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Tunable metal-enhanced fluorescence by pH-
responsive polyacryloyl hydrazide capped Ag
nanoparticlesy

Shuai Yuan,® Fengyan Ge,*® Yanmin Chen® and Zaisheng Cai®

A new strategy for metal enhanced fluorescence (MEF) was firstly realized based on the surface plasmon
resonance of polyacryloyl hydrazide capped Ag nanoparticles (PAH-Ag NPs). Owing to the pH-
responsive swelling—shrinking behavior of the polyacryloyl hydrazide (PAH) polymer, the interaction
distance between the Por** dye molecules and Ag NPs can be controlled under pH stimuli. By this
method, we successfully achieved a tunable MEF in the pH range from 4 to 9 and 1.97-fold fluorescence
enhancement can be obtained at pH = 4 as compared to the reference. The as-prepared PAH-Ag NPs
successfully combined pH sensitivity and the controllable MEF effect into one entity by introducing the
PAH polymer on the surface of Ag NPs, which is promising for use as materials for selective biological

www.rsc.org/advances sensing and imaging.

Introduction

In recent years, the fluorescence technique has attracted much
attention because of its simplicity and sensitivity in the fields of
chemistry, biochemistry and sensing devices."”®* However, in
some cases, some biomolecules cannot be effectively detected
by fluorescence analysis owing to the presence of endogenous
fluorescers.” To overcome this limitation, considerable efforts
have been devoted to improving the sensitivity of fluorescence
measurements. The successful strategies, such as photonic
crystals (PCs) enhanced fluorescence, fluorescence resonance
energy transfer (FRET) enhanced fluorescence and metal
enhanced fluorescence (MEF), have been demonstrated to
amplify the fluorescence signals.*** Among these methods,
MEF shows great potential for the detection and imaging of
biological species such as DNA, RNA and proteins.

The MEF effect is a unique phenomenon whereby when
a fluorophore is in close proximity to the nanostructures of
noble metals (silver, gold), the fluorescence intensity and
stability of fluorophores can be greatly increased. This
phenomenon is attributed to coupling of the oscillating dipole
of the fluorophore with the plasmon resonance from the surface
of the metal."*** In these reports of MEF, Ag nanoparticles (Ag
NPs) are most commonly employed for easy preparation and
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excellent surface plasmon resonance. When the fluorophore is
close to the surface of the Ag NPs, strong electromagnetic fields
will be generated, resulting in the fluorescence intensity
enhancement of fluorophores.'*” MEF is sensitive to the
interaction distance between the fluorophores and the Ag NPs.
If the distance between fluorophores and the surface of the Ag
NPs is too close, the existence of Ag NPs will have a pronounced
tendency to quench the fluorescence. In contrast, there is no
interaction to perform MEF effects. Therefore, MEF can be
controlled by adjusting the distance between the fluorophores
and Ag NPs.'®"

The introduction of the stimuli responsive polymers on the
surface of Ag NPs has been proved to be an effective approach to
control the MEF.***' The swelling-shrinking behavior of the
responsive polymer can control the distance between the Ag NPs
and the fluorophore with an appropriate external stimuli (such
as temperature and pH) and further achieve the tunable MEF
effects.”** As a pH-responsive polymer, polyacryloyl hydrazide
(PAH) has already been reported for various biomedical appli-
cations.***® Owing to abundant hydrazide functionality, PAH
can not only serve as the reducing agent for the metal ion
precursors, but can also swiftly encapsulate the surface and
stabilize the metal NPs.”* PAH was used as a nanoreactor to
synthesize Ag NPs and at the same time Ag NPs were dispersed
in the stimuli nanoparticles. Therefore, we employed tunable
MEF effects by adjusting the interaction distance between the
fluorophores and the Ag NPs owing to the pH responsive
swollen-shrunken state of PAH under pH stimuli.

In this paper, pH-responsive PAH-Ag NPs were prepared by
a simple synthesis method without adding a reducing agent.
PAH-Ag NPs were used to adsorb positively charged Por** dyes
onto the surfaces of PAH-Ag NPs. As shown in Scheme 1, owing
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Scheme 1 Schematic illustration of the tunable MEF effects of Por*" with PAH—Ag NP by adjusting the pH.

to the responsiveness of PAH polymer, the distance between the
Ag NPs and the Por** fluorescence can be easily controlled by
different pH values. Correspondingly, a tunable MEF effect of
the Por*"/PAH-Ag NPs can be realized by adjusting the pH.

Experimental

Materials

5,10,15,20-Tetrakis-(N-methyl-4-pyridyl)-21,23 H-porphyrin  tet-
ratosylate (Por*") and tetrabutyl ammonium bromide (TBAB)
were purchased from Sigma-Aldrich. Other chemicals and
solvents were purchased from Shanghai Chemical Reagent Co
and were used without further purification. Deionized water
was used in the process of synthesis and characterization.

Instrumentation

Transmission electron microscopy (TEM) images of the PAH-Ag
NPs were obtained using a 2100F transmission electron
microscope (JEOL, Japan) at a voltage of 200 kV and the diluted
PAH-Ag NPs dispersions were dropped onto carbon coated
copper grids and dried before observation. The hydrodynamic
diameters (Dy,) of the PAH-Ag NPs at the various pH values were
detected via BI-200SM dynamic light scattering (DLS) with a BI-
9000 AT digital time correlator (Brookhaven, USA) in the
condition of 90° for scattering angle. Laser source is a He-Ne
laser with 633 nm and 35 mV. The { potentials of the PAH-Ag
NPs dispersed in the waters at various pH values were measured
via a Nano-ZS (Malvern, UK) using a monochromatic coherent
He-Ne laser as the light source. The UV-visible spectra of PAH-
Ag NPs dispersed in the waters at various pH values were tested
via a UV-visible spectrometer (PerkinElmer, USA). The fluores-
cence spectra of the PAH-Ag NPs were measured using a Hitachi
F-7000 spectrofluorometer with pH stimuli.

Preparation of PAH

PAH was synthesized using a procedure reported earlier.”” Pol-
ymethyl acrylate (PMA) was prepared according to Moustafa
report.”® Then PMA (0.156 mol) were dissolved in 300 mL

This journal is © The Royal Society of Chemistry 2017

tetrahydrofuran, hydrazine hydrate (0.8 mol) and TBAB (0.031
mol) were added to it. The mixed solution was heated to 60 °C
and lastly reacted for 12 h. The prepared PAH solution was
transferred into methanol to form the polymer product. The
obtained white product was washed several times and dried at
ambient temperature under reduced pressure for further use.
Yield: 90%. 'H NMR (400 MHz, D,0) ¢ (ppm): 1.3-2.2 (m, 3H,
-CH,-CH-CO-), 3.16 (br, 2H, -CONH-NH,).

Preparation of PAH-Ag NPs

PAH-Ag NPs were prepared without a reducing agent or modi-
fier.?® Briefly, 250 L of AgNO; aqueous solution (0.05 mol L)
was added to 25 mL of PAH aqueous solution (2% (w/v)), then
the mixture was stirred for 30 min at room temperature. The
resulting reddish brown solution was purified by dialysis
against deionized water for 24 h, collected by centrifugation,
and then dispersed in deionized water.

Tunable MEF experiments

To study the tunable MEF effect of PAH-Ag NPs, the different
pH values of the PAH-Ag solution were adjusted using 0.1 mol
L' HCI solution. Then 20 pL of PAH-Ag NPs solution at
different pH values was added to the Por*" (10~® M) solution
and incubated for 2 h. The period of 2 h ensured sufficient
adsorption of Por*" to obtain veritable fluorescence intensities.
Fluorescence measurements were performed using an excita-
tion wavelength of 420 nm to determine the MEF effects. The
MEF enhancement factors at various pH values were calculated
by comparing the fluorescence intensity of the nanoparticle-
added Por*" solution at a wavelength of 653 nm and a pure
Por®" solution under the same measurement conditions.

Results and discussion
Synthesis and characterization of PAH-Ag NPs

PAH (M, = 62 000 g mol ") with quantitative functionality can
be conveniently synthesized (Fig. S1t). In this paper, we
synthesized PAH by the treatment of PMA with hydrazine
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hydrate as the reducing agent in the presence of TBAB as the
catalyst, as shown in Scheme 2. The PAH possessed a hydrazide
group in each repeating unit, which served as an effective
reducing agent for the preparation of metal NPS in the chemical
reduction of the metal ion in the polymeric matrixes, as re-
ported in the literature.?>*® Ag" electrophilic substitution of the
nitrogen at the end of hydrazide groups formed -CO-NH-NH-
and Ag NPs in the process of preparation of the PAH-Ag NPs. In
addition, the presence of PAH on the surface of the Ag NPs can
resist the oxidation of Ag® to Ag" and reduce the toxicity asso-
ciated with Ag NPs.”* We also confirmed the above-mentioned
results through the experimental phenomena. When the solu-
tion of AgNO; was added into the PAH aqueous solution at
ambient temperature, a characteristic yellow color of the reac-
tion mixture appeared within 15 min, suggesting the formation
of NPs. With the increase of the reaction time, the color of the
solution became reddish brown, indicating the size increase of
the Ag NPs. From Fig. 1a, the average size of the Ag NPs ob-
tained was about 32 nm. As shown in Fig. 1b, we found that the
Ag NPs were fully encapsulated by the PAH polymer with
complete core-shell structures. From TG analysis (Fig. 2), we
can calculate the content of the Ag NPs inside the PAH-Ag NPs
to be 3.7% (w/w), which indicates that there were substantial
organic constituents in the NPs, further illustrating the forma-
tion of PAH-Ag NPs. In addition, the FTIR spectra of PAH-Ag
NPs (Fig. S21) exhibited the characteristic bands at 1620 and
3253 cm ! for -C=0g, and -N-Hg,,, respectively, which also
suggested that PAH was present on the surface of the Ag NPs.
In the PAH-Ag NPs, the Ag NPs showed a similar absorption
peak (at about 407 nm) in UV-vis spectra in the pH range from 4
to 9 (Fig. 3). The imperceptible changes of the absorbance
intensity and the location of the absorption peak were only
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Fig.1 (a) TEM images of PAH-Ag NPs; (b) HRTEM images of a single
PAH-Ag NP.
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Fig. 3 pH dependence of the UV-vis absorption spectra of PAH-Ag
NPs.

attributed to the change of the thickness of the polymer shell
layer. This indicated that the PAH did not obviously change the
optical property of the Ag NPs in the nanoparticle during the
swelling-shrinking process. Therefore, for the same size of Ag
NPs, when the fluorophores were adsorbed on the surface of the
PAH-Ag NPs, the MEF effects of PAH-Ag NPs can be mainly
controlled by the distance between the metal and the fluo-
rophore. By dynamic light scattering (DLS) (Fig. 4), we can find
that the PAH-Ag NPs displayed obvious pH responsiveness
owing to the presence of PAH on the Ag NPs surface. As
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Fig.4 pH dependence of the hydrodynamic diameter of PAH-Ag NPs
and Por**/PAH—-Ag NPs.
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expected, the average diameters of the PAH-Ag NPs were
changed by adjusting the pH. The hydrodynamic diameter of
the PAH-Ag NPs was 132.2 nm at pH = 9 and decreased to
43.6 nm when the pH was 4. This could be attributed to the
synergism effect of the following factors: protonation-deproto-
nation, charge repulsion and the hydrogen bond forming
capacity of the PAH polymer. From Fig. 1a and 4, we can further
calculate the thickness of the PAH by subtraction of the Ag NPs
diameter from the diameter of the PAH-Ag NPs, which was
101.2 nm at pH = 9 and 11.6 nm at pH = 4. Owing to the MEF
being sensitive to the interaction distance between the metal
and the fluorophore, we studied the pH-responsiveness of the
Por"*/PAH-Ag NPs by DLS at various pH values (Fig. 4). As ex-
pected, the average diameters of the Por*'/PAH-Ag NPs
increased on increasing the pH, which was consistent with the
swelling-shrinking property of the PAH-Ag NPs. The hydrody-
namic diameter of the Por®/PAH-Ag NPs was measured as
136.2 nm at pH = 9 and collapsed to 50.8 nm when the pH was
decreased to 4. The increase of the hydrodynamic diameter at
the same pH could be attributed to the Por*" layer adsorbed on
the surface of the PAH-Ag NPs. In addition, we found that the
increments of hydrodynamic diameter increased with the
decrease of pH. This is because H' changed the ¢ potential of
the PAH-Ag NPs (see ESI, Fig. S371), the attraction between the
PAH-Ag NPs and Por*" will weaken. Therefore, the increment of
the hydrodynamic diameter increased at the decreased pH
value.

Optical properties of PAH-Ag NPs

Por'" is a positively charged fluorescent porphyrin derivative

and its fluorescence property is very stable under different pH
values, thus it is widely used as a fluorescent probe to detect
MEF behavior.** Under the action of electrostatic attraction,
a large number of Por** molecules were adsorbed on the surface
of the PAH-Ag NPs, which was very useful for MEF. Therefore,
we selected Por'* as a fluorescent probe to detect the MEF
behavior of the PAH-Ag NPs. By exploring the influence of
incubation time on the PAH-Ag NPs enhanced Por*" (Fig. 5), we
found that if the incubation time exceeded 2 h, the fluorescence
intensity of the Por'" no longer increased and maintained

FL Intensity/a.u

T T T T T
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Fig. 5 Emission spectra of Por**/PAH-Ag dispersion at different
incubation times.
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a stable value, which indicated that a mass of Por*" dye mole-
cules were adsorbed on the surface of the PAH-Ag NPs. There-
fore, we chose 2 h as the incubation time. In order to rule out
the influence of the polymer PAH on the fluorescence intensity
of Por"", the polymer of PAH and the bare Ag NPs (about 30 nm)
with the same particle concentration as PAH-Ag were also used
for the fluorescence experiments. From Fig. 6, we can see that
the fluorescence spectra of Por*" have not been significantly
enhanced by introducing the pure polymer PAH. However, these
results are different to those for the bare Ag NPs; the fluores-
cence emission of Por"" reduced to about 43% of the original
fluorescence intensity owing to adding Ag NPs.*” In addition,
the fluorescence intensity of Por®” was obviously enhanced by
the introduction of the PAH-Ag NPs. The above mentioned
results fully confirmed that the pure polymer PAH disadvan-
taged the fluorescence enhancement and Ag NPs can quench
the fluorescence of Por**. Importantly, owing to the presence of
the PAH shell layer, the appropriate distance between the flu-
orophore molecules and the Ag NPs is as beneficial to the
fluorescence enhancement as the sample of PAH-Ag NPs.

It is generally known that the MEF effect is greatly sensitive
to the interaction distance between the fluorophore and the
metal NPs.>»** As a pH-responsive nanoparticle of PAH-Ag, the
distance between the Ag NPs and the Por** adsorbed on the
surface of the nanoparticles can be easily modulated with
various pH values. Therefore, to further study the tunable MEF,
the PAH-Ag NPs with different pH values were added into the
Por’" solution. After the Por** molecules were sufficiently
adsorbed on the surface of the PAH-Ag NPs, the emission peak
intensity at a wavelength of 653 nm was measured with the
excitation wavelength at 420 nm. For comparison, the pure
Por** solution with the same concentration was also measured
as a reference. As shown in Fig. 7, the MEF efficiency decreased
with the increase of the pH of the solution and the Por*'/PAH-
Ag NPs exhibited an MEF effect with 1.97-fold fluorescence
enhancement at pH = 4. The reason is that the MEF effect is
very sensitive to the different interaction distance between flu-
orophore and Ag NPs. For the PAH-Ag NPs, the shell thickness
of the PAH-Ag NPs decreases at the lower pH, which suggests
that the interaction distance between the fluorophore and Ag
NPs can be tuned by adjusting the pH of the dispersion

— por®
Por'*/PAH
Por''/Ag
Por' /PAH-Ag

FL Intensity/a.u

T T T
600 625 650 675 700

Wavelength/nm

Fig. 6 Emission spectra of Por** solution, Por**/PAH dispersion,
Por**/Ag dispersion and Por**/PAH—-Ag dispersion at pH = 7.
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Fig. 8 Relative fluorescence enhancement factors of Por** by adding
PAH-Ag NPs at different pH values.

solution. With the decrease of the distance between the fluo-
rophore and Ag NPs, the influence of surface plasmon reso-
nance on the fluorescence enhancement increases. When the
pH of the Por*/PAH-Ag dispersion is 4, the thickness of the
PAH shell is quite close to the optimum interaction distance for
the MEF effects.** It can achieve a maximum multiple of fluo-
rescence enhancement. To further clarify the controllable MEF
behavior, the plots of fluorescence enhancement factors and
different pH values are shown in Fig. 8. It is clearly shown that
the responsive MEF behaviors are consistent with the pH-
responsive swelling-shrinking properties of the PAH-Ag NPs.
These results indicate that we found a simple and effective
method to employ tunable MEF by introducing a pH-responsive
shell onto the surface of Ag NPs.

Conclusions

In summary, we firstly reported on the controllable MEF in the
presence of pH-responsive PAH-Ag NPs. The PAH-Ag NPs were
prepared by directly reducing the Ag" to Ag in the PAH polymer.
The PAH-Ag NPs can undergo swelling—shrinking behavior in
response to pH stimuli, which can effectively tune the interac-
tion distance between the Por** molecules and the Ag NPs, and
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consequently realize a controllable MEF effect. By this method,
we successfully achieved an MEF effect by adjusting the pH of
the Por*'/PAH-Ag dispersion, and a fluorescence enhancement
of 1.97-fold can be generated when the pH of the PAH-Ag
dispersion is 4, as compared with the Por** solution without
adding PAH-Ag NPs. The responsive MEF behavior is in good
accordance with the swelling-shrinking properties of PAH-Ag
NPs at different pH values. These results indicate a new strategy
to realize a tunable MEF by introducing a pH-responsive PAH
shell onto the surface of Ag NPs by adjusting the external
stimuli.
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