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With the development of nanosciences, both localized surface plasmon resonance light scattering (LSPR-LS) and dynamic
light scattering (DLS) techniques have been widely used for quantitative purposes with high sensitivity. In this contribution,
we make a comparison of the two light scattering techniques by employing gold nanoparticles (AuNPs) aggregation induced
by mercuric ions. It was found that citrate-stabilized AuNPs got aggregated in aqueous medium in the presence of mercuric
ions through a chelation process, resulting in greatly enhanced LSPR-LS signals and increased hydrodynamic diameter. The
enhanced LSPR-LS intensity (4) is proportional to the concentration of mercuric ions in the range of 0.4-2.5 uM following
the linear regression equation of Al = —84.7+516.4¢, with the correlation coefficient of 0.983 (n = 6) and the limit of determi-
nation (30) about 0.10 uM. On the other hand, the increased hydrodynamic diameter can be identified by the DLS signals only
with a concentration of Hg?* in the range of 1.0-2.5 uM, and a linear relationship between the average hydrodynamic diame-
ters of the resulted aggregates and the concentration of Hg?* can be expressed as d = —6.16 + 45.9¢ with the correlation coeffi-
cient of 0.994. In such case, LSPR-LS signals were further applied to the selective determination of mercuric ions in lake water
samples with high sensitivity and simple operation.

gold nanoparticles (AuNPs), localized surface plasmon resonance light scattering (LSPR-LS), dynamic light scattering
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1 Introduction

Localized surface plasmon resonance light scattering
(LSPR-LS) and dynamic light scattering (DLS) are two an-
alytical techniques, and both of which are based on the size-
dependent light scattering properties of particles. LSPR-LS
technique depends upon the measurements of the light scat-
tering of metal nanoparticles resulting from the so-called
localized surface plasmon resonance (LSPR), the radiation
of collective oscillation of the surface conduction electron
when excited by electromagnetic radiation [1]. Starting ten
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years ago [2], the LSPR-LS technique has been extensively
applied in analytical detections such as those of DNA hy-
bridization [3], amino acids [4], toxic heavy metals [5] and
also in immunoassay [6]. Different from LSPR-LS, DLS is
a common used technique for estimating the sizes and dis-
tributions of variety of particles in high polymer and phar-
maceutical sciences [7], crystallization studies [8] and the
biophysical characterizations of the influence of salt con-
centration [9], pH [10], and protein behavior [11], and has
recently been used in quantitative analysis in combination
with gold nanoparticles (AuNPs) [12—-14]. It should be not-
ed that the parameters of both DLS intensity and diameter
size have been employed for quantitative purposes, but the
later one is much more popular [12,14].
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Although both LSPR-LS and DLS can be applied for
quantitative purposes, they are intrinsically different in
principle. First, LSPR-LS signals, which contain not only
pure Rayleigh scattering, but also other light scattering sig-
nals including Mie, Tyndall, and Brillouin light scattering,
have been widely applied in the designation of bioassem-
blies and aggregation process, while DLS is known as pho-
ton correlation spectroscopy or quasi-elastic light scattering
based on the monitoring of the time-varying fluctuations in
scattered light intensities caused by the Brownian motion
[7]. Second, the LSPR-LS occurs from the differences in
polarizability between the aggregates of metal nanoparticles
and the solvent, and when the incident electromagnetic
wave induces an oscillating dipole in the assembly, the light
radiates in all directions [15]. However, DLS depends on
the Brownian motion of spherical particles which causes a
Doppler shift of incident laser light, and then the size of the
particles can be calculated using the Stokes-Einstein equa-
tion on the basis of the measurements of the diffusion coef-
ficient of particles [16]. As a matter of fact, LSPR-LS sig-
nals demonstrate the whole optical properties of the suspen-
sion of metal nanoparticles, while DLS measurements de-
tect the average hydrodynamic diameter of the whole nano-
particle or aggregate population.

AuNPs are well known for their large plasmon resonance
absorption and scattering cross section in their LSPR wave-
length regions [2], and their LSPR properties can be facilely
tuned through the change of their size, shape and distance
[17]. The aggregation or de-aggregation of AuNPs often
leads to the changes of optical properties, such as the
LSPR-LS and DLS. Consequently, both LSPR-LS and DLS
techniques have been extensively applied for AuNPs agglu-
tination-based biomolecular detection or immunoarray
[4,12]. Moreover, the aggregation of AuNPs enhances the
LSPR-LS response, providing several advantages with re-
spects to simple preparation, easy readout, good stability
and high sensitivity.

Mercury is known as a highly toxic metal element and a
widespread pollutant in environment. Mercury toxicosis can
damage the nervous system, genetic and enzyme systems,
immune system and many organs, threatening the health of
human being and wildlife severely [18]. Owing to the bio-
accumulation of mercury from soil, water and atmosphere
and biomagnifications by ingesting mercury-containing
organisms, people readily absorb mercury unconsciously.
Up to now, most traditional techniques including colorime-
try [19], fluorescence spectroscopy [20], electrochemistry
[21], and inductively coupled plasma mass spectrometry
(ICP-MS) [22], have been widely applied in monitoring
mercury levels in aqueous environments. Among these
methods, AuNPs have also been employed in detecting
mercury content based on the size and distance-dependent
LSPR absorption properties. For example, Chang [23] and
Liu [24] have proposed the novel colorimetric assays on the
basis of T-Hg-T coordination and AuNPs aggregation.
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Through the nanomaterial surface energy transfer from the
donor of organic dye Rhodamine B to the receptor of
AuNPs surface [25], some fluorescent sensors for mercury
ions have been developed. These methods, although having
highly improved selectivity and sensitivity, still suffer from
the limitations with respect to operation complex, time-
consuming or the use of expensive instruments. Hence, fac-
ile, rapid and visual detections for mercuric ions are still
desirable.

In this contribution, we select the binding between mer-
curic ion and citrate-stabilized AuNPs as a model system
and make a comparison of the two light scattering tech-
niques, LSPR-LS and DLS (Figure 1), in terms of analytical
purposes, and then propose a method for detecting mercury
in water environments. The binding of mercury ion to the
citrate causes the aggregation of AuNPs, and the subsequent
average hydrodynamic diameter and light scattering signals
get increased, which correlates to the mercury concentration
as measured by LSPR-LS and DLS, respectively. The fur-
ther investigations show that the LSPR-LS technique can be
employed in a one-step highly sensitive method for mercury
ion detection in water environments.

2 Experimental
2.1 Materials

Mercury chloride (HgCl,) and hydrogen tetrachloroaurate
tetrahydrate (HAuCly-4H,0) were commercially obtained
from Chuandong Chemical Group Co., Ltd. (Chongqing,
China) and Sinopharm Group Chemical Regent Co., Ltd.
(Shanghai, China), respectively. All other reagents in this
experiment were analytical reagent grade and used without
further purification.

AuNPs were prepared by citrate reduction of HAuCl,
according to literature [26] with slight modification. Briefly,
1.0 mL of 5.0% trisodium citrate solution was rapidly added
into 49 mL boiling solution containing 1 mL 1% HAuCly
under vigorous stirring. The solution was boiled for another
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Figure 1 Schematic illustration of aggregation of metalnanopaticles
investigated by localized surface plasmon resonance light scattering and
dynamic light scattering techniques.
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5 min until its color changed from blue into red. Then the
solution was cooled down to room temperature with con-
tinuous stirring. The concentration of AuNPs was estimated
to be ca. 22 nM, which was calculated from its absorbance
at 520 nm according to Beer’s law by using the extinction
coefficient of ca. 10* M™' em™ for 13 nm AuNPs [26]. All
glassware prior to use in the preparation procedures were
thoroughly cleaned with aqua fortis and water. Milli-Q pu-
rified water (18.2 MQ, LD-50G-E Lidi Ultra Pure Waters
System, Chongqing, China) was used throughout.

2.2 Apparatus

Localized surface plasmon resonance light scattering
(LSPR-LS) spectrum and intensity were measured with an
F-2500 fluorescence spectrophotometer (Hitachi, Tokyo,
Japan). The hydrodynamic diameters of particles were de-
termined with a N5 Submicron Particle Size Analyzer
(Beckman, California, USA). Direct mercury measurements
were performed on DMA-80 Direct Mercury Analyzer
(Milestone, Italy). The UV absorption spectra were obtained
with a U-3010 spectrophotometer (Hitachi, Tokyo, Japan).
An S-4800 scanning electron microscopy (Hitachi, Tokyo,
Japan) was used to measure the size and shape of AuNPs. A
pHS-3C digital pH meter (Leici, Shanghai, China) was used
to detect the pH values. A QL-901 vortex mixer (Lingibeier,
Haimen, China) was employed for solution blending.

2.3 Procedures

Into a 1.5 mL centrifugal tube, 13 nM AuNPs, Tris-HCI
buffer (15 mM, pH 7.4), and HgCl, (0-2.5 uM) solution
were added. The mixture was then diluted to 500 pL with
water and blended thoroughly with a vortex mixer. In this
paper, the final concentrations of the species are provided. It
should be noted that the order of the addition of the reagents
is of great concern for the light scattering measurement,
which might be ascribed to the irreversible reaction. After
incubation at room temperature for 10 min, the LSPR-LS
spectra were measured against the reagent blank solution
treated in the same way only without Hg?*.

LSPR-LS spectra were obtained by scanning simultane-
ously the excitation and emission monochromators of the
F-2500 fluorescence spectrophotometer synchronously with
the same excitation and emission wavelengths (namely, 44 =
0 nm) in the range from 220 to 700 nm, and the LSPR-LS
intensities were measured at the wavelength of 344 nm. The
slit width and PMT voltage of the measurements were kept
throughout at 5 nm and 400 V, respectively.

3 Results and discussion

3.1 Aggregation of citrated-AuNPs induced by mercu-
ric ions

The citrated-AuNPs prepared according to literature were
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surrounded by carboxylate, which makes the nanoparticles
in dispersed state owing to the electrostatic repulsion inter-
action and renders the solution red. In the presence of
aqueous mercury, aggregation of AuNPs occurred because
of the intense affinity of simple carboxylic acid for mercuric
ions [27]. To verify the formation of aggregates, we con-
ducted scanning electron microscopy imaging analysis to
investigate the morphology of AuNPs before and after
dealing with Hg**. The SEM images are displayed in Figure
2, it is clear that the AuNPs are well monodispersed with
the size about 13 nm (Figure 2(A)), and the degree of ag-
gregation of the AuNPs enhanced obviously with the in-
creasing concentration of Hg2+ (Figure 2(B) and (C)).

Meanwhile, owing to the concomitant strong plasmon
resonance absorption (PRA) band shift or broadening, this
aggregation phenomenon also can be easily monitored by
UV-vis absorption spectroscopy or visual observation.
Aqueous suspensions of the 13 nm gold nanoparticles dis-
play an intense PRA band centering around 520 nm (Figure
3(a)) that renders the suspensions red. However, upon the
addition of Hg**, the peak of 520 nm gets decreased gradu-
ally, and a new peak at 640 nm comes into being (Figure 3,
(b—f)). This red shift is caused by electric dipole-dipole in-
teraction and coupling between the plasmons of neighboring
particles in the formed aggregates [4]. Corresponding to the
red shift of the PRA band, a clear red-to-blue color response
can be observed within 10 min.

Figure 2 The SEM images of AuNPs in the absence (A) and presence of
(B) 1.5 uM Hg* and (C) 2.5 uM Hg*" in 15 mM Tris-HCI buffer of pH
7.4.
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Figure 3 UV-vis absorption spectra of AuNPs in the Tris-HCI buffer (15
mM, pH 7.4) upon addition of different concentrations of Hg?". chgan (HM):
(a) 0, (b) 0.5, (¢) 1.0, (d) 1.5, (e) 2.0, (f) 2.5. The incubation time was 10

min.
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3.2 LSPR features of AuNPs aggregates

Besides the shift of PRA band, the aggregation of AuNPs
also causes the enhancement of LSPR-LS response, which
can be monitored with a common spectrofluorometer as
described in our previous reports [28, 29], and increases the
average size as expressed by hydrodynamic diameter, which
can be detected by DLS technique. Figure 4 shows the
LSPR-LS spectra of AuNPs upon addition of increasing
concentrations of Hg*. As it can be seen, the light scatter-
ing signals of AuNPs in the absence of mercuric ion are
weak in whole scanning wavelength region of 220-700 nm
(Figure 4(a)), and the signals get enhanced with the addition
of mercuric ions. The enhanced light scattering increased
gradually in good linearity over the range of 0.4-2.5 uM,
and the linear regression equation is Al = —84.7+516.4c¢ (c,
pM) with the correlation coefficient 0.983, The limit of de-
termination (30) is 0.10 uM (Figure 4, b—g and inset), re-
vealing that the intensity of light scattering has concentra-
tion-dependent relationship with mercuric ions and can be
applied for analytical purposes.

According to the literature [15], the LSPR-LS intensity is
correlative with the formation of the aggregate and its parti-
cle dimension in solution. In other words, the aggregation of
AuNPs and the interparticle coupling can result in great
enhancement of light scattering. The relationship between
light scattering intensity and particle radius can be ex-
pressed by the following Rayleigh equation [2]:

4 6 4 2 2
_ lén*a’n_ I, |m —1|
A |m2 + 2|
wherein [ is the intensity of incident monochromatic light,

Ao the wavelength of the incident beam, a the radius of
spherical particle, nyeq the refractive index of the medium
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Figure 4 LSPR-LS spectra of AuNPs (13 nM) in the Tris-HCI buffer (15
mM, pH 7.4) by increasing concentrations of Hg“. chgan (UM): (a) 0, (b)
0.4, (c) 0.5, (d) 1.0, (e) 1.5, (f) 2.0, (g) 2.5. Inset: The calibration curve of
the mercuric ions concentration in the range of 0.4-2.5 uM versus the
intensity of the light scattering at 344 nm. The linear regression equation is
Al = —84.7+516.4¢ and the corresponding correlation coefficient is 0.983
(n = 6) and the limit of determination (30) is 0.10 uM.
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surrounding the particle, a the angle between the detection
direction r and the direction of polarization of the incident
beam, and m is the relative refractive index of the bulk par-
ticle material. Thus, the aggregation of AuNPs induced by
the mercuric ion leads to the size increase of scatters, re-
sulting in enhanced light scattering signals. Because the
intensity of scattered light varies with the sixth power of the
particle radius at a given wavelength [2], slight alteration of
particle radius can induce great change of scattered light
intensity.

3.3 Dynamic light scattering detection of AuNPs
aggregates

On the other hand, the aggregation caused by the binding of
Hg™* with citrate-stabilized gold nanoparticles increases the
average diameter of the whole nanoparticle population
which can be monitored by DLS analysis. Moreover, the
increase of average diameter is correlated quantitatively to
the Hg** concentration. Figure 5 shows, the DLS signals
which were detected with the incident laser wavelength at
632.8 nm, following the Stokes-Einstein equation on the
basis of the measurements of the diffusion coefficient of
particles, reveal that the AuNPs of the size about 13 nm has
mean hydrodynamic diameter of 42.2 nm, and it can get
increased upon increasing concentration of Hg** primarily
because of the increased aggregation of AuNPs. It can be
seen that the change of particle size was too slight to be
detected by DLS in low concentration of Hg**. When the
concentration of mercuric ions was in the range of 1.0-2.5
pM, we then could observe the linear relationships between
the average hydrodynamic diameters of the resulted aggre-
gates and the concentration of Hg®*, which could be ex-
pressed as d = —6.16 + 45.9¢ with corresponding correlation
coefficient of 0.994.
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Figure 5 The average diameters of AuNPs as detected from DLS meas-
urement and plotted against the mercuric ions concentration. AuNPs 13 nM,
Tris-HCI buffer 15 mM, pH 7.4. Tested angle 90°, temperature 24 °C,
incident laser wavelength: 632.8 nm, laser power 25 mW. The mean hy-
drodynamic diameter of AuNPs without mercuric ions is 42.2 nm.
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The DLS technique depends on time-varying fluctuations
in scattered light intensities caused by Brownian motion.
Then, the diffusion constant of particles can be measured
and the sizes of the particles are calculated using the
Stokes-Einstein relation [30]:

Do k,T 2

6mnR

In this equation, D denotes the translational diffusion coef-
ficient, kg is Boltzmann’s constant, 7 is the absolute tem-
perature, 77 is the viscosity of the suspending medium and R
is particle radius. Particles in different sizes are undergoing
different Brownian motion rate, and thus have different
light scattering fluctuation rate. So, AuNPs aggregates and
dispersed AuNPs can be distinguished using DLS tech-
nique.

Although being an alternative choice to monitor particle
agglutination, DLS technique suffers from the sensitivity
contrast to LSPR-LS assay. As above mentioned, an obvi-
ous increase in LSPR-LS intensity is observed with the ad-
dition of as low as 0.4 pM Hg** (Figure 4), a concentration
low to yield a visible color change (Figure 3 inset). However,
the hydrodynamic diameter of AuNPs can not be distin-
guished by DLS technique when the concentration of Hg**
is below 1.0 uM. From the working principle, we can con-
clude that, to the same increase of the particle size, the
LSPR-LS technique is more sensitive than the DLS tech-
nique because the former is based on the theory that the
intensity of light scattering is proportional to sixth power of
the particle radius and the latter detects the diffusion coeffi-
cient which is only in inverse proportion to the particle size
according to the Stokes-Einstein relation [2, 30].

3.4 Optimal condition for the AuNPs aggregation in-
duced by mercuric ions

Above results showed that LSPR-LS assay can monitor the
increase of the aggregation with the addition of aqueous
mercuric ions, thus it can be applied further in detecting
Hg™ in water sample. By keeping conditions fixed, we ex-
amined the influence of pH-value that was controlled by 15
mM Tris-HCI buffer with different concentration ratios of
Tris to HCl in the pH range of 7.1-8.1 (Figure 6). In this pH
range, light scattering signals of AuNPs almost kept con-
stant. With the addition of mercuric ions, however, the light
scattering signals highly enhanced and formed a platform in
the pH range of pH 7.2-7.6.

Changes in the light scattering intensity caused by other
metal ions and haloid ions, including Zn**, Ba**, Co**, Pb*,
Cu®*, Cd**, Mg**, Ni**, Mn**, Ca**, K*, Na*, Br” and I” were
also measured. The LSPR-LS responses of AuNPs, record-
ed 10 min later after the addition of different amount of
each of these ions, are displayed in Figure 7. Only Mg*,
Cu®* and I” can result in slight LSPR-LS intensity changes
when they are present in 100-folds higher than Hg**, while
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Figure 6 Effect of pH on the LSPR-LS response of AuNPs in the ab-
sence and the presence of Hg?*. (a) 13 nM AuNPs +1.5 uM Hg** and (b) 13
nM AuNPs in buffer. The pH values of the solutions were controlled by 15
mM Tris-HCI buffer with different concentration ratios of Tris to HCI in
the pH range of 7.1-8.1. The incubation time for AuNPs-Hg*" is 10 min.
A =344 nm.
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Figure 7 LSPR-LS response of AuNPs upon the addition of various ions.
cygan: 1.5 pM. All the concentrations of other ions were 150 pM except
that of Zn>* being 15 pM and that of Na* being 1.5 mM. 15 mM Tris-HCI
buffer of pH 7.4 was used. 4 = 344 nm.

other ions do not cause any significant changes under iden-
tical conditions. This experimental result coincides with the
principle that the stability constant of Hg®* is higher than
that of other metal ions [27] for carboxylate. In other words,
the affinity of carboxylate for Hg** is more intense than for
other metal ions, which is why this assay showed a good
selectivity of Hg™".

3.5 Applications of the AuNPs aggregation induced by
mercuric ions

The calibration curve for determination of mercury ions is
constructed under the optimum condition and the LSPR-LS
intensity enhanced linearly over the range 0.4-2.5 uM with
the corresponding limits of determination (30) of 0.1 uM.
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Thus, the goal of 2 ppb (10 nM) defined as the maximum
contamination level for drinking water by the US Environ-
mental Protection Agency (EPA) can be theoretically
achieved by pre-concentrating the water solution.

According to the calibration curve, three artificial sam-
ples of Hg** with some metal ions or haloid anions are sim-
ultaneously determined under the same conditions. The de-
termination results are listed in Table 1. As Table 1 presents,
the recoveries covered from 92.0 to 105.0% with the RSD
below 5.4%. Namely, this approach can be used to detect
practical samples. By applying a standard addition method,
we further detected water samples obtained from Chongde
pond on the campus of our university. The samples collect-
ed were filtered through a 0.22 pum Millipore syringe for
three times to remove the solid impurity. Table 2 displays
the detection results of lake water samples using LSPR-LS
method and direct mercury analyzer. The results of
LSPR-LS method were in agreement with the results deter-
mined by direct mercury analyzer, suggesting that this

Table 1 Determination results for artificial samples®
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method is reliable.

4 Conclusions

In this contribution, we made a comparison of two light
scattering techniques, LSPR-LS and DLS, in terms of ana-
Iytical purposes by detecting the AuNPs aggregation in-
duced by citrate coordination of Hg**, and found that both
of them are powerful tools to investigate the aggregation of
metal nanoparticles, and that LSPR-LS method is much
more sensitive than DLS method. By employing LSPR-LS
assay, we also developed a facile and rapid detection of
Hg** with good sensitivity (0.10 uM) and selectivity. Fur-
thermore, this approach demonstrated feasibility of detec-
tion of Hg** over a number of environmentally relevant ions
in water samples. According to these results, we can draw
out that LSPR-LS can be a sensitive and cheap tool for
characterization of gold nanoparticles and their aggregates.

Samples Hg” (uM) Main additives Mean found (uM) Recovery (%) RSD (%, n=3)
1 2.00 Ba®*, Cu”, Pb*", Cd** 1.93-2.10 96.5-105.0 43
2 1.50 Ca**, Mg**, Mn®*, Zn** 1.38-1.53 92.0-102.0 5.4
3 2.00 CI,Br, I 1.93-2.00 96.5-100.0 1.8

a) The concentration of AuNPs, 13 nM; 15 mM Tris-HCl buffer pH 7.4. All other ions are 10.0 uM.

Table 2 Determination of mercuric ions in water samples using LSPR-LS method and direct mercury analyzer

Samples Added (uM) LSPR-LS method Mean ® +SD (uM) Direct mercury analyzer found (uM)
Lake water 1 1.2 1.66+0.08 1.69
Lake water 2 1.2 1.68+0.06 1.72

a) Mean of three determinations. Concentration: AuNPs, 13 nM; Tris-HCl buffer, 15 mM, pH 7.4.
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