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Plasmon-Enhanced Fluorescence-Based Core-Shell Gold
Nanorods as a Near-IR Fluorescent Turn-On Sensor
for the Highly Sensitive Detection of Pyrophosphate in

Aqueous Solution

Le Wang, Quanwei Song, Qiuling Liu, Dacheng He, and Jin Ouyang*

Developing plasmon-enhanced fluorescence (PEF) technology for identifying
important biological molecules has a profound impact on biosensing and
bioimaging. However, exploration of PEF for biological application is still at

a very early stage. Herein, novel PEF-based core—shell nanostructures as a
near-infrared fluorescent turn-on sensor for highly sensitive and selective
detection of pyrophosphate (PPi) in aqueous solution are proposed. This
nanostructure gold nanorod (AuNR) @SiO, @ meso-tetra(4-carboxyphenyl)
porphyrin (TCPP) contains a gold nanorod core with an aspect ratio of 2.3,

a silica shell, and TCPP molecules covalently immobilized onto the shell
surface. The silica shell is employed a rigid spacer for precisely tuning the
distance between AuNR and TCPP and an optimum fluorescence enhance-
ment is obtained. Due to the quenching effect of Cu?*, the copper porphyrin
(TCPP-Cu?') results in a weak fluorescence. In the presence of PPi, the strong
affinity between Cu?* and PPi can promote the disassembly of the turn-off
state of TCPP-Cu?* complexes, and therefore the fluorescence can be readily
restored. By virtue of the amplified fluorescence signal imparted by PEF, this
nanosensor obtains a detection limit of 820 x 10~ m of PPi with a good selec-
tivity over several anions, including phosphate. Additionally, the potential
applicability of this sensor in cell imaging is successfully demonstrated.

cell imaging, and high-throughput diag-
nostics.ll' Thus, plasmon-enhanced fluo-
rescence (PEF)3] becomes an emerging
technology by virtue of its capability to
largely amplify fluorescence signals and
significantly improve the detection sen-
sitivity.** When the excited-state fluoro-
phores are located in close proximity to
metal nanomaterials, the fluorescence
intensity can be strongly enhanced by the
interactions of intense plasmon-induced
electric fields.’"'% More importantly, it
has been proved that PEF gives rise to
enhancement of quantum yield, reduc-
tion of fluorescence lifetime, as well as
improvement of photostability, which shed
some light on addressing the drawbacks
of the majority of fluorescent molecules,
especially for near-infrared (NIR) dyes,
paving the way for its application in bio-
sensors.'12l Numerous factors, including
nanoparticles (NPs) geometry, size, the
quantum yields of fluorophores, and the

1. Introduction

Great efforts have been devoted to developing rapid and cost-
effective fluorescence technique for identifying and observing
biological molecules and therefore strategies that improve bio-
molecular detection would have a profound impact on a variety
of biomedical and biological applications, such as biosensing,
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gap distance between fluorophores and

metal nanostructure surface, are respon-
sible for PEF. Recently, aspherical nanomaterials such as rods!*?!
and triangles,'*l are of great interest owing to their larger scat-
tering cross section and spatial focus of the near field of the
localized surface plasmon resonance (LSPR).["] Compared with
spherical metal nanomaterials, gold nanorods (AuNRs) with
rod-like shapes exhibit many excellent advantages such as tun-
able shape and size, functionalization hybrid structures, aniso-
tropic electronic, optical and plasmonic properties, which are
favorable to cause stronger plasmon resonance.®) Some groups
have put the fluorophores in interaction with lithographically
fabricated anisotropic nanostructures for the achievement of
PEF.27l However, this lithographically method for enhancing
the fluorescence has a number of shortcomings compared with
colloidal approaches. 1) Lithography has the ability to support
the fabrication of 2D nanostructures rather than 3D structures
with controllable gaps and geometries in large scale, and the
prepared metal nanostructures are difficult and expensive.l*
2) The nonmotile metal film is not suitable for probing the
contents of samples in biosensing and cell imaging applica-
tions.['® Notably, the solution—-PEF system is more appropriate
for applications in biological systems. Unfortunately, PEF is
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rarely observed in bulk solution. Thus, the fabrication of uni-
versal PEF nanostructures (especially AuNRs) and the develop-
ment of their solution-based biosensing applications would be
desirable.

From investigation by recent theoretical and experimental
studies,*19-22 the strong PEF effect is ascribed to the specific
fluorescent molecule with its absorption and emission close
to the surface plasmon resonance of metal nanostructures by
avoiding nonradiative energy transfer and offering a stronger
electromagnetic field. Notably, Singamaneni groups!?! recently
reported that the fluorescence intensity of NIR dyes that are pre-
cisely place in proximity to AuNR can be significantly improved
by adjusting the dielectric spacers for precisely tuning the
distance between AuNR and NIR dyes as well as LSPR wave-
length, further confirming that the distance dependence plays
a key role in the fluorescence enhancement. However, these
adsorption methods for achieving PEF effect is difficult to be
extensively used, especially for biosensing, as desorption effects
of the absorbed dyes can inevitably cause strong background
interference. Core—shell structures, such as the silica matrix as
a shell around the metallic core,?3 provide access to the ease of
surface chemical modification, which may efficiently overcome
the difficulty mentioned above. Silica coating AuNR (AuNR@
SiO,) can not only improve the stability and biocompatibility of
metal nanostructuresi?*?’! but also offer a tunable rigid spacer
to control the gap distance for optimizing the fluorescence effi-
ciency.?! In addition, through covalently linking fluorescence
molecules to metal nanostructures surface, their fluorescence
performance as imaging probes or photosensitizers theoreti-
cally and experimentally can be improved.l*-?8] Hence, the crea-
tion of universal PEF-based core-shell AuNR@ SiO, as sensors
or probes would be beneficial for the development of diagnos-
tics and clinical applications.

Pyrophosphate (PPi) as a kind of important biofunctional
anions involves in energy transduction in organisms and sev-
eral metabolic processes, which becomes one of the most
popular targets for recognition studies.?>3% As the byproduct
of cellular hydrolysis of adenosine triphosphate (ATP), PPi
is closely related to the process of the replication of DNA
and the expression of genetic information, and thus the
detection of PPi has been recognized as a kind of real-time
DNA sequencing method. The intracellular PPi concentra-
tions can be used to describe the levels of DNA replication,
which has become an important indicator in cancer diag-
nosis.?!l The abnormal PPi concentrations can help identi-
fying vascular calcification such as calcium pyrophosphate
dihydrate (CPPD) crystal deposition disease.?” Given the
significance of PPi, numerous PPi reactive and selective fluo-
rescent probes have been developed in the past decades.?3-3
However, owing to the issues, including strong hydration of
anions and low solubility of organic probes, the majority of
methods require organic or mixed aqueous media in previous
researches, which greatly limits analytical application.l*¢37]
Up to now, the sensitivity toward PPi detection in aqueous
media is invariably limited to micromolar levels in recent
reports33% and their emission spectra are mostly in the short
wavelength range from 400 to 600 nm. NIR (650-900 nm)A7]
fluorescent probe attracts more attention with unique advan-
tages, such as deep tissue penetration, lower damage of
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biological samples, and minimal autofluorescence with much
lower background interference. However, the majority of
existing NIR fluorophores exhibit low quantum yield, which
limits their progress in clinical applications. Considering that
the PEF strategy can improve the optical properties of NIR fluo-
rophores,? it is of great significance to develop NIR sensors
based on PEF nanostructures for highly sensitive and selective
PPi detection in 100% aqueous solution.

The formed dye-metal complexes through meta-ligand
interaction can serve as a classical kind of organic fluorescent
sensor for sensitive and selective turn-on sensing of PPi.l?%]
Inspired by the displacement strategies, herein we first present
the design and synthesis of an organic—inorganic hybrid sensor
system using PEF-based core-shell nanostructures (AuNR@
SiO, @ meso-tetra(4-carboxyphenyl) porphyrin (TCPP)) that con-
sist of AuNR core, controllable silica shell, and molecule layer
of porphyrin (Scheme 1A). TCPP as fluorescence emitter is
covalently attached to the AuNR surface with controllable silica
shell thickness, resulting in the significant enhancement of
fluorescence intensity via plasmon—exciton coupling. Cu?* is
a well-known highly efficient fluorescent quencher due to its
paramagnetic properties via electron or energy transfer, and
as a result the copper porphyrin (TCPP-Cu?") has a weak fluo-
rescence.!l Upon the introduction of PPi, the strong affinity
between Cu?* and PPi can promote the disassembly of the
turn-off state of TCPP-Cu?" complexes,*>*3 and the process can
be observed by monitoring the fluorescence recovery of TCPP
(Scheme 1B). In addition, no obvious change in fluorescence
intensity would be expected for other interferences from ana-
logues of PPi as well as others, because the formed complex of
Cu?" and PPi through coordination could be more stable than
others.?8#4 Accordingly, an NIR fluorescent turn-on sensing
approach for sensitive and selective PPi detection can be estab-
lished. To the best knowledge, this is the first example of PEF-
based nanostructures for sensing PPi in 100% aqueous solu-
tion. Owing to the signal amplification, this sensor responds
toward PPi even at nanomolar concentrations with high selec-
tivity over many inorganic anions. Given the good biocompat-
ibility of AuNR@ SiO,@TCPP, the potential application of this
novel PEF-based fluorescent probe is demonstrated by fluores-
cent imaging of PPi in living cells.

2. Results and Discussion

2.1. Characterization and PEF Performance of
AuNR@SiO,@TCPP

The morphology of prepared AuNRs and AuNR@SiO, NPs was
determined by high-resolution transmission electron micro-
scopy (HR-TEM). As shown in Figure 1A, AuNRs showed an
average length of 49 £ 5 nm, a diameter of 21 + 3 nm with an
aspect ratio of =2.3. AuNRs were synthesized using a seeding
growth method and stabilized by the cetyltrimethylammonium
bromide (CTAB) to form CTAB-coated AuNRs. The claviform
AuNRs had two ends and an anisotropic structure, which may
facilitate a preferred PEF effect. Figure 1B showed the AuNRs
were coated with silica shell and the silica shell thickness could
be tuned by changing the concentration of CTAB mentioned
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Scheme 1. A) Schematic illustration of the preparation of PEF-based core—shell AuNR@SiO,@TCPP NPs. B) Schematic illustration of the designed
PEF-based core—shell AuUNR@SiIO,@TCPP NPs as fluorescence probes for the detection of PPi.
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Figure 1. A) TEM images of the prepared AuNRs. B) TEM images of the prepared core—shell AUNR@SIO,. C) Zeta-potential values of AuNRs coated
with CTAB, silica shell, and functionalized with the amino. D) UV-vis spectra of AuNRs, absorbance, and fluorescence spectra of TCPP.
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Figure 2. A) UV-vis spectra of AuUNR@SIO; (22 nm)@TCPP, SiO,@TCPP, and AuNR@SiO; (22 nm).

B) Fluorescence spectra of the control sample

SiO,@TCPP and AuNR@SIO; (22 nm)@TCPP NPs with a silica shell thickness of 22 nm. C) A confocal scanning fluorescence image of AuUNR@SIO,
(22 nm)@TCPP NPs. D) A confocal scanning fluorescence image of the control sample SiO,@TCPP.

in the AUNR@SiO, NPs preparation section. The silica-coated
AuNR@SiO, NPs were then functionalized —NH, groups by
introducing 3-aminopropyltrime-thoxysilane (APTES) (a silane
coupling agent). This functionalization of AuNRs could be
checked by the measurement of Zeta potential (Figure 1C).
The as-synthesized AuNRs carried a positive charge because
of protecting by CTAB. After silica coating and purification,
the surface charge was negative because of surface silanol
groups. Upon amino functionalization, the surface charge of
the nanorods approached positive, confirming the successful
functionalization of amino on the silica surface. Considering
that porphyrins were a kind of hydrosoluble and modified
macrocyclic compounds, we choose a well-known commer-
cially available TCPP as a model molecule for proof-of-concept
experiments. The molecular structure of TCPP (Scheme 1) con-
tained carbonyl groups that enabled TCPP covalently linking
to the silica shell via formation of a stable amide bond using
N-(3-dimethyl-aminopropyl)- N-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS).[#”#] This conjugation
method made a promise to incorporation of any amine-reactive
dyes onto the silica shell to load a plenty of fluorophores or bio-
molecules. Thus, appropriate AuUNR@SiO,@TCPP NPs were
successfully synthesized, and the silica between AuNRs and
TCPP was well controlled with relatively high uniformity.
Recently, many studies have been devoted to the interac-
tions between fluorophores and the plasmon resonances.*647]
It has been proved that the fluorescence enhancement would
be optimal when there was stronger spectral overlap between
the plasmon band of NPs and emission spectrum of the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fluorophores.*”#21l As shown in Figure 1D, the normalized
UV-vis absorption spectra of the AuNRs suspension exhibited
the longitudinal plasmon peak at 654 nm, which was in close
resonance with TCPP (Ayaxaps = 419 nM, Ayagem = 650 nm). In
order to evaluate the PEF of AuNRs, the fluorescence intensity
of SiO,@TCPP as the control sample was carried out under
the same chemical environment in all measurements. The pre-
pared SiO,@TCPP NPs were quite monodisperse with an aver-
aged diameter of 50 £ 6 nm (Figure S1, Supporting Informa-
tion). According to previous reports,*’#048 it was reasonable
to choose SiO,@TCPP as the reference because fluorescence
lifetime and steady-state fluorescence intensity of SiO,@TCPP
behaved similar to free TCPP. These results indicated that
simply binding TCPP to the silica surface did not significantly
change fluorescence behavior, but ensured identical environ-
ment as much as possible. As shown in Figure 2A, AUNR@
SiO,@TCPP NPs with silica shell thickness of 22 nm (AuNR@
SiO; (22 nm)@TCPP) have two strong SPR bands of AuNRs
as well as an extra absorption band peaking at 419 nm owing
to the conjugation of TCPP molecules. The amount of TCPP
molecules covalently linked to silica shell could be calculated
through the absorption spectra. The relative ratio of TCPP to
AuNR@SiO, was roughly estimated to be about 4200 TCPP
molecules per AuUNR@SiO, by using the reported method!?#’]
(Section S2, Supporting Information). The total concentra-
tion of TCPP in AuNR@SiO,@TCPP NPs should be almost
the same as that in SiO,@TCPP. Meanwhile, an obvious fluo-
rescence enhancement process was observed (Figure 2B), and
the fluorescence intensity could increase up to =4.5 times by

Adv. Funct. Mater. 2015, 25, 7017-7027
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0.09 x 10 M AuNR@SiO,@TCPP at a silica thickness of
22 nm. It matched very well with previous reports that PEF was
strongly separation distance dependent.>?74¢] Typical confocal
scanning images with a size of 35 pm x 35 pm were taken from
AuNR@SiO, @TCPP with 22 nm silica shell (Figure 2C) and the
control sample SiO,@TCPP (Figure 2D). The prominent differ-
ences in brightness of emission spots indicated unambiguous
information of fluorescence enhancement in the presence of
AuNRs. The fluorescence intensity of AUNR@SiO, @TCPP was
=4.5-fold higher than that of the control sample. This showed
that AuNR core was responsible for fluorescence emission
enhancement, which was attributed to the PEF phenomenon.

2.2. Optimization and Mechanism of PEF for AuUNR@SiO,@TCPP
The fluorescence enhancement was closely related to the dis-

tance between the fluorophores and the metal NPs. Although
there were a few attempts to use protein*’l or polyelectrolyte>”!
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to control the distance, a rigid dielectric spacer layer was
more advantageous to accurately regulate the spacer thick-
ness and investigate the mechanism. In order to get the opti-
mized fluorescence enhancement ability, the silica thickness
was controlled by CTAB concentration.*®l The key process was
adjusting the concentration of CTAB less than 0.01 x 1073 M
by centrifugation twice after prepared. Extra centrifugation
was not required because total CTAB removal from the sur-
face caused AuNRs aggregation. In the silica coating proce-
dures, concentration of CTAB was varied between 0.3 and
1.8 x 1073 M to obtain porous shell thickness about 34, 28, 22, 18,
13, and 8 nm (Figure 3A—F). The concentration of CTAB versus
the used silica shell thickness was shown in Figure S3 (Sup-
porting Information). It demonstrated that silica shell thickness
decreased while the CTAB concentration increased. As shown
in Figure S4 (Supporting Information), the absorption spectra
of AuUNR@SiO, had a red shift compared with the bare AuNR,
which was induced by the increase in the local refractive index of
the silica shell and the decreased plasmon oscillation energy.>!
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Figure 3. A—F) TEM images of AuNR@SiO, with increasing silica shell thickness (8, 13, 18, 22, 28, and 34 nm). G) Distance-dependent fluorescence
enhancement factor. H) Fluorescence decay curves of AUNR@SIO,@TCPP with different silica shell thickness (8, 13, 18, 22, 28, and 34 nm) and the

control sample.
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At a distance of a few nanometers from the metal surface,
the fluorescence was strongly enhanced, which was reported
by increasing studies.'>347521 Accordingly, we tested a series
of AuNR@SiO, with above-mentioned shell thickness from
8 to 34 nm in order to study the distance-dependent enhance-
ment effect for the optimized fluorescence enhancement
ability. The fluorescence enhancement was characterized
using fluorescence enhancement factor F (F = I/l o0, Where
I was the emission intensity of PEF-AuNR@SiO,@TCPP and
Iontrol Was the emission intensity of SiO,@TCPP). The result
showed in Figure 3G, for our PEF system, the largest fluores-
cence enhancement was observed at a silica shell thickness
of 22 nm with enhancement factor of 4.5. Thicker shell thick-
ness resulted in decreased fluorescence enhancement and
thinner shell thickness caused less fluorescence enhancement
(Figure S5, Supporting Information). Thus, AuNR@SiO,@
TCPP with the silica shell thickness of 22 nm was used for the
following detection.

To explore the origin of PEF, the fluorescence decay curves
of TCPP in SiO,@TCPP and AuNR@SiO,@TCPP NPs with
different shell thickness were observed by time-correlated
single photon counting (TCSPC) technique (Figure 3H). All of
the fluorescence of AUNR@SiO,@TCPP decayed much faster
than that on SiO, (SiO,@TCPP), leading to shortened fluo-
rescence lifetimes (Table S1, Supporting Information), which
suggested that the shortened lifetime arose from the interac-
tion of the fluorophore and AuNR core through modification of
decay rate.'>>3 The fluorescence enhancement mechanism by
the interactions between plasmons and fluorophores has been
widely studied lately.”* There were two kinds of enhancement
contributions:[21°550] excitation enhancement owing to strong
local electric fields associated with the excitation of localized
surface plasmon resonance and increase in the radiative decay
rate from a surface plasmon resonance-coupled excited state of
the fluorophore. Excitation enhancement which depended on
the plasmon resonance overlap with the excitation wavelength,
resulted in an enhanced local electric field due to plasmon reso-
nance increased the rate of excitation but did not change the
fluorescence lifetime.??l The increase of radiative decay rate
could lead to decreased fluorescence lifetime and increased
fluorescence quantum yields (i.e., fluorescence intensity)
because of an increase in intrinsic radiative decay rate of the
fluorophore,!'218 which was consistent with our experimental
observation due to spectral overlap between the plasmon band
of AuNRs and emission spectrum of TCPP.

As Lakowicz and co-workers reported,'>*”! as the value
of metal increased radiative rate increased, the fluorescence
quantum yield increased while the lifetime tended to decrease.
In our experimental results, no fluorescence quenching was
observed, indicating that the radiative decay rate always took
the dominant role. As the AuNR-TCPP distance decreased,
radiative decay rate increased, thus quantum yield (i.e., emis-
sion intensity) rised, together with the shortened fluorescence
lifetime. This was again consistent with our observation when
the shell thickness decreased from 34 to 22 nm. As the AuNR-
TCPP distance further decreased from 22 to 8 nm, there was
a simultaneous increase in the nonradiative decay rate, which
caused the declining trends of quantum vyield at these dis-
tances. Hence, we observed that the fluorescence enhancement
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factors (F) gradually decrease from the maximum 4.5 to 1.2.
This was well consistent with our experimental observation
when the shell thickness decreased from 22 to 8 nm (Figure 3H
and Table S1, Supporting Information).

2.3. Principle of the PPi Detection

As one of the widespread metal, copper was known to be an
essential trace element for both plants and animals, including
humans, with a great importance in environment, industry,
and biological systems. Cu?" was a well-known highly effi-
cient fluorescent quencher due to its paramagnetic properties
via electron or energy transfer.’®>?) Cu?" could form com-
plexes with porphyrin molecules, resulting in the fluores-
cence quenching.P80¢1 Recent research demonstrated that
Cu?* complexes showed strong affinity toward PPi, and could
be available for design PPi sensors using displacement strate-
gies.33354162] Moreover, this strong association between PPi
and Cu?" could be further applied to determining alkaline
phosphatase (ALP) with PPi as substrate.l®*%* As shown in
Figure 4, the AUNR@SiO,@TCPP showed red fluorescence
in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer (10 x 10 ™, pH 7.4), and its fluorescence intensity
was significantly quenched after the addition of Cu?*. The
quenching effect should be related to Cu?* binding with the
carboxyl groups on the surface of AuNR@SiO,@TCPP, and
formation of AuNRs@SiO,@TCPP-Cu?* complexes. Owing
to the stronger coordination of PPi with Cu?' than carboxyl
group, when PPi was added, the fluorescence intensity of the
system could be recovered partially, and effectively withdraw
the Cu?* from the complexes of AuUNR@ SiO,@TCPP-Cu?*.*?
In fact, using strong affinity between PPi and Cu?* complexes
for detecting PPi was explicitly described in the previous
reports.}*6365] The photographs of AUNR@SiO,@TCPP (the
inset of Figure 4) clearly showed this fluorescence turn off-on
process.

Fluorescence intensity (a.u.)

600 65 700 750
Wavelength(nm)

Figure 4. Fluorescence emission spectra and photographs (inset) under
UV light of the 1) AUNR@SiIO,@TCPP, 2) AuNR@SiIO,@TCPP + Cu?¥,
3) and AUNR@SiO,@TCPP + Cu?* + PPi in 10 x 107 m HEPES buffer
at pH 7.4.
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Figure 5. A) Fluorescence spectra of AUNR@SiO,@TCPP upon addition of different concentrations of Cu?* at 0, 0.15, 0.25, 0.5, 1, 1.5, 2, 2.5, 5, 10, 20,
40, and 60 x 107 m. B) Relative fluorescence intensity (I/l, at 650 nm) for AUNR@SiO,@TCPP versus the Cu?" concentrations. Inset: the fitted calibra-
tion line in the linear region of 0.15-2.5 x 1078 m Cu?*. C) Fluorescence spectra of the AUNR@SiO,@TCPP-Cu?* complexes upon addition of different
concentrations of PPi at 0, 5, 10, 17.5, 25, 40, 50, 60, 75, 82.5, 100, 125, and 175 x 1075 m PPi. D) Relative fluorescence intensity (I/l, at 650 nm) for
AUNR@SiO,@TCPP-Cu?* (Cu?*: 20 X 107® m) versus the PPi concentrations. Inset: the fitted calibration line in the linear region of 5-75 x 107 m PPi.

Measurements were performed in 10 x 107> m HEPES buffer at pH 7.4.

2.4. Optimization of the Experimental Conditions for PPi
Detection

For the control experiment, to understand the effect of PPi
on AuNR@SiO,@TCPP, when different concentrations of
PPi were added into the same amount of AuNR@SiO,@
TCPP, the fluorescence intensities were measured. As shown
in Figure S6 (Supporting Information), it was illustrated
that PPi hardly affected the fluorescence ability of AUNR@
SiO,@TCPP. Therefore, a fluorescent sensor for PPi could
be established through observation of the AuNR@SiO,@
TCPP-Cu?* solution fluorescence. The optimization of incu-
bation time for fluorescence quenching by Cu’* was also
studied. As shown in Figure S7 (Supporting Information),
the fluorescence intensity decreased with the enhancement
of incubation time between AuNR@SiO,@TCPP and Cu?*,
and reached a plateau after 15 min, so 15 min was chosen in
further experiments. The effect of the reaction time between
PPi and AuNR@SiO,@TCPP-Cu?" was shown in Figure S8
(Supporting Information). The fluorescence recovery became
slow until reaching a steady state at 10 min. Therefore, 10 min
was selected as the optimal reaction time for PPi detection
in the system.

Adv. Funct. Mater. 2015, 25, 7017-7027
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Then, we explored the effect of Cu?* concentration on the
sensing system. Measurements were performed by using
0.11 x 10° M AUNR@SIiO,@TCPP in 10 x 103 m HEPES
buffer at pH 7.4. Figure 5A showed gradual decreasing in fluo-
rescence intensity with the increasing amount of Cu?" in the
range from 150 x 10~ to 60 x 107 m. Additionally, the fluo-
rescence quenched =90% of the initial fluorescence intensity of
the unquenched AUNR@SiO,@TCPP, when Cu?* concentra-
tion was up to 20 x 107® M. As shown in Figure 5B, the linear
correlation to the Cu?* concentration was exhibited in the con-
centration range from 150 x 10~ to 2.5 X 107 m with an R? of
0.994, and the limit of detection for the concentration of Cu?*
was calculated to be 75 x 107 M (30y,/s), which was much lower
than the recent reported fluorescence methods. Besides Cu’*
(20 x 107° m), we further assessed the influence of 17 metal cat-
ions (each 40 x 107° m) including Na*, K*, Ag*, Mg?*, Ca®*, Ba?*,
FeX*, Co?*, Ni**, Zn%", Mn%**, Pb**, Sr*, Cd%*, Al**, Fe**, and
Cr’** on fluorescence of AuNR@SiO,@TCPP in this work (see
the black columns in Figure S9, Supporting Information). The
fluorescence intensity ratios (I/I) of the AuNR@ SiO,@TCPP
showed an extensive decrease in the presence of Cu?t, while
others had no or slight effects on the change of fluorescence
intensity. Moreover, compared to other metal ions, only a
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dramatic fluorescence recovery was observed by the solution
composed of Cu?" and AUNR@SiO,@TCPP when introducing
PPi (see the red columns in Figure S9, Supporting Informa-
tion). The results indicated that this core—shell nanoprobe had
excellent selectivity for Cu?* over other metal ions. Thus, the
concentration of 20 x 107 M for Cu?* was chosen as the optimal
conditions for the following quantitative determination.

2.5. Turn-On Fluorescent Detection of PPi

To examine the feasibility of using the AuNR@SiO,@TCPP-
Cu?* as the turn-on sensing probes for PPi, different concen-
trations of PPi was added into 10 x 107> M HEPES buffer (pH
7.4) containing AUNR@SiO,@TCPP (0.11 x 10~ m) and Cu?*
(20 x 10° M) under the optimal conditions. As shown in
Figure 5C, the fluorescence intensity of the system could be
gradually recovered as the concentration of PPi increased. When
the concentration of added PPi was up to 125 x 107® m, =65%
of the initial fluorescence intensity of the unquenched AuNR@
SiO,@TCPP could be recovered, namely, about 6.5 times
enhancement over the fluorescence intensity of AUNR@ SiO, @
TCPP-Cu?" (Figure 5D). A good linear fitting curve between
fluorescence intensity ratios I/I, (where I and I, are the corre-
sponding fluorescence intensities in the presence and absence
of PPi, respectively) and concentration of PPi was obtained in
the range of 5 107 M to 75 x 10° M with an R? of 0.993 (the
inset of Figure 5D). The limit of detection (LOD) was estimated
to be 820 x 10~ m based on 30y/s, where o, was the standard

8 = With anion
[ PPi in presence of anion
6 -
(=~}
J 44
-~
24
04
,50 (V * . . . L * (v 'v » d * { o"
O 20D n, OPOVan o ¢ O & N
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Figure 6. Fluorescence intensity ratios (where | and Iy are the corre-
sponding fluorescence intensities at 650 nm in the presence and absence
of anions, respectively) of AUNR@SIO,@TCPP-Cu?" toward PPi in the
presence of some representative analytes. Black bars represent the addi-
tion of a single analyte (400 x 107® m) including: PO,*~, HPO,*", H,PO,",
Ac, HCO5™, CO52, NO5™, NO,, SO 42, SO52, F-, CI, Br, I, and blank,
respectively. Gray bars represent the subsequent addition of PPi (125 x
107 m) to the mixture. All experiments were performed in 10 x 107 m
HEPES buffer at pH 7.4.
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deviation of the blank samples and s was the slope of the cali-
bration curve.

To evaluate the specificity of AuNR@SiO,@TCPP-Cu?*
toward PPi, the fluorescence response of AuNR@SiO,@
TCPP-Cu?* toward PPi was examined in the presence of excess
amounts of these anions (PO,*~, HPO,2", H,PO,~, Ac”, HCO;,
CO;%, NO5-, NO,7, SO, SO;*, F-, CI, Br, and I7) under
identical conditions (Figure 6). Except for H,PO,~, HPO,*", and
PO,*, the fluorescence intensities of AUNR@SiO2@TCPP-
Cu?* remained unchanged or slightly changed upon addition
of 400 x 107 m of any of these anions. However, addition of
125 x 107 M of PPi resulted in a dramatic fluorescence recovery.
The presence of H,PO,~, HPO,?", and PO,*" caused an obvious
enhancement of fluorescence, because they were also able
to form stable metal chelates. However, compared with the
sharp increase of fluorescence by PPi and approximately four-
fold lower amount of PPi, the influence of phosphate anions
could be considered to be acceptable, while other anions had
slight effects on the change of fluorescence intensity. These
results indicated that this method had good specific for the PPi
detection.

To evaluate its feasibility in real samples, this method was
applied to PPi detection in tap water and in Dulbecco’s modified
Eagle medium (DMEM) cell medium. The average recovery and
relative standard deviation (RSD) for various concentrations of PPi
were generally satisfactory (Table S2, Supporting Information).
The results in DMEM cell medium also verified the stability and
practicability of this method in biological samples.

2.6. Cytotoxicity of AuUNR@SiO,@TCPP Nanoprobe and
Imaging Cu?" and PPi in Living Cells

The cytotoxicity of AuNR@SiO,@TCPP was evaluated by the
3-(4,5-dimethylthiahizol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) viability assay of HeLa cells after incubation with NPs
at different amounts for 24 h. The results of the concentration-
dependent cell viability were shown in Figure S10 (Supporting
Information). AUNR@SiO,@TCPP NPs showed a high cell
viability (>90%) even at high concentration (1.1 x 10~° M), dem-
onstrating that it was low cytotoxicity and good biocompatibility
for biological imaging.

Based on the fluorescence “off” and “on” strategy of AUNR@
Si0,@TCPP nanoprobe for detection of Cu?" and PPi in an
order, we applied AuNR@SiO,@TCPP nanoprobe for imaging
Cu?* and PPi in living cells. First, Hela cells were incubated
with 0.15 x 10 M AuNR@SiO,@TCPP at 37 °C for 6 h and
washed with phosphate-buffered saline (PBS) for three times
to remove the free AuNR@ SiO,@TCPP prior for cell imaging.
Red fluorescence of AUNR@ SiO, @ TCPP in cells was observed
(Figure 7A-C). After that, 40 x 10°® M Cu?" was introduced
to the Hela cells incubation for 1 h, the cell color was effec-
tively quenched (Figure 7D-F). The results indicated that the
AUNR@ SiO,@TCPP nanoprobe could be used for the fluo-
rescence detection imaging of Cu?* in living Hela cells. In
the addition of 250 x 10° m PPi, due to the higher affinity
between Cu?* and PPi, the observed cell color turned to red
(Figure 7G-I). The results indicated that the AUNR@SiO,@
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Figure 7. Fluorescence images of Hela cells after incubation with AUNR@SiO,@TCPP for
6 h. A) Fluorescence images, B) bright-field images, and C) merged images of the fluores-
cence images and bright-field images. Fluorescence images of Hela cells after incubation with
AuNR@SiO,@TCPP for 6 h and Cu?* (40 x 107 m) for 1 h. D) Fluorescence images, E) bright-
field images, and F) merged images of the fluorescence images and bright-field images. Fluo-
rescence images of Hela cells after incubation with AUNR@SiO,@TCPP for 6 h and Cu?*
(40 x 107® m) for 1 h and PPi (250 x 107® m) for 1 h. G) Fluorescence images, H) bright-field
images, and 1) merged images of the fluorescence images and bright-field images. The scale

bar of all the images is 20 pm.

TCPP nanoprobe could also be applied to detect PPi in living
HelLa cells.

3. Conclusion

In conclusion, we described PEF-based core-shell AuNR@
SiO,@TCPP nanostructures as an NIR fluorescent turn-on
probe for sensing PPi in aqueous solutions. Through con-
trolling the thickness of silica shell for the optimized fluo-
rescence efficiency, AuNR@SiO,@TCPP NPs with the shell
thickness of 22 nm could obviously enhance the fluorescence
intensity. The decreased average fluorescence lifetime indi-
cated that the amplification of fluorescence was ascribed to
the PEF effect. Under the optimized conditions, the proposed
PEF-based nanoprobe provided an effective NIR fluorescent
“turn-on” platform for detection of PPi with a detection limit of
820 x 10~ M, and demonstrated a high selectivity in aqueous
buffer. Moreover, this nanoprobe could be successfully applied
to detect PPi in real samples and in living cells. Therefore,
this work may not only provide a new avenue for sensing
PPi but also expand the potential applications of PEF-based
nanomaterials. The possibility of using the platform for other
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significant biomolecules assays based on
plasmon-enhanced fluorescence needs more
deep investigation and will be the subject of
future work.

4. Experimental Section

Materials: CTAB, ascorbic acid, tetraethoxysilane
(TEOS), PPi, and MTT were purchased from Sigma-
Aldrich (Shanghai, China). Silver nitrate (AgNO3),
APTES, EDC, and NHS were obtained from Alfa
Aesar (Shanghai, China). Sodium borohydride
(NaBH,), gold tetrachloroaurate (HAuCl;3H,0),
sodium  hydroxide (NaOH), HEPES, and
CuCl,-2H,0 were from Beijing Chemical Works.
TCPP was purchased from Tokyo Chemical Industry.
The Hela human cancer of the cervix cell line, PBS,
DMEM, fetal bovine serum (FBS), and penicillin—
streptomycin solution (PSS) were obtained from
Peking Union Medical College Hospital. All
reagents used were analytical grade, and were used
as received without further purification. Deionized
water (18.2 MQ) obtained from Milli-Q water
purification system was used in all the experiments.

Characterization: UV-vis spectra were collected
on a UV-2450 spectrometer (Shimadzu, Japan).
Fluorescence spectra were collected on an
RF-5301PC (Shimadzu, Japan). HR-TEM images
were recorded with a JEOL 2010 transmission
electron microscope at an accelerating voltage
of 200 kV. The zeta potential measurements were
performed using a Nano-ZS Zetasizer ZEN3600
(Malvern Instruments Ltd., UK). Time-resolved
fluorescence decay curves were performed using
an OB920 single-photon counting fluorometer
(Edinburgh Analytical Instruments, UK) with a
pulsed microsecond nitrogen lamp as excitation
source. Fluorescence imaging experiments were
obtained with an observer Z1 inverted fluorescence microscope (ZEISS)
with blue light excitation. Confocal luminescence images were made with
a Zeiss LSM700. An oil immersion objective with a numerical aperture
(100, NA 1.46) was used. The samples were excited at 405 nm.

Synthesis  of AuNRs: AuNRs were synthesized in aqueous
solutions using a seed-mediated growth procedure.!l Specifically,
the seed solution was first made by adding HAuCl, solution
(0.25 mL, 0.01 m) into CTAB (10 mL, 0.1 m) solution and kept stirring
for 1 h. Then a freshly prepared, ice-cold NaBH, solution (0.6 mL,
0.01 m) was rapidly injected into the mixture and the solution color
turned from vyellow to brownish-yellow under vigorous stirring
for 5 min. The seed solution was then aged at room temperature
until further use (for 30 min before use). The growth solution was
prepared by the sequential addition of AgNO; (0.08 mL, 0.01 m),
HAuCl, (0.5 mL, 0.01 m), and ascorbic acid (0.06 mL, 0.1 m) into CTAB
(10 mL, 0.1 m). The growth solution was vigorously stirred for 30 s until
it became colorless, the seed solution (0.01 mL) was added rapidly, and
then the resultant mixture was kept overnight (for 16 h) at 27 °C. The
AuNRs were then collected by washing twice at 10 000 rpm to remove
excess CTAB and finally suspended in deionized water.

Synthesis of Core—Shell AUNR@SiO,: Core—shell AUNR@SIO, were
prepared according to the literature with slight modification and CTAB
concentration was a key factor for coating different thickness of silica
shell.l |n order to ensure there was rare CTAB, the concentration of
CTAB was less than 0.01 x 107> m. The AuNR solutions were centrifuged
again at 10 000 rpm for 10 min and the precipitates were redispersed in
10 mL of water each time. The redispersed AuNR solutions were collected

wileyonlinelibrary.com

7025

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

7026 wileyonlinelibrary.com

<
m

ww.afm-journal.de

and divided into six tubes of 10 mL. Then, the CTAB concentration was
adjusted to 0.3, 0.4, 0.7, 0.9, 1.2, and 1.8 X 1073 m by the addition of 0.1 m
CTAB to each of the six tubes. The solutions were stored overnight to
allow the CTAB bilayer to adsorb on AuNR surface evenly. Briefly, 70 pL
of 0.1 m NaOH solution was added to each 10 mL of AuNR solution
upon stirring for 30 min. After that, three 30 pL injections of 20% TEOS
in methanol were added under gentle stirring at a 30 min interval and
left to react with AuNRs for 24 h. The silica-coated AuNR suspension
was separated by centrifugation and washed with water and ethanol
three times. The obtained AuUNR@SiO, NPs were redispersed in ethanol
before further use.

Conjugation of TCPP with AuNR@SiO,: The conjugation of the
as-prepared core—shell AuNR@SiO, with TCPP was performed by amine
coupling processes. First, modification of core-shell AUNR@SIO, with
amino groups was required. Briefly, 100 pL of ammonium hydroxide
(25%) was added to a 10 mL of AUNR@SIO, ethanol solution and
stirred for 30 min. After that, 50 pyL of APTES was added to the mixture
under stirring at 35 °C for 3 h and quickly heated at 65 °C for 1 h. The
amino-functionalized AUNR@SiO, NPs were collected by centrifugation
and washed three times with EtOH.

Covalent binding of TCPP to the amino-functionalized AUNR@SiIO,
NPs was conducted using a modification of the standard EDC-NHS
reaction. First, 0.04 mL of 1 x 107 m TCPP, 20 pL of 0.1 m NHS,
and 20 pL of 0.1 m EDC were added into 3 mL of DMF. The solution
was continuously stirred for 30 min and then 1 mL of the amino-
functionalized AuNR@SiO, NPs was added into the mixture. The
mixture was let to react 12 h under stirring. The product was collected
by centrifugation and washed with ethanol and DMF to remove the
unreacted TCPP molecules. Finally, the as-synthesized AUNR@SIO,@
TCPP hybrids were dispersed into DMF or HEPES buffer solution for
various optical characterizations, detection, and cell experiments.

Conjugation of TCPP with SiO,: Silica NPs were prepared by the
method under low surfactant concentration and dilute TEOS conditions
with NaOH as catalyst.[**] 400 pL of 0.1 m CTAB was dissolved in 50 mL
of deionized water before 250 pL of 0.1 m NaOH solution was added.
The mixture was stirred for 30 min and then 600 pL of 20% ethanolic
TEOS was added. The solution was aged for 24 h. The as-synthesized
SiO, were collected by centrifugation, washed with deionized water and
ethanol several times, and finally redispersed in ethanol. The sample of
SiO,@TCPP NPs was prepared by the same method described above as
substituting AUNR@SiO, with silica nanosphere.

Fluorescence Detection of Cu?* and PPi: The as-prepared AUNR@
SiO,@TCPP NPs were dissolved in the HEPES buffer (10 x 107 w,
pH 7.4) and the fluorescence intensities were recorded from 550 to
750 nm at an excitation wavelength of 419 nm. Different concentrations
of Cu?* solution were added into AUNR@SIO,@TCPP in HEPES buffer
(10 X 1073 ™, pH 7.4). Their fluorescence spectrum was recorded after
the incubation time for 15 min.

For quantitative determination of PPi, 50.0 pL of 0.8 x 107> m Cu?*
solution was first added into 1.9 mL of AUNR@SIO,@TCPP in HEPES
buffer (10 x 107 m, pH 7.4) to quench the fluorescence. A certain
different concentration of PPi solution was added into the above mixture.
The fluorescence spectrum was recorded at the excitation wavelength of
419 nm after 10 min incubation time.

Cytotoxicity Assay by MTT Method: The cellular toxicity of the AUNR@
SiO,@TCPP NPs was evaluated using MTT cell-viability assay. Hela
cervical carcinoma cells were seeded into 96-well plates and maintained
for 24 h in a humidified standard incubator with a 5% CO, atmosphere
at 37 °C. Then, serial dilutions of AUNR@SIO,@TCPP with known
concentrations were added into cells for incubation of another 24 h.
After pouring out the medium and adding 100 pL DMEM, 20 pL of
5 mg mL™' MTT was added to each well and incubated for 4 h. Then,
the MTT medium solution was carefully removed and replaced with
200 pL DMSO. After the plate was gently shaken for 10 min, the relative
viabilities of cells were calculated with absorption values at 490 nm
according to the formula.

Cellular Imaging: Hela cells were used for fluorescence imaging.
The Hela cells were cultured in a DMEM medium supplemented with
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10% FBS and 0.01% PSS in an incubator at 37 °C under a humidified
atmosphere with 5% CO,. The cells were incubated in a confocal dish to
adhere for 24 h, and then the AUNR@SIO,@TCPP NPs were added to
dish for incubating another 6 h in the culture medium. After incubation,
these AUNR@SiO,@TCPP incubated cells were thoroughly washed with
PBS buffer solution to remove the excess NPs and added with fresh
medium. Then the cell samples were ready for fluorescence imaging
measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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