 26
times than the original dye. By studying the tinependent absorption and
time-resolved emission decay of the free complex &f-Au NPs, the reason why
fluorescenceesnhancement for S1-Au NPs is coupled effect of ll@tectric field
enhancement and surface plasmon of Au nanopatrti€les corresponding exciton
plasmon interactions between the components S1AanNPs led to a largefPA
cross section in the near-IR region. The decorgtdd nanoparticles could effectively
penetrate into living cells and stained with cylpsodicating that the composite

might be a potential excellent material in bioinragapplications.
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Table 1 Single-photon-related photo physical properties of R1, R1-Ag NPs, S1 and
S1-AuNPs

compound solvent Amald 1 Amad? @
R1 DMF 309, 4.98 428 3.69
357

R1-Ag DMF 294, 483 520 --

NPs 338,
420

S1 DMF 318, 251 541 9.77
390

S1-Au DMF 329, 508 520 23.32
NPs 393,
530
[a] Peak position of the absorption band; [b] Peak position of single-photon

fluorescence, excited at the absorption maximum; [c] Quantun yields determined by
using fluorescein as standard.
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Figure 1 UV-vis absorption spectra and fluorescence speftRil and R1-Ag NPs.
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Figure 7 One- and two-photon fluorescence microscopy in@EgadepG2 cells
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A novel nanostructure material was designed andhsgized by S1 (2, 2" 6',
2"-terpyridyl derivative Zn(SCN)omplex) modified gold nanoparticles

The coordination reaction mechanism was also stubetween Au NPs and the
free ligand by théH NMR.

Linear absorption and emission spectra had bedarsgsically investigated.

The composite material with good nonlinear optipabperties had potential

applications in vitro cellular imaging.



