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Fluorescence Enhancement of Dysprosium Complex by Binding to Silver Nanoparticles
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Abstract: The photoluminescent properties of dysprosium complex (ethylenediamine tetra acetate) were

investigated in the presence of different sized Ag nanoparticles. The formation of nanoparticles aggregates and a
new absorption band at longer wavelength region were observed upon the addition of Ag nanoparticles when the
pH value of the complex solution was 4.0~6.0. With the increase of the concentration of Ag nanoparticles, the
peak at long wavelength was red-shifted, at the same time, enhancement of the emission intensity for the complex
solution containing Ag nanoparticles was observed. The enhanced fluorescence of the complex and the
enhancement factors were dependent on the concentration and size of Ag nanoparticles. With increasing Ag
nanoparticles concentration enhancement factor first increases and then decreases. The enhancement factor of
small Ag nanoparticles is lower than that of large Ag nanoparticles, meanwhile, the enhancement factor of small
Ag nanoparticles can reach the maximum in lower Ag amount condition. The enhancement effect was discussed
in terms of the effects of nanoparticle aggregates, the local electromagnetic field enhancement effect and optical

absorption due to surface plasmon resonance.
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The lanthanide complexes are of both fundamental
and technological interest because of their large Stokes
shifts, narrow emission bandwidths, and long emission
lifetimes. Due to these characteristics, they are widely
used in high-sensitivity immunoassays and in DNA
hybridization assay®®. Recently, growing attention has
been paid to the fluorescence enhancement of fluoro-
phores, based on the metal-enhanced fluorescence
(MEF) B~ 1t is widely accepted that for optical proc-
esses the primary role of metallic nanostructures and
rough metallic surface is to enhance the local electro-
magnetic field via the localized plasmon resonance, and
thus increase the excitation and emission of light®®.

Recent reports have shown enhanced/quenched
fluorescence of lanthanide complexes when they close
tothe chemically deposited Ag islands film®?. Wu et al.®!
studied the fluorescent properties of Eu** ions by depo-
siting europium tetracycline onto thin polyvinyl alcohol
films coated with Ag nanoparticles and observed a 16-
fold enhancement in lanthanide complex fluorescence.
Selvan et al. ™ reported the fluorescence enhancement
from Eu®* ions doped silica gels contain-ing adsorbed
Ag islands and proposed that the most possible
mechanism for the fluorescence enhancement was the
local field enhancement around Eu®* ions, due to the
electronic plasmon resonance of Ag islands. Nabika et
al. ™ reported enhancing and quenching fun-ctions of
silver nanoparticles on the luminescent pro-perties of
europium complex in N,N-dimethylformamide. They
noticed that the nanoparticles concentration depende-
nce of the luminescent intensity was the result of a
delicate balance between an enhancing and a
quenching effect of the silver nanoparticles.

In this work, an effect of Ag nanoparticles on the
fluorescent properties of dysprosium (Dy**) complex in
the solution system was observed, the dependence of
the enhancement on Ag concentration and size was
studied.

1 Experimental

1.1 General procedure
AgNO; (99.8% ), NaBH, (98.0% ), sodium citrate
dihydrate (99.0%) and HNO; (69.0% ) are analytical

grade, from Beijing Chemical Reagent Industries. Dy,0O,
(99.95% ) was purchased from Alfa Aesar. All
chemicals were used as received. Throughout the
experiment deionized water was used.

The Electron micrographs were obtained with a
JEM-200CX transmission electron microscopy (TEM)
with acceleration vollage of 200 kV. The specimens
were prepared by dropping the mixture solution of
dysprosium complex and silver colloid on the carbon-
coated grids, and dried. Electrokinetic measurement of
Ag nanoparticles was evaluated with a P/ACE MDQ
electrophoresis analyzer. Ag nanoparticles were negati-
vely charged. UV-Vis absorption spectra were recorded
at room temperature on a ThermoSpectronic UNICAM
UV-500 PC spectrophotometer using a quartz cuvette
with a 1 cm optical path at room temperature. Lumines-
cence measurements were recorded at room temperat-
ure using a Cary Eclipse spectrofluorometer with a 90 °
configuration. The concentration of Ag colloidal solut-
ion (the number of Ag nanoparticles in unit volume (n,
particles- L-*) was measured by Inductively Coupled
Plasma Emission Spectrometry (ICP, Profile, Leeman,
USA).

1.2 Preparation

The dysprosium complex was synthesized by diss-
olving EDTA into Dy(OH); with a molar ratio of EDTA/
Dy**=1 2. Dy(OH); was prepared through the following
processes. Firstly, dysprosium oxide (Dy.,O;) was
dissolved by HNO; (10 mol L?) to obtain Dy(NOs); so-
lution, and then a certain amount of ammonia (molar
ratio of the NH; H,O to Dy** at 1 1) was dropped into
the solution. Finally, Dy(OH); precipitates were obtained
by centrifugation to remove the free ions (NO;", NH,").
Two sets of Ag nanoparticles with mean diameters of
6.8 and 41.6 nm were synthesized by a modified
Murray' s and Meisel’ s methods, respectively™, and
strong absorption peaks were noted at around 397 nm
and 420 nm, respectively. The samples for the optical
measurements were prepared by mixing the Dy** com-
plex solution and the Ag colloid (Dy® *-Ag) while
keeping the final concentration of Dy** ion at 6.40x10°°
mol L%
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2 Results and discussion

The UV-Vis absorption spectra of Dy** complex
solution, Ag colloid (d=6.8 nm) and the mixture solution
of Dy®*-Ag with different amounts of Ag colloid are
shown in Fig.1A. Upon addition of Ag nanoparticles
into Dy®* complex solution, the color of the solution
immediately changed to pinkish red, accompanying the
increase of absorption peaks at 320~410 nm and the
appearance of a new absorption band around 410~800
nm (curve c~g in Fig.1A). The appearance of the new
band at longer wavelength region reveals the formation
of nanoparticles aggregates in the solution, indicating
the function of the dysprosium complexes as linker
molecules, and the complexes are expected to be
incorporated in the particle aggregates *. The increase
of absorbance becomes more obvious with the increase
of the concentration of Ag colloid. Meanwhile, for the
Ag colloid the peak at long wavelength is red-shifted
from 535 to 561 nm with the increase of the
concentration of the Ag nanoparticles, which may

Absorbance (a.u.)

indicate that the peaks at 320~410 nm are fixed no
matter how particle size is increased.

It is important to note that only when the pH value
of the solution is 4.0~6.0, can color and spectral change
be observed. When the pH value is less 4.0, the color of
the solution changes to pinkish red, accompanied by
precipitation. When the pH value is more than 6.0, no
color and spectrum changes are observed. The effect of
the ambient pH value of Dy** complex solution on Ag
nanoparticles is attributed to the results of the
intermolecular hydrogen bonding ability of carboxylic
acid, namely, EDTA. When the ambient pH value of
Dy®* complex solution is 4.0~6.0, Dy** complexes are
partially ionized, and carboxylic acid groups not only
bind to the surface of Ag nanoparticles but also further
interact between Dy* complexes through intermolecular
hydrogen bonding to yield nanoparticles assemblies.
The representative TEM micrographs of Ag nanoparti-
cles and Ag nanoparticles added into Dy** complex sol-
ution is shown in Fig.1B and 1C, image inserted in B is
the XRD pattern of Ag nanoparticles.

Wavelength / am
Fig.1 (A) Absorption spectra of Dy* complex solution (a). Ag colloid (b), and the mixture solution of Dy*-Ag solution,
and (¢)~(g) the mixture solution containing the different contents of Ag 1.04,4.16,8.32,15.60 and 26.00
(10" particle-L"); (B) TEM images of Ag nanoparticles and (C) Ag nanoparticles add into Dy* complex
solution when the pH value of the solution is 5.4

The excitation spectra of Dy** complex solution
and the mixture solution of Dy**-Ag are shown in Fig.2.
It is known that the solution containing Dy** ion has two
fluorescence emission peaks at 485 and 576 nm
corresponding to “Fg, — ®His, and *Fg, — ®Higp, transit-
ions of Dy®* ion, respectively. It is interesting to note
that the corresponding excitation peak at 351 nm is
enhanced when the detection wavelength is at 485 nm.
However, only little change of the excitation peak at

351 nm is observed when the detection wavelength is at
576 nm, as shown in Fig.2.

The influence of the existence of Ag nanoparticles
on the emission from Dy** complex solution was investi-
gated. The emission spectra of Dy** complex solution
and the mixture solution of Dy®*-Ag containing 8.32 x
10% particle: L™* Ag nanoparticles with mean diameter
of 6.8 nm excited at 351 nm are shown in Fig.3. Two
emission peaks centered at 485 nm and 576 nm,
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Fig.2 Excitation spectra of Dy* complex solution and the mixture solution of Dy*-Ag containing 8.32x10" particle-L"

Ag nanoparticles with mean diameter of 6.8 nm at detection wavelength of 485 nm (A) and 576 nm (B)

assigned to *Fg, — ®Husp and “Fg, — ®Hygp transitions,
are observed. For the mixture solution of Dy**-Ag, the
emission intensity at 485 nm is enhanced under the
excitation at 351 nm (Fig.3). However, the emission
intensity at 576 nm almost has no change. It is consist-
ent with the changes of excitation spectrum. The enhan-
ced fluorescence should derive from the local electro-
magnetic field enhancement around Dy** ions owing to
the induced surface plasmon resonance of Ag nanopar-
ticles, which has been observed in other systems ™%,
As the excitation wavelength (at around 351 nm) is
close to the resonance mode of the surface plasmon in
silver nanoparticle, we propose that it is possible for the
luminescent centers of Dy** ions to be strongly excited
through the induced electromagnetic field. Similarly,

(a) Dy* complex sulution

(b) Dy complex sulution containing Ag nanoparticles
484 nm
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Fig.3 Emission spectra of Dy* complex solution and the
mixture solution of Dy*-Ag containing 8.32x10"
particle- L™ Ag nanoparticles with mean diameter

of 6.8 nm (excitation=351 nm)

the energy corresponding to transition between *Fg, to
®Hys; is closer to the surface plasma resonance frequ-
ency than that of “Fg,-*His,, S0 the former obtains a
stronger enhancement.

It is noteworthy that the luminescence enhance-
ment by metallic nanoparticles is strongly dependent on
the distance from the fluorophore to the metallic
surface, the nanoparticle size and shape and concentra-
tion and surface, environmental parameters, and
binding-state between the fluorophore and metallic
surface, and so on ™2, In our study, the luminescence
enhancement is observed only when the pH value of the
solution is 4.0 ~6.0. We believe that luminescence
enhancement is relative to the aggregates formation.
When several particles approach closely, the
electromagnetic fields from them are expected to be
overlapped to result in a stronger field, leading to a
stronger surface enhanced fluorescence ™. Furthermore,
we observed a new absorbance band in the absorption
spectrum in the present system. Such an absorbance
could overcome a competitive quenching to induce a
luminescence enhancement. As mentioned above, Dy**
complexes are expected to be incorporated into
nanoparticle aggregates, and thus the luminescence is
effectively enhanced in the present system. The
aggregation of particles brings about a luminescence
enhancement to some extent, indicating that the
enhancement on the aggregated particle could not be
explained by an ordinary competitive mechanism of
guenching and enhancement.
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The enhancement factor, defined as the integrated
emission intensity (the background is eliminated) ratio
of the mixture solution of Dy*-Ag to Dy** complex solut-
ion at 485 nm emission wavelength, is illustrated
against the concentration of Ag nanoparticles in Fig.4.
We can see that the enhancement factor increases at a
certain Ag concentration and then decreases with the
increasing of Ag nanoparticles concentration, and two
samples show different maxima enhancement factors
and different Ag nanoparticles concentrations at which
the intensity reaches the maximum. For the mixture
solution of Dy**-Ag with mean diameter of 6.8 nm, the
maximum enhancement factor reaches to 2.42 at Ag
nanoparticles concentration up to 9.36 x10® particle:
L%, while for the mixture solution of Dy**-Ag with mean
diameter of 41.6 nm, the maximum enhancement factor
reaches to 2.74 at Ag nanoparticles concentration up to
2.15 x10* particle- L~ When Ag nanoparticles are
added into Dy®** complex solution, some Dy** complexes
are localized or closed to the surface of Ag nanoparticl-
es, so Dy** complex solution fluorescence intensity is
enhanced through the local electromagnetic field enha-
ncement around Dy** ions owing to the induced surface
plasmon resonance of Ag nanoparticles. With increas-
ing of Ag nanoparticles, more and more Dy** complexes
are localized or closed to Ag nanoparticles until
saturated. Further increasing of Ag nanoparticles, re-
absorption of surface plasmon resonance of Ag nano-
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Fig.4 Enhancement factors of Dy™ complex solutions
containing different diameters Ag nanoparticles

(d=6.8 nm (A) and 41.6 nm ([]) ) at different
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particles is dominant, so intensity gradually decreases.
Therefore, it is deduced from concentration dependence
that the observed enhancement factor is the result from
delicate balance of the local electromagnetic field
enhancement and re-absorption of surface plasmon
resonance. In addition, surface area of small Ag nano-
particles is higher than that of large Ag nanoparticles,
so the enhancement factor of small Ag nanoparticles
can reach the maximum in loner Ag amount conditions
when Dy* complexes amount is constant. The effective-
ness of metallic nanoparticles for enhancement pheno-
menon is widely known and explained about mechani-
smPa17-21 However, it is very difficult to predict the eff-
ectiveness in different systems. Only in specifically
experimental conditions the effectiveness of metallic
nanoparticles for enhancement phenomenon is observ-
ed. Since the enhancement effect strongly depends on
different experimental conditions systematic studies are
required to elaborate the relation between the local
electromagnetic field enhancement and surface plas-
mon resonance with respect to the condition of Ag
nanoparticles for further improvement of overall
enhancement effect and is currently under investigation
in our group.

3 Conclusions

In conclusion, the effects of Ag nanoparticles on
the fluorescent properties of the Dy** complex (ethyl-
enediamine tetraacetate) in the solution system have
been studied. When the pH value of the complex
solution is 4.0 ~6.0, the formation of nanoparticles
aggregates and the appearance of a new absorption
band at longer wavelength region are observed, and
with the increase of the concentration of the Ag
nanoparticles, the peak at long wavelength is red-
shifted, at the same time, enhancement of the emission
intensity for the complex solution containing Ag
nanoparticles is observed. The enhanced fluorescence
of the complex and the enhancement factors are
dependent on the concentration and size of Ag
nanoparticles. With increasing Ag nanoparticles
concentration enhancement factor first increases and
then decreases. The enhancement factor of small Ag
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nanoparticles is lower than that of large Ag nano-
particles, meanwhile, the enhancement factor of small
Ag nanoparticles can reach the maximum in lower Ag
amount conditions. The enhancement effect is discuss-
ed in terms of the effects of nanoparticle aggregates, the
local electromagnetic field enhancement effect and
optical absorption due to surface plasmon resonance.
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