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INVESTIGATION OF THE FLUORESCENCE QUENCHING DEPENDING ON
EXCITATION WAVELENGTHS OF RHODAMINE B TO QUANTIFY SILVER
NANOPARTICLES VIA THE INNER FILTER EFFECT
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Silver nanoparticles (Ag NPs) with a size of around 9 nm were
fabricated and quantified through fluorescence quenching of rhodamine
B (RhB). A series of solutions composed of RhB with various
concentrations of Ag NPs ranging from 0.09 pM to 0.98 pM were
prepared, and optical properties were investigated by absorption and
fluorescence spectroscopies. The fluorescence quenching of RhB was
observed for the mixing solution of RhB and Ag NPs. The fluorescence
measurement condition was optimized by controlling excitation
wavelengths to obtain the highest efficiency of fluorescence quenching.
The examination of the fluorescence quenching depending on excitation
wavelengths indicated that under the excitation wavelength of 400 nm,
the highest efficiency of fluorescence quenching of RhB was achieved.
At this optimized condition, the lowest concentration of Ag NPs that
could be quantified reaches 0.09 pM. It shows a good limitation in the
detection of Ag NPs in comparison with the previous works. The
mechanism of fluorescence quenching of RhB with the presence of Ag
NPs has been revealed as the result of the inner filter effect.

NGHIEN CUU SU' DAP TAT HUYNH QUANG CUA RHODAMINE B
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TU KHOA

Hat nano bac

Rhodamine B

Dap tit huynh quang

Hiéu ung inner filter effect
DBinh lugng nano bac

Hat nano bac (Ag NPs) kich thudc khoang 9 nm da dugc tong hop va
nghién ciru dinh lwong thong qua sy dap tit huynh quang cua phan tir
mau rhodamine B (RhB). Mot hé cac dung dich bao gdm RhB va Ag
NPs v6i nong d6 Ag NPs thay ddi tir 0,09 pM dén 0,98 pM da dugc
chuan bi va nghién ctru tinh chit quang bang phé héap thy va phé huynh
quang. Su dap tit huynh quang ciia RhB da quan sat duoc trong cic hé
dung dich Ag NPs va RhB. Diéu kién do phd huynh quang da duogc tdi
wu dé thu duoc hiéu suat dap tit huynh quang cao nhat. Qua khao st su
dap tit huynh quang phu thudc vao cac budc song kich thich khac nhau
da cho thay higu suat dap tit huynh quang xay ra cao nhat khi kich thich
& bude song 400 nm. O diéu kién kich thich 400 nm, nong &6 Ag NPs
thip nhat dé c6 thé phat hién duoc dat t6i 0,09 pM. Pay 1a gi6i han phat
hién Ag NPs t6t so vdi cac cong b trude. Co ché cua sy dap tat huynh
quang duoc chi ra 1a do hién twong noi dap tit (Inner filter effect).
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1. Introduction

Fluorescence quenching is one of the most common techniques that has been used in chemical
sensing and biosensing [1], [2]. At first, fluorescence quenching due to the inner filter effect was
considered an error. The primary inner filter effect describes a quenching of fluorescence due to
the attenuation of the excitation beam, and the secondary inner filter effect presents the
reabsorption of the emitted radiation by absorbers [3], [4]. The significant changes in
fluorescence intensity correlated to the different concentrations of analyte can be exploited as a
sensor. Moreover, the slight changes in concentration of the absorber are inferred into
exponential changes in the fluorescence signal, making the advantage of fluorescence in
detecting low concentrations of analytes.

Silver nanoparticles (Ag NPs) possess a high extinction coefficient in the order of 108 cm™*M™*
or even more, which is much larger than conventional absorbers [5]. Additionally, the surface
plasmon absorption of Ag NPs can be easily turned by controlling their size, shape, or
environment [6], [7]. Analytical methods for quantification of silver nanoparticles, in particular,
and metal nanoparticles, in general, are still inadequately studied. Pacioni et al. reported
quantifying silver and gold nanoparticles using rhodamine 6G [8]. Rhodamin 6G and 4-
hydroxycoumarin were also used to study fluorescence quenching with the presence of silver
nanoparticles [9]. These previous works concluded that Froster energy transfer played an
essential role in the quenching mechanism. Fluorescence sensing based on the inner filter effect
(EFE) has currently been explored as a simple approach for detection in various analytics.
Cayuela et al. have detected silver nanoparticles in cosmetics by fluorescence quenching of
cacbon dots through the IFE mechanism [10].

In this report, Ag NPs were synthesized and quantified through the fluorescence quenching of
the fluorophore - Rhodamine B (labeled as RhB). Upon examination of various excitation
wavelengths, the Ag NPs and RhB system revealed that the most efficient fluorescence
guenching was under excitation wavelength at 400 nm. The lowest concentration of Ag NPs in
which the photosystems of Ag NPs and RhB are still detected reaches 0.09 pM. It was deduced
that the inner filter effect acted as the crucial mechanism of fluorescence quenching of RhB with
the presence of RhB. The study indicated a good of limited detection of Ag NPs through
fluorescence quenching of RhB.

2. Materials and methods
2.1. Materials

Silver nitrate (AgNOs, 99.92%) was used as silver precursor; sodium borohydride (NaBHy,,
99.9%) acted as both reducing and capping agents. Trisodium citrate dihydrate (TSC, 99%) was
also used as a reducing chemical; sodium hydroxide (NaOH, 99%), rhodamine B (RhB, Aldrich).
All experiments used deionized water from a Millipore purification system for solution
preparation.

2.2. Chemical synthesis of silver nanoparticles

Silver nanoparticles were synthesized by the reduction process of AgNOs; by NaBH,. The
formation of silver nanoparticles started with a simple aqueous phase mixing of AgNO; with
TCS and NaBH, [11], [12]. Briefly, a mixture of 2 ml AgNO; (0.02 M), 400 pl TSC (0.6 M), and
200 ml deionized water was magnetically stirred at room temperature for 15 minutes. Next, 800
ul of NaBH, was added dropwise to the mixture. Finally, 200 pl of NaOH (1M) was added to the
solution. Following that, the whole mixture was magnetically stirred for 15 minutes. The solution
changed the color to yellow-brown, indicating the formation of Ag NPs.
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2.3. Instrumentation

Absorption spectra were carried out using a UV-Vis spectrometer (Jasco V-770, Japan). The
fluorescence spectra were implemented in fluorescence spectroscopy (model FLS 1000,
Scotland). The excitation wavelengths were chosen at 349, 370, 400, 430, 480, 510, and 530 nm.
The measurements for each solution were kept under the same conditions for each excitation
wavelength.

The morphology of Ag NPs was examined using a transmission electron microscope (TEM)
and high-resolution transmission electron microscopy (HRTEM). The crystal structure was
investigated by X-ray powder diffraction (XRD) using monochromatic Cu-K, radiation on a

Bruker D8 Advances diffractometer (Germany).

3. Results and discussion
3.1. Morphology and crystal structure of silver nanoparticles

Firstly, the morphology and size of as-synthesized silver nanoparticles (Ag NPs) were
examined by using TEM and HRTEM, as indicated in Figure 1. Figure 1a presents that Ag NPs
are mostly spherical. The distance between adjacent lattice fringers of Ag was determined using
HRTEM and indicated approximately 0.234 nm (Figure 1b). This result is consistent with the
(111) plane of silver, and the continuous fringe pattern obtained in the HRTEM image evidences
the single crystalline nature of silver NPs [13], [14]. Furthermore, the absorption spectrum of
silver NPs (Figure 1c) shows the characteristic band at 399 nm. The morphology of Ag NPs was
again strengthened with the characteristic of absorption band at 399 nm. This absorption band
stems from the localized surface plasmon band of spherical silver NPs with an average diameter

range of about 10 nm [13], [15], [16].
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Figure 1. (a) TEM and (b) HRTEM images of Ag NPs; (c) absorption spectrum of silver NPs
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Figure 2. XRD pattern of silver nanoparticles
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In order to reinforce the structure of silver NPs, XRD measurement was implemented. As
presented in Figure 2, all the peaks which are observed at 26 = 37.9°, 44° 63.3°, and 76.7° are
identified as the characteristic diffraction peaks of the face-centered cubic structure of silver
(JCPDS card no. 04-0783) [17]. Therefore, the results describe the high purity and crystallization
of silver NPs.

3.2. Rhodamine B as a fluorescence sensor for silver NPs detection

3.2.1. Absorption spectra study

In order to investigate the ability to detect Ag NPs by RhB, firstly, a series of samples
composed of Ag NPs and RhB in aqueous solution were prepared with the concentration of Ag
NPs varying from 0.09 pM to 0.98 pM. Because Ag NPs solution is completely dispersed and
homogeneous, the concentration of Ag NPs was approximately estimated using Beer-Lambert
law: A = gxLxC; in which ¢ is molar extinction coefficient (mol™.cm™); L path length (cm), in
this case, is the width of cuvet (1 cm); and C is concentration (mol); and A is optical density
obtained from absorption spectra of Ag NPs (Figure 3a). In this work, the extinction coefficient
of Ag NPs is about 5.5 x 10% (mol™.cm™) [16]. For an instant to calculate the concentration of Ag
NPs corresponds to A = 0.5; C = A/(exL) = 0.5/(5.5 x 10° x1)=0.98 x10° M = 0.98 pM. Figure 3
describes the absorption spectra of Ag NPs and Ag NPs with a fixed concentration of RhB at 0.5
uM. The inset figure is the absorption spectrum of RhB (0.5 uM) in water with a center band at
553 nm. The concentration of RhB was chosen at 0.5 uM with the purpose of keeping its optical
density lower than 0.1, which is the value providing reliable fluorescent signals [3]. In addition to
that, the lower concentration of fluorophore corresponds to the higher sensitivity with the
presence of an absorber. In Figure 3, it is clear that the absorption spectra of the mixing solution
of Ag NPs and RhB describe the overall characteristics of the two components of the absorption
spectra of Ag NPs (centered at 399 nm) and RhB (centered at 553 nm). Thus, it could be deduced
that there was no interaction between Ag NPs and RhB to form other states.
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Figure 3. Absorption spectra of various concentrations of (a) silver NPs and (b) silver NPs
with the presence of RhB (0.5 uM). Inset figure: Absorption spectrum of RhB (0.5 uM)

3.2.2. Study RhB as a fluorescent sensor for Ag NPs detection

In this work, Ag NPs were selected as an analyte to probe using RhB and acted as a
fluorophore. A series of samples of mixing solutions of Ag NPs and RhB with varying Ag NPs
concentrations were investigated for fluorescence properties compared with RhB under different
excitation wavelengths. To examine the optimization of the detection of Ag NPs, the excitation
wavelengths were carried out at eight distinct wavelengths ranging from 300 nm to 530 nm. More
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specifically, wavelength excitations at 300 nm, 349 nm, 370 nm, 400 nm, 430 nm, 480 nm, 510
nm, and 530 nm were used to excite the mixing solutions of RhB and Ag NPs, with the
concentration of Ag NPs varying from 0 pM to 0.98 pM. All the solutions were kept under
identical conditions for fluorescence measurements under each excitation wavelength.
Interestingly, the fluorescence behavior's dependence on the excitation wavelength was
apparently observed. For better visualization, the dependence of the fluorescent intensity of RhB
+ Ag NPs solutions under three distinct excitation wavelengths at 300 nm, 400 nm, and 530 nm is
plotted and presented in Figure 4.

(a) (b) (c)
1x10° 3x10° 1x10°
2x10° 1 8x10°
= —0Ag =

—0Ag Z2x10° ——0.09pM Ag | = x10°4 —0Ag
——0.09 pM Ag z 029pMAg | = ———0.09 pM Ag
0.29 pM Ag 4 0.5 pM Ag 'z 2 .
N B 1x10°] .5 pM Ag g a.1n5] 0.29 pM Ag
—[:‘-‘3’3\1 Ag EIxI0 0.65pMAg | 2 x10 ——0.5 pMAg
E}E‘% p\: 1:@ 0.83 pM Ag 0.65 pM Ag
2x10 S PV AR 5x10°%4 ——0.98 pM Ag 2x10° 4 0.83 pM Ag
—098pMAg ——0.98 M Ag

0 T T T T 0 T T T T 0 T T T T
550 600 650 700 750 550 600 650 700 750 550 600 650 700 750
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4. Fluorescence intensity of RhB (0.5 uM) with the different concentrations of Ag NPs
under excitation wavelengths at (a) 300 nm, (b) 400 nm, and (c) 530 nm
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Figure 5. (a) Calibration curves of fluorescence quenching of RhB versus the varying concentration
of Ag NPs under eight different excitation wavelengths; (b) the linear fitted curve of the quenching
under excitation wavelength at 400 nm

It can be seen that the fluorescent intensity of mixing solutions of RhB + Ag NPs depends not
only on the excitation wavelength but also on the concentration of Ag NPs. Figure 4 shows that
the fluorescence of the mixing solutions between RhB and Ag NPs was significantly quenched
under the excitation wavelength at 400 nm and was much more efficient than in the case of the
excitation wavelengths at 300 nm and 530 nm. Under using excitation wavelength at 400 nm, the
lowest concentration of Ag NPs could be reached of 0.09 pM, at which the fluorescent intensity
of RhB + Ag NPs can still clearly distinguish from that of RhB. To confirm the optimized
experimental conditions, the calibration curves under distinct excitation wavelengths (at 300 nm,
349 nm, 370 nm, 400 nm, 430 nm, 480 nm, 510 nm, and 530 nm) were plotted in Figure 5a.
Upon addition of various concentrations of Ag NPs (from 0 pM + 0.98 pM) into RhB solution,
the fluorescent intensity of RhB decreases gradually with the increasing concentration of Ag NPs.
Figure 5b indicates a good linear relationship between Igns/lrns+ag @nd the concentration of Ag
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NPs in the range of 0 + 0.98 pM. The equation of linear regression was obtained as Irng/lrng+ag =
0.96[Ag] + 0.93 with R? = 0.989. Obviously, the fluorescence system shows high sensitivity in
probing Ag NPs depending on the excitation wavelength, with the limit of detection reaching
0.09 pM under excitation at 400 nm. It is a good limitation of the detection of Ag NPs compared
to the previous works [8], [18].

3.2.3. Suggestion of the fluorescence quenching mechanism

It is apparent that the efficiency of fluorescence quenching of RhB with the presence of RhB
depended on the excitation wavelength. The excitation wavelength at 400 nm corresponds to the
highest efficiency of fluorescence quenching, and altogether, other wavelength excitations show
less efficiency of fluorescence quenching. It should be noted that the excitation wavelength at
400 nm is also around the highest extinction coefficient value of Ag NPs, corresponding to the
best absorption of Ag NPs. Two other excitation wavelengths at 370 nm and 430 nm indicate a
relatively similar efficiency of fluorescence quenching, as presented in figure 5a. Furthermore,
figure 6 illustrates that the absorbance of Ag NPs at 370 nm and 430 nm are almost identical; all
other excitation wavelengths possess lower absorbance of Ag NPs. Then, it is inferred that the
fluorescence quenching rests on the absorbance of the excitation wavelength of Ag NPs.

As discussed in the introduction section, the inner filter effect is an important non-irradiation
fluorescence quenching process, which results from the absorption of the excitation and/or
emission light by the absorber [2], [19]. As indicated above, the fluorescence quenching of RhB
clearly shows the dependence on excitation wavelengths. The fluorescence quenching occurred
the most significantly under the excitation wavelength of 400 nm; It could be clearly explained as
the result of the absorption of excitation radiation of RhB by Ag NPs, which is known as the
primary inner filter effect [2]. Therefore, the inner filter effect can be sured as the significant
cause of fluorescence quenching of RhB with the presence of RhB in this case. More specifically,
the high effectiveness of quenching under excitation wavelength at 400 nm could be attributed to
the great value of extinction coefficient absorption of Ag NPs, which can effectively absorb
excitation energy.

Furthermore, one other factor that could be counted as the cause of quenching is Forster energy
transfer between Ag NPs and RhB. However, in this case, figure 6 shows the low overlap between
the fluorescence spectrum of RhB and absorption of Ag NPs; thus, it can be deduced that the
Forster energy transfer mechanism can be ignored in the fluorescence quenching of RhB [9].
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Figure 6. The normalized absorption spectrum of silver NPs (triangle line) and normalized absorption
(square line) and fluorescence (circle line) spectra of RhB
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4. Conclusion

In summary, silver NPs could be quantified and detected thanks to the fluorescence quenching
of RhB. The efficiency of fluorescence quenching was proved dependent on the wavelength
excitation. The lowest concentration of Ag NPs which is detected by a system composed of Ag
NPs — RhB is 0.09 pM under using wavelength excitation at 400 nm. The sensitivity of the Ag
NPs detection is good and comparable to previous reports. The fluorescence quenching
mechanism of RhB with the presence of Ag NPs is attributed to the inner filter effect. The low
concentration of detection Ag NPs might be due to the taking advantage of examination
excitation wavelengths via the inner filter effect. Therefore, the examination of the fluorescence
guenching dependent on wavelength excitation reveals a simple and effective method in the
detection of Ag NPs.
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