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Water soluble L-Au-DNA nanohybrid exhibits enhanced 2PA properties which can widely and evenly uptake
lysosome part of the HepG?2 cells.
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A type of water soluble Au based nanohybrid is constructed through a D-n-A (D=donor,
A=acceptor) flurophore-carbazole derivative (abbreviated as L) coupled with gold
nanoparticles (NPs) under the guidance of calf thymus DNA (ct-DNA). The coupling
interactions between components at the interface increase the strength of donor-acceptor within
the nanohybrid, which results in an energy transfer process and further brings about a
dramatically blue-shift of single-photon absorption (about 53 nm from 450 nm for L to 397 nm
for the hybrid) and fluorescence (~77 nm blue-shifted), decreased FL lifetime (1.65 ns for L,
0.53 ns for the hybrid), and blue-shift of two-photon excited fluorescence (2PEF, 638 nm for
L, 574 nm for the hybrid). The couple effect amongst the nanohybrid also leads to
enhancement of nonlinear optical properties, including two-photon absorption (TPA) cross
section (3, 137.60 GM for L, 651.07 GM for the hybrid) and two-photon absorption coefficient
(B, from 0.003669 cm/GW to 0.01401). The two-photon fluorescence and good water solubility
of the hybrid are proven to be potentially useful for two-photon microscopy imaging in living
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cells, such as HepG2.

1. Introduction

In the past few years, the nonlinear optical response (NLO) of
colloids containing metallic nanoparticles (such as Au, Ag, Cu) have
been investigated [ for its promising applications in biological
fields, such as bio-target sensing %, two-photon excited fluorescence
microscopy, high-resolution three-dimensional imaging of biological
systems and optical limiting !, The previous investigations revealed
that the surface plasmon resonance (SPR), occurred at the interface
between the metal and the organic matrices, was the main driving
force for the large NLO response, which also led to the synergy
enhanced effect between the metallic nanoparticles and organic
components. Thus, it is possible in principle, that modifying some
parameters in a controllable way, such as various sizes and
morphologies of nanoparticles, the structure selection of the organic
matrices used to prepare the metallic nanomaterials, the preparation
technique, and so on, would tailor the NLO response of the material
to comply with the requirements of a specific application.

To choose an appropriate organic matrices, deoxyribonucleic acid
(DNA) is one of the common-used biopolymer templates to
construct metallic nanomaterials. For example, single-strand and/or
double-helical DNA molecules can directly interact with metal ions,
which can be used to reversibly assemble the creation of artificial
metallic nanomaterials, such as gold 4 gilver B, palladium e
platinum [ and/or copper !, The multitudinous types and/or the
usage variance of DNA can lead to different morphology or size of
the metallic nanostructures, which can further lead to various
functions, optical properties included. However, in order to obtain

This journal is © The Royal Society of Chemistry 2013

excellent second-order and/or third-order NLO properties, the size of
this type of DNA-metal nanohybrid should be much small, which
may lead to the difficulty in the preparation procedure. To simplify
the preparation way, introducing another organic component with
NLO functions will be an effective method ). To the best of our
knowledge, the construction of this type of ternary hybrid NLO
materials has rarely been reported yet, not to say change or enhance
the NOL properties.

Herein, we have designed a bioprocessing material that can
perform alterable linear/nonlinear optical functions with a
single hybrid system, derived from an organic NLO component
(L in this study) with a simple gold nanoparticle under the
guidelines of ct-DNA U The alterable and enhanced
linear/nonlinear optical properties originated from the
interactions between organic molecule, Au nanoparticle and ct-
DNA at the interface, which was used to the application in two
photon live-cell imaging.

2. Experimental

All chemicals are of analytical grade, purchased from Shanghai
Chemical Reagent Company, solvents are purified using
conventional methods before use.

2.1 Preparation of L

The preparation procedure of L was using our previous method
1) a5 described in Scheme 1. The detailed synthesis procedures of
the intermediates a-c were provided in {ESI. To obtain L,
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intermediate ¢ (0.34 g, 1 mmol), Na,CO; (0.11 g, 1 mmol), and
dicyanomethane (0.20 g, 3.0 mmol) were dissolved in 100 mL of
ethanol, refluxed under N, atmosphere with TLC monitoring. After
the completion of the synthesis, the reaction mixture was extracted
with 500 mL of CH,CI, and the organic layer was washed three
times with distilled water, and then dried with anhydrous magnesium
sulphate overnight. The solvent was removed with a rotary
evaporator. The residue was purified by column chromatography on
silica gel with petroleum ether/ethyl acetate (50:1) as eluent to give
0.31 g (yield 81 %) target compound L as red powder. "H NMR (400
MHz, DMSO-dy): 6 (ppm) 8.46 ( d, 2H, J=4.0 Hz); 8.15 (d, IH, J=
7.8 Hz); 8.00 (d, 2H, J = 8.4 Hz); 7.85 (d, 2H, J = 8.4 Hz); 7.80 (d,
1H, J= 8.8 Hz); 7.72 (d, 1H, J = 16.4 Hz); 7.63 (t, 2H, J = 8.8 Hz);
7.48 (t, 1H, J = 7.6 Hz); 7.40 (d, 1H, J = 16.4 Hz); 7.24 (t, 1H, J =
7.6 Hz); 441 (m, 2H (CH,)); 1.78 (m, 2H (CH,)); 1.24 (m, 6H
(CH,)); 0.81 (m, 3H (CHs)). FT-IR (KBr cm™): 2922 (m), 2206
(C=N, m), 1621 (m), 1561 (s). 1460 (5). 1389, 1208 (s), 754 (m).

Q Q NaBH‘ : j CHOM PPh, HAc CH;PPh;l
“18-C.6, CHCI; C-6, CHCl,
c,H‘3 c,H‘l EGHH
a b
CHO CN
Q Q o CN
1,4-phthalaldehyde — -
Q ﬁ CH,(CN),
N Na,CO, O O
CoHys N

CeHis
[+

Scheme 1. The synthesis route of compound L

2.2 Preparation of L-Au-DNA nanohybrid

The hybrid materials were produced using a modified polyol
process as our previous report '3 Ethylene glycol (EG) was
chosen as the solvent as it can reduce gold ion in high
temperature ¥ To increase the solubility of the material in
water and/or cell media, cysteine, a biological material in the
body, was introduced into the hybridation process. For
preparation of L-Au-DNA nanohybrid, L (16.3 mg, 0.05
mmol), ct-DNA (12.0 mg, 0.1 mmol), sodium dodecyl sulfate
(SDS, 40 mg) were dissolved in 10 mL of EG, then HAuCl, (1
mL, 0.05 mol/L in EG solution) was added, followed by
microwave heating for 2 min. During the process, the
transparent solution changed from red to brown gradually. Then
the solution was cooled to room temperature naturally and kept
undisturbed overnight for precipitation. The precipitate was
filtered and washed five times with excess high-purity water to
remove excessive ct-DNA, SDS, EG and other inorganic
residue, then dispersed into high-purity water (1.00 mg/mL) for
structure characterization and optical property research.

Pure Au NCs and pure L nanostructures were prepared
through the same process without ct-DNA and in the absence of
L and HAuCl,, respectively. For preparation of pure Au NCs,
sodium dodecyl sulfate (SDS, 40 mg) and HAuCl, (1 mL, 0.05
mol/L) were dissolved in 10 mL of glycol (EG), the solution
was then heated by microwave for 2 min. For preparation of
pure L nanostructures, sodium dodecyl sulfate (SDS, 40 mg)
and L (16.3 mg, 0.05 mmol) were dissolved in 10 mL of glycol
(EG), then followed by microwave heating for 2 min.

2.3 Nonlinear optical measurements

The nonlinear optical properties of L nanostructrue and L-
Au-DNA  nanohybrid were measured through Z-scan
measurement and two-photo-excited fluorescence (2PEF) with
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a concentration of 1.0 x 10 mol/L (based on Mol. Wt. of L)
using femtosecond laser pulse and Ti:95 sapphire system (10
Hz, 140 fs). For 2PEF measurements, quartz-glass sample with
1.0 cm thickness were used. While for Z-scan measurements,
the quartz-glass cell was 1.0 mm thick, and the average laser
power was 36 mW. The optical path length for Z-scan was 5.0
cm from the sample. The excited wavelength was between 680
nm and 980 nm.

Nonlinear absorption coefficient f was measured by open aperture
Z-scan technique. For the open aperture, the normalized
transmittance as a function of the position along the z axis can be
written as equation 1

Tz = Z[ CI( )]’ﬂ Where q(Z)= ﬂIOLe//'

+1)"? [1+(z/z) ]
where ZO was the diffraction length of the beam, /; was the intensity
of the light at focus, L. was the effective length of the sample, «
was the linear absorption coefficient at the wavelength used.

Further, the molecular 2PA cross-section (8) could also be
determined through Z-scan measurement by using the following
relationship, equation 2,

&= hopx10°/Nd, ),
where 2 was the Planck’s constant, » was the frequency of input
intensity, N, was the Avogadro constant, and d was the
concentration of the sample.

2.4 Cell culture, incubation and 2PFM imaging

In this study, HepG2 cells (human liver cancer cell) were chosen
as the testing candidates, and were cultured and stained with the
nanohybrid. HepG2 cells were seeded in 6 well plates at a density of
2 x 10° cells per well and grown for 96 hours. For live cell imaging,
cell cultures were incubated with the chromophores (10% PBS: 90%
cell media, PBS = phosphate buffered saline) at a concentration of
20 uM and maintained at 37 °C in an atmosphere of 5% CO, and
95% air for incubation times ranging up to 30 min. The cells were
then washed with PBS (3 x 3 mL per well). The cells were imaged
using confocal laser scanning microscopy and water immersion
lenses. All of the experiments were repeated three times. The
measured data for each set of experiments were expressed with the
average value.

HepG2 cells were fluorescence imaged on a Zeiss LSM 710
META upright confocal laser scanning microscope using 40 x
magnification water-dipping lenses for the monolayer cultures.
Image data acquisition and processing was performed using Zeiss
LSM Image Browser, Zeiss LSM Image Expert and Image J.

2.5 Instruments

The morphologies were obtained on field-emission scanning
electron microscope (FESEM, Hitachi S-4800) and electron
microscope (TEM, JEM-2100). The Raman spectra were recorded
with a Labram-HR spectrometer by exciting with the 325 nm
radiation line of a argon ion laser. UV-vis absorption spectra were
obtained on a LKB Biochem (Shimadzu UV-265) in the wavelength
range of 200-800 nm. Fluorescence spectra were measured at room
temperature using a Hitachi F-7000 spectrometer. Fluorescence life
time and fluorescent quantum yield measurements were carried out
using an HORIBA FluoroMax-4P fluorescence spectrometer
equipped with a time-correlated single-photon counting (TCSPC)
card. A reconvolution fit of the decay profiles was made with F900
analysis software to get the lifetime value.

(1)5

3. Results and discussion

3.1 Morphological characterization
The nanohybrid was prepared by heating the EG solution containing
L, HAuCl, and ct-DNA. The whole L-Au-DNA nanohybrid showed

This journal is © The Royal Society of Chemistry 2012
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Figure 1

flake-like structure with the size of about hundreds of nanometers
(Fig. 1a), which was shorter and thinner than that of pure L
nanostructures. Pure L nanostructures obtained from EG solution
were shown in TESI Fig. S1. Monodisperse 1-D belts of micro
size were observed with lengths of about tens of micrometres and
width of about 1~2 pm. The results indicated dramatically
morphological change during this hybrid process. The somewhat
strong interactions between Au NPs and organic components may
responsible for the morphology changing.

Detailed investigation of the nanohybrid revealed that Au NPs
were deeply buried in organic matrix. From TEM image (Fig. 1b-
¢), the morphology of Au NPs can be clearly observed. The Au
NPs exhibited single crystalline structure with diameter of ~5 nm,
which was smaller than the ~40 nm pure Au NPs prepared
without L, as shown in TESI Fig. S5. The results meant that the
hybridization effect also affected the formation of Au NPs. The
distinct lattice spacing was ca. 0.24 nm that was shown in Fig.
1c, corresponding well to the (111) plane of FCC Au NPs '],

During the coupling process, Au®" may interact with organic
components when they were mixed at the very beginning. In hot
EG solution during MW heating, Au®" ions can be slowly
reduced and tiny Au NPs with minor size and high surface energy
were formed. Except for SDS and ct-DNA, L served as an
important shape directing agent to guide the subsequent growth
of the Au NPs as discussed previously. In hot EG solution, L. and
DNA were dissolved and tiny Au NPs were dispersed uniformly.
When the solution was cooled naturally, some of L molecules
were precipitated and drove Au NPs to precipitate along with
them. Thus, Au NPs were wrapped in the organic matrix as a
result. Then, the weak intermolecular interactions between
adjacent L. molecules, and the interactions between L, ct-DNA
and Au ions at the interface may serve as the main driving force
for the self-assembly process, which can lead the whole hybrid to
form flake-like structure.

ARTICLE

Detailed study revealed that the existence of ct-DNA was very
important for the formation of flake-like L-Au-DNA
nanohybrids. The control experiment showed that when ct-DNA
was not used in the procedure, the morphology of the hybrid and
the size of Au nanoparticles were absolutely different. As for L-
Au hybrid, some nanobelts with the length was ~5 um and the
width was ~100 nm were captured as shown in TESI Fig. S4,
which aggregated together forming leaf-like dendrite structure.
The Au nanoparticles were also embedded in the organic matrix,
the size of which was about 40 nm and larger that of L-Au-DNA
hybrid as discussed previously.

3.2 Linear Optical Properties

From the results and discussions mentioned above, the
somewhat strong interactions between oragnic/inorganic
components of the nanohybrid brought about significant
changes of the morphology. Furthermore, the effect of the
interactions on the linear optical properties was investigated.
The results revealed an obvious increased and blue-shifted
emission with the appearance of a new emission band and
decreased FL lifetime.

3.2.1 UV-vis absorption

The UV-vis absorption spectrum of pure L nanoblets showed
the molar extinction coefficient being 7.2 x 10° L-mol™-cm
exhibited three major absorption peaks at 291 nm, 345 nm and
450 nm (Fig. 2a), respectively. The latter corresponded to the
n-n* transition of the whole n-conjugated L molecule, while the
former two resulted from the transition of the small -
conjugated group, such as carbazole group "'“. The surface
plasmon resonance (SPR) band of pure Au NPs centered at 501
nm with a shoulder band at 598 nm (Fig. 2a) with the molar
extinction coefficient being 2.6 x 10° L-mol.cm™. After the
hybridation, the intrinsic transition centered at 291 nm showed

a 12 2 b 10000 4
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Lad S 1000 4 ——L-Au-DNA-—635nm
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\
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Figure 2 (a) UV-vis absorption spectra of pure L nanobelts (1.0 x 10 mol/L), pure Au NPs (8.0 x 10 mol/L) and L-Au-DNA nanohybrids (1.0 x
10 mol/L), respectively; (b) fluorescence spectra of pure L nanobelts and L-Au-DNA nanohybrids (1.0 x 10#mol/L for each); (c) time-domain
fluorescence intensity decay of L detected at 635 nm, L-Au-DNA nanohybrids detected at 635 nm, 420 nm and 558 nm, respectively.

This journal is © The Royal Society of Chemistry 2012
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a slightly red-shift to 293 nm. While the n-nt* transition of the
whole n-conjugated L molecule centered at 450 nm red-shifted
for 11 nm to 461 nm as a shoulder band. At the same time, it
can also be observed that that there existed three new
absorbance bands centered at 397 nm, 568 nm and 598 nm,
respectively. The weak absorption band located at 568 nm and
598 nm can be regarded as coming from Au NPs. The molar
extinction coefficient of the band located at 397 nm was
lowered to be 9.3 x 10> L-mol™-cm™.

The results indicated that the main m-conjugated chain and
the small nt-conjugated fragment of L molecule were influenced
during the hybridization procedure, which further revealed the
strong interactions between components during the formation
of the nanohybrid. As L is a D-n-A (D = donor, A = acceptor)
type molecule endowing L with intramolecular charge transfer
(ICT) feature. The interactions between L, ct-DNA molecules
and Au ions at the surface of Au NPs can influence the ICT
process, then slightly change the m-conjugated degree of L
molecule, and affect the carbazole group as well. Thus, the
appearance of the absorbance band centered at 397 nm can be
regarded as the intrinsic absorbance coming for the new
absorbing group formed at the interface. Here, ct-DNA played a
vital role for the generation of new absorption band. The
absorption bands for L-Au hybrid prepared without ct-DNA
centered at 436 nm, 331 nm and 293 nm, respectively, as shown
in TESI Fig.S6a. The main n-n* transition of the whole L
molecule showed a simple blue-shift for about 14 nm, while the
transition of small n-conjugated group showed a blue-shift for
about 12 nm. There also existed a small band at 556 nm, which
can be regarded as coming from aggregated Au NPs. The most
obvious was that there did not appear the band at 397 nm. The
phenomenon clearly revealed the absorption at 397 nm was the
intrinsic transition of L-Au-DNA nanohybrid, which also
indicated the important role of ct-DNA on the optical property
except for the guiding role in synthesis process of water soluble
Au nanoparticles.

3.2.2 Fluorescence emission

Furthermore, the emission profile of the nanohybrid also
differed significantly with that of pure L nanobelts, both in
terms of intensity and wavelength. The L nanobelts emitted red
light under illumination with a 365 nm UV lamp (insert in TESI
Fig. S7a), the emission band of which centered at 635 nm (Fig.
2b). The emission of pure Au NPs was not detected in this
study.

After hybridation process, the nanohybrid displayed a broad,
white emission profile with two emission band entered at 558
nm and 420 nm, respectively. The white light can be seen
clearly under illumination with a 365 nm UV lamp which was
shown in Fig. S7b. The emission band at 558 nm appeared as a
shoulder band and showed an obvious blue-shift for about 120
nm from that of pure L nanobelts. The luminescence intensity
of the main emission band at 420 nm was enhanced by 3 times
with respect to that of pure L nanobelts.

There are two mechanisms to explain the enhanced emission.
The one is that metal enhanced fluorescence (MEF) [l may
lead the phenomenon, which also revealed that the distance
between L component and Au NPs at the interface was larger
than 50 A (161,

The other is that the enhancement emission intensity could
be due to the generation of low concentration of L. molecules as
a result of the existence of embedded Au NPs, which was
concluded from the phenomenon that L exhibited traditional

4| J. Name., 2012, 00, 1-3
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ACQ (aggregation-caused quenching) properties as shown in
TESI Fig. S8. In the structure of L molecule, carbazole group
and dicyano unit were connected between ethylenic bond and
benzene unit which caused an extended coplanar m-conjugated
structure, strong m-m stacking effect was the main feature
between the adjacent molecules, whereby the emission in the
aggregates can be quenched. As for L, benzene was a good
solvent and ethanol was a bad solvent. Adding ethanol to a
benzene solution of L will cause the well-dissolved molecules
to aggregate, which resulted in quenching of the emission. For
compound L, the concentration was kept at 1.0 x 10™ moleL™.
As shown in TESI Fig. S8, L showed a dramatic change of
fluorescence intensity from the weak isolated single molecule
in benzene solution to the weakly fluorescent nanoparticles
suspension in benzene-ethanol solution. An obvious quenching
was observed when the volume ratio of ethanol to benzene was
over 1:9, which could be related to the aggregate formation.
The fluorescence intensity of L in the aggregate state was
apparently weaker than that of the pure benzene solution. A
similar phenomenon will appear before and after the
hybridization process. The n-w interactions between adjacent L
molecules in L nanoblets brought about weak emission due to
the as-discussed ACQ effect. While in the hybrid system, when
Au NPs embedded in L matrixes, n-n interactions between L
molecules was decreased or cut off in some points, which
brought about decreasing of ACQ effect and resulted in
fluorescence intensity enhancement of the whole nanohybrid.

To better understand the function of ct-DNA on the optical
properties, the fluorescence emission of L-Au hybrid was also
detected as shown in TESI Fig. S6b. The main difference of
fluorescence emission spectrum from that of L-Au-DNA was
that the L-Au hybrid showed just one emission band which
centered at 605 nm, which blue-shifted for about 30 nm from
that of pure L. The results indicated that the existence of ct-
DNA enlarged the ICT process of L to some more extent than
that when only Au nanoparticles were introduced into the
system.

3.2.3 Time-resolved fluorescence measurement

Further, the time-resolved photoluminescence measurements
for L and L-Au-DNA hybrid were carried out. The
fluorescence decay of L detected at 635 nm yielded an average
FL lifetime of 1.65 ns and fitted with a double exponential
components, which indicated that there existed two kinds of
fluorescent components. The result was in accordance with the
excitation bands of L (+ESI Fig. S9). A short component had a
decay lifetime of 1.50 ns (the corresponding amplitude A =
91%), and the following component had 3.25 ns (9%).

In contrast, the fluorescence lifetime for L-Au-DNA hybrid
detected at 558 nm was found to be 0.53 ns. When it was
detected at 420 nm, the fluorescence lifetime was 1.11 ns. This
decay study clearly demonstrated that L-Au-DNA hybrid
exhibited lower FL lifetime compared to pure L. Furthermore,
the fluorescence of the L-Au-DNA hybrid was decayed with
three components. For example, when L-Au-DNA hybrid was
detected at 558 nm, the corresponding amplitude (A) of a long
component was 2.13 ns with A = 9%, followed by a short
component with T = 0.65 ns and A = 29%. At the same time, a
new component appeared with a short lifetime being 0.23 ns
and the amplitude as 62%, respectively. The results confirmed
the existence of a new fluorophore system in the L-Au-DNA
nanohybrid, an observation that was attributed to tiny Au NPs
in close proximity to L. molecules, as discussed previously.

This journal is © The Royal Society of Chemistry 2012
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Table 1 Fluorescence decay lifetime (t) and amplitude (A) of fluorescence of L and L-Au-DNA nanohybrid

A (nm) 1(ns) Al1(%) 2(ns) A2(%) 3(ns) A3(%) r (ns) % der(%)
L 635 1.50 91 3.25 9 - - 1.65 1.23
635 0.29 45 0.59 46 2.08 9 0.59 1.01
L-Au-DNA 64.2
558 0.23 62 0.65 29 2.13 9 0.53 1.03
420 0.77 74 1.71 25 9.65 1 1.11 1.01

It is known that an increase in the radiative rate will decrease
the lifetime. In this study, the third component with a shorter
lifetime revealed the presence of an additional fast nonradiative
decay channel. It is known that the FL lifetime of fluorophores
is inversely proportional to the sum of the radiative decay rate (
k°,) and the nonradiative decay rate (° ) 071" When Au
NPsare in close contact with the fluorophores (L in this study),
they can affect the intrinsic radiative and/or nonradiative decay
rate of the fluorophores. In this study, enhanced emission of L-
Au- DNA may bring about prolonged FL lifetime, belonging to
the radiative decay rate. Thus, the decreased FL lifetime of L-
Au-DNA nanohybrids revealed that the existence of Au NPs
affected the nonradiative decay rate to a much more extent.
From what has been discussed above, the plasmon-exciton
interaction between the components was responsible for the
phenomenon, a fact that resulted in the energy-transfer process.
The energy transfer efficiency ( ¢, ) was estimated using
Equation (3) (81,

G =1- Tobria
& 3).
where Thybrid was the average FL lifetime of L component in the
L-Au-DNA nanohybrids detected at 635 nm, which was 0.59 ns as
shown in Table 1. 7; was the average lifetime of free L (1.65 ns as
discussed above). From these data, the energy may transfer from L
to Au NPs in the nanohybrid and the estimated energy transfer
efficiency was calculated to be 64.2 %.

Here, the existence of ct-DNA enhanced the energy transfer
efficiency. The fluorescence lifetime for L-Au hybrid prepared
without ct-DNA detected at 605 nm was found to be 0.85 ns.
When it was detected at 635 nm, the fluorescence lifetime was
0.72 ns. This decay study clearly demonstrated that L-Au
hybrid exhibited lower FL lifetime compared to pure L and
longer FL lifetime compared to that of L-Au-DNA hybrid. The
corresponding energy transfer efficiency of amongst the
components of L-Au hybrid was calculated to be 56.4% (FESI
Table S1), which was lower than that of L-Au-DNA. The
results confirmed the important role of ct-DNA on the optical
properties. Based on the results mentioned above, the formation
process of the novel hybrid was presented in Fig. S4. L
molecules can self-assemble into one-dimensional structures
due to weak interactions between neighboring molecules. When
AgNOs3 is introduced during the aggregation process, the
assembly of L and the formation of Ag NCs occur

This journal is © The Royal Society of Chemistry 2012

simultaneously and affect each other. Lastly, nanohybrids
consisting of Ag NCs uniformly dispersed on L nanoribbons
appear.

3.3 Electrochemical Property

The energy transfer effect between the components described
above revealed the energy level matching between them. To
further study the coupling effect, the energy gap and energy
transfer between the components, L. had been analyzed by
cyclic voltammetry in the presence of Buy,NCIO4 (TBAP, 0.1
M) as supporting electrolyte with a scan rate of 50 mVeS™'
using a reference Ag/AgCl electrode !'). Due to the presence of
strong electron donor moieties and dicyano unit in L, in CV
experiments they displayed complex redox behavior involving
multistep oxidation processes as shown in Fig. 3a. The first
onset oxidation potential of L was 1.06 V, which can be
identified as the oxidation of carbazole unit (fESI Fig. S11).
The estimated HOMO level in vacuum was -5.44 eV (Egomo =
-e(Eonset + 4.38) eV), which was in agreement well with the
results from the theoretical calculation, and the HOMO level
was also close to the Femi level of Au (-5.10 eV).

A HOMO-LUMO gap of 2.27 eV of L was estimated from the
absorption edge ((edge = 546 nm obtained from Fig. 2a). The results

1004

- 04
<
ES
S
-
5 -1004
-
il
=
]
-2004
-300 T T T
0.0 0.5 1.0 1.5
Potential (V)
cnergy level (¢V)
0
g =
10 — ?.y:-:.s;,.\. == LUMO+1
20 —
ireegl, — LUMO
3.0 — 2* — LUMO
4.0 — .
hhegii,
so—| —— HOMO E
5 ; . e
&'4{".,:,' —— HOMO-1 e==FHOMO
6.0 —
d Au L (experimental)
-7.0—
L (calculated)

Figure 3 (a) Cyclic-voltammetric response of L in the presence of 0.1
M TBAP Vs. Ag/AgCl at room temperature. Scan rate: 50 mV/s; (b)
Calculated frontier orbital and the corresponding energy of L in the gas
phase and electronic energy level alignments for Au and L (both from
calculated and experimental data).

J. Name., 2015, 00, 1-3 | 5

Page 6 of 10



Page 7 of 10

from the theoretical calculation, and the HOMO level was also
close to the Femi level of Au (-5.1 eV). LUMO energy level
was calculated to be -3.17 eV by subtraction of the optical band
gap from the HOMO energy levels (ELumo = Enomo + Eopo)-
The second oxidation potential of L was 1.36 V, which can
be identified as the oxidation of the cyano group. The two
oxidation potentials were higher than that of Au*/Au electrode
(0.72 V as shown in TESI Fig. S12). Thus, oxidation-reduction
reaction won’t occur between L and Au’" in the reaction
mixture, which may be responsible for the stability of L in
DNA-HAuCl;-EG solution and the corresponding nanohybrids.
The electronic levels of L and the relative position of the Femi
level of Au from experimental results were depicted in Fig. 3b.
Furthermore, the time-dependent density functional theory
(TD-DFT) was used to study the electron cloud distribution and
energy level of the L molecule. The results also showed
difference between the Femi level of Au and the HOMO-
LUMO level of L. The calculated results were also listed in
Fig. 3b. The LUMO level of L was calculated to be -2.62 eV.
The HOMO-1 level of L was -5.34 eV, which was close to the
Femi level of Au (-5.1 eV) and also close to the data calculated
from the first onset oxidation potential. Thus, when L and Au
were in close contact, the electron redistribution may come true
and the change of optical properties may appear. The calculated
results also revealed that the main transition for L (A, = 460
nm) was just from the configuration HOMO-1 orbit to LUMO
orbit with the oscillator strength fiyomo.1)-Lumo being 0.6915.

3.4 Raman scattering experiment

As discussed above, the interactions between the organic and
inorganic components in L-Au-DNA nanobybrid brought about
significant changes of morphology and linear optical properties.
To further investigate the interaction ‘hot spot’ at the interface,
Raman and FT-IR spectral experiments were carried out. The
‘hot spot’ functional group can be determined by comparing
relative intensities and frequency shifts of the Raman and/or
FT-IR bands of L before and after the hybridization process.
The Raman scattering spectra of L and the hybrid were given in
Fig. 4 and Fig. S13. The spectra clearly indicated that the
Raman scattering of L in the L-Au-DNA hybrids was
significantly enhanced as shown in Fig. 4 and TESI Fig. S13,
compared to that of pure L, especially the bands centered at
about 839, 892, 1059, 1087, 1294, 1434 and 1461 cm™. The
surface enhanced Raman scattering (SERS) phenomenon may
bring about the enhancement 2,

Moreover, several differences between the spectra can also
be observed. The sharp bands at 1566 cm™, 1594 cm™ and 1622
cm™ in normal Raman spectrum of L were attributed to the ring
breathing of the benzene ring, the C=C stretching vibration ",
respectively. After coupling with Au NPs in the assistance of
ct-DNA, these three bands changed to a board band from 1566
cm™ to 1615 cm™ which centered at 1591 cm™ with the FWHM
(full width at half maximum) being 17 cm™. At the same time,
the band at 1437 cm™ down-shifted by 3 cm™ to 1434 cm™ with
a shoulder band at 1461 cm™'. Also, the FWHM (full width at
half maximum) of this band broadened from 6 cm™ to 45 cm™
upon coupling. The band at 1325 cm™ down-shifted by 31 cm™
to 1294 cm™’. There also existed some new bands centered at
1087 cm’!, 1059 cm™, 892 cm™ and 839 cm’, respectively.
These new scattering bands and the shift of those mentioned
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Figure 4 Raman spectra of L. and L-Au-DNA nanohybrid

above indicated that the couple interactions between the
components took place through the n-conjugated group.

Moreover, there also existed a new band centered at 152 cm’
! which clearly revealed the formation of Au-N bond, which
showed that the interactions also took place at the N atom of the
L molecule. The FT-IR spectra (ESI Fig. S14) showed that the
transmittance band of cyano unit centered at 2224 cm™ down-
shifted to 2148 cm™ when the hybrid confirmed. The results
was indicated that the vibration of cyano unit became weak
when L hybriding with Au NPs in the assistance of ct-DNA.
Combing with the phenomenon that the Raman scattering band
of cyano unit centered at 2225 cm™ became very weak, it can
be concluded that the interaction ‘hot spot’ may also took place
at N atoms of cyano unit.

The results of Raman scattering and FT-IR analysis revealed
intermolecular interactions between m-conjugated group, cyano
unit and Au nanoparticles. The large enhancement factors may
be due to the coupling of the localized surface Plasmon (LSP)
of Au NPs and the enhanced electromagnetic field intensity
localized at the interface. The weak interactions further
influence the electronic distribution of L, which accounted for
the changes observed in the SERS spectraand the linear optical
properties.

3.5 Nonlinear optical properties

3.5.1 Two-photon excited fluorescence (2PEF)

Except for the appearance of the tuneable linear optical properties,

the intermolecular interactions existed at the interface of the
nanohybrid and the corresponding changeable ICT process also
resulted in significant difference of 2PEF.
In linear absorption test, there was no linear absorption in the
wavelength range of 550-900 nm for L and the nanohybrid, which
inferred that there were no energy levels corresponding to one
electron transition in this spectral range. Therefore, the 2PEF
pathway was expected to appear if frequency up-converted
fluorescence induced with a laser in this range appeared. TESI Fig.
S15 showed log-log plot of the excited fluorescence signal vs.
excited light power. The linear dependence of the square of input
laser power on the output fluorescence intensity (with a slope of 2.30
and 2.02 for L and nanohybrid respectively) provided direct
evidence for two-photon excited process (TESI Fig. S15).

The best 2PA wavelength obtained from Z-scan experiments was
880 nm for L and 800 nm for L-Au-DNA. The 2PEF and Z-scan
curve of pure Au NPs were not captured when it was excited
between 680~980 nm in this study. The best excitation wavelength
of L was slightly shorter than twice that of the corresponding linear

This journal is © The Royal Society of Chemistry 2012
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Figure 5 (a) The two-photon excited fluorescence and (b) open Z-scan
experiments of L and L-Au-DNA nanohybrid, respectively. The
concentration was 1.0 x 10~ mol/L.

absorption maximum (450 nm) while the best excitation wavelength
of L-Au-DNA was just nearby the twice of the corresponding linear
absorption maximum (397 nm). The best 2PA wavelength being 800
nm for L-Au-DNA also revealed that the 2PA of it was mainly came
from the L. component.

The 2PEF spectra of the samples were shown in Fig. Sa,
respectively. The 2PEF emission maxima located at 638 nm for L,
which was very close to the fluorescence wavelength using one
photon emission fluorescence (1PEF, 635 nm as shown in Fig. 2b).
As for the 2PEF of L-Au-DNA hybrid, there existed only one main
emission peak located at 574 nm, which was different from the two
main emission peaks of 1PEF and showed a red-shift when
compared to that of 1PEF (Fig. 2). However, the 2PEF intensity of
L-Au-DNA exhibited a decrease compared to that of L, which was
also different from the enhancement of 1PEF as well. The results
indicated the difference of the excited states for 1PEF and 2PEF,
mainly during the excitation process: two-photon absorption vs
single-photon absorption [

There are two factors to influence the 2PEF intensity. One is
that the interactions between organic molecules and Au NPs
through the w-conjugated units, as discussed above, will enlarge
the m-conjugated system which may increase the 2PEF intensity
of the whole nanohybrid ). The other is the scattering
phenomenon ¥ that caused from the nanoparticles, which may
result in quenched 2PEF, along with the heavy atom effect **!,
As for L-Au-DNA nanohybrid, the heavy atom effect and the
scattering phenomenon may be the dominant factor of the
decrease.

3.5.2 Open Z-scan experiment

Open aperture Z-scan experiments were carried out using
femtosecond laser pulse to investigate nonlinear optical (NLO)
properties of the samples, and the results were shown in Fig. 5b. The
best input laser wavelength determined from Z-scan experiments
was 880 nm for L and 710 nm for L-Au-DNA, respectively. All of
the Z-scan curves displayed a decrease in transmittance at the focal
point of the laser, which was typical of a positive NLO effect. The
minimum transmittances at Z = 0 were 98.85 and 96.20% for the L
and L-Au-DNA, respectively.

Based on the Equation 1 (shown in Experimental Section), the
2PA coefficient f of L was calculated to be 0.003669 cm/GW,
which was 0.01401 cm/GW for the nanohybrid. Slightly enlarged
aggregate degree and strong electron coupling effects made
significant contribution to the enhancement of the 2PA coefficient.

Based on Equation 2, the calculated 2PA cross section & was
137.60 GM (1 GM = 10" cm* s/photon™) for L, which increased for
about 5 times to 651.07 GM of the nanohybrid. The &p, values of
the samples were larger than that of many fluorophores widely used
in biology, such as fluorescein and BODIPY %, indicating the
potential application, such as in 2PEF bioimaging.

Furthermore, based on the enhancement of 2PA coefficient § and
2PA cross section 9, it can be speculated that there are 3-5 L
molecules in a L-Au-DNA unit *). Also, according to the solubility
of the hybrid in water, it was reasonable that the ct-DNA fragments
in the hybrid was more than L molecules. Thus, the possible
molecular arrangement of a single L-Au-DNA hybrid unit was
schematically demonstrated in Fig. S10.

3.6 Two-photon microscopy bioimaging application

As is known that the water solubility and biocompatibility of
the material can influence the 2PEF bioimaging results. As for
L-Au-DNA hybrid, the solubility of it in water was very good.

Figure 6 Spatial distributions of L, L-Au-DNA and Syto-Select in HepG2 cells. (a) one-photon image (Aex = 450 nm), (b) two-photon image (Aex = 880 nm)
of HepG2 cells incubated with 10 uM of L (emission wavelength from 600 nm to 660 nm), after 2 hours of incubation, washed by PBS buffer. (¢) one-photon
image (Aex = 420 nm), (f) two-photon image (Aex = 800 nm) of HepG2 cells incubated with the L-Au-DNA nanohybrid (emission wavelength from 530 to
600 nm), after 1 hour of incubation, washed by PBS buffer. (c) and (g) Fluorescent images of HepG2 cells stained with Syto-Select for 10 min. (d) and (h)
overlay images for a-c, and e-g, respectively. The scale bar was 20 pm.

This journal is © The Royal Society of Chemistry 2012
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To evaluate the performance of the as-prepared water soluble
hybrid in live cells, a 2PFM imaging was conducted. HepG2
cells (human liver cancer cell) were the testing
candidates,cultured and stained with the samples !, Two-
photon excitation cell imaging using L, and the nanohybrid
were achieved by using HepG2 cancer cells with a two-photon
laser scanning confocal microscopy (Fig. 6). Treated cells were
excited at proper 2PA wavelength, which was 880 nm for L,
800 nm for the nanohybrid, respectively.

The green channels in Fig. 6a and 6e showed one-photon
fluorescence microscopy (1PFM) images of L and L-Au- DNA
nanohybrid, respectively. The red channel in Fig. 6b and 6f
showed 2PFM imaging of L and the nanohybrid, respectively.
To determine precisely where the compounds were located ),
a standard fluorescence dye, Syto-Select that can stain nuclear
and cytosolic RNA in living cells, was used as the secondary
markers in this study. The blue channels in Fig. 6¢ and 6g
showed the fluorescent images of HepG2 cells stained with the
Syto-Select.

The 1PFM and 2PFM imaging results showed in Fig. 6
clearly revealed that both L and the nanohybrid successfully
internalised with HepG2 cells. One-photon and two-photon
induced fluorescence emissions were observed predominantly
from the cellular cytoplasmic region. Both for L and the
nanohybrid, the confocal micrograph showed endosomal and/or
lysosomal like interaction. The luminescence that came from
the lysosome implied that L and the nanohybrid permeated the
phospholipid bilayers of cellular lysosome and bonded with
lysosome leading to the eventual fluorescence P%. The co-
localization results listed in Fig. 6¢ and 6g also confirmed the
good cell viability after L and/or L-Au-DNA incubation.

Moreover, the 2PFM image showed that after one hour incubation
with HepG2 cells under low concentration of L-Au-DNA (10 pM),
the nanohybrid can widely and evenly uptake lysosome part all
around the HepG2 cells. However, for L, as long as 2-4 hours
incubation, only small parts of the lysosome were uptaken as shown
in Fig. 6a-b and S17. Maybe the good solubility of the nanohybrid
in water medium caused the phenomenon. When L was introduced
into the cell, bad solubility of it resulted in less material entering and
uneven distribution as shown in Fig. 6a-b and S17. On the contrary,
after L coupled with Au NPs under the guidance of ct-DNA, the
water solubility increased ', which led the whole nanohybrid
uniformly introduced into the cytoplasm. The results of the IPFM
and 2PFM imaging revealed that the water soluble nanohybrid were
cell-permeable, suitable for cytosol staining, in live cells, and that
the nanohybrid was clearly capable of indicating the lysosome
section in HepG2 cells.

Conclusions

In this study, a water soluble Au-based nanohybrid with 2PA
property was designed and prepared under the guideline of ct-
DNA and flurophore-carbazole derivative (L). The existence of
ct-DNA increased the water solubility of the nanohybrid. The
exciton-plasmon interactions and the corresponding energy
transfer process between the components brought about
changeable linear optical property and enhanced nonlinear
optical properties. The enhanced 2PA cross section and
increased water solubility of the nanohybrid cause it suitable
for cytosol staining in HepG2 cells, which exhibited high 2PEF
sensitivity.

This study revealed that the simply preparation of Au-based
nanohybrid under the guidance of organic 2PA molecule (L)
and water soluble ct-DNA can increase the 2PA cross section
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and water solubility of the hybrid, which can decrease the
difficulty of the preparation of the 2PA material for potential
bio-imaging applications.
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