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A B S T R A C T

A gold nanospheres (Au NSs)-enhanced photoacoustic (PA) system has been developed to detect parts per trillion
(ppt)-level mercury ion (Hg2+) in aqueous environments, which combines the advantages of the high sensitivity
of PA detection and high extinction coefficient of Au NSs. 4-mercaptophenylboronic acid (MPBA) is used as the
aggregation agent to detect Hg2+ by a designed PA system. Experimental results demonstrate a linear re-
lationship between the amplitude of PA signals and logarithmic concentration of Hg2+ in the range of 10 pM-
1 μM (R=0.994). The detection limit of this Au NSs-enhanced PA system is 78 pM (16 ppt, S/N=3) with a quick
response time of 1min. This method has excellent selectivity for Hg2+ over other heavy metal ions, alkali, and
alkaline earth metal ions. The system is cost-effective and shows a great potential for quick detection of Hg2+

trace in water with very high sensitivity.

1. Introduction

Environmental contamination by heavy metal ions has aroused
worldwide concern in recent decades. Hg2+ is one of the most common
heavy metal ions on earth and highly toxic to the ecosystem [1]. Ex-
cessive mercury ions can lead to serious damage in the brain [2],
kidney [3], central nervous [4], immune [5] and endocrine system [6].
The maximum allowable level (MAL) of inorganic mercury in surface
water and ground water is 2.5 nM (0.5 μL) standardized by the World
Health Organization [7]. Concerns over security of drinking water urge
researchers to exploit effective and rapid assays to detect Hg2+ in
aqueous solutions. Although standard detection methods of Hg2+ (e.g.
inductively coupled plasma mass spectrometry (ICP-MS)) has high
sensitivity in complex environments, their applications are limited by
the operating condition, high cost, and test speed [8]. However, Hg2+

generally break out and spread in a sudden fashion [9]. Those ap-
proaches necessarily being performed in professional laboratories are
not appropriate for rapid detection of Hg2+. Rapid detection methods
of Hg2+, e.g., immunoassay [10], biochemical sensors [11] and

electrochemical sensors [12], are limited in sensitivity and selectivity.
Therefore, methods with high precision and high efficiency are urgently
needed.
In recent years, surface-functionalized gold nanoparticles (Au NPs)

are applied in a large number of highly sensitive and selective assays for
Hg2+ detection [13-15]. Au NPs are considered as a crucial detecting
probe because of their high extinction coefficient and colorimetric
difference caused by the aggregation or anti-aggregation [16]. The Au
NPs-assisted methods are more adaptable for different operating con-
ditions. Once aggregating, the surface plasmon resonance (SPR) of Au
NPs will be seriously affected, which results in a huge red-shift of ab-
sorption peaks. While the maximum absorption peak (MAP) moves
from ∼ 520 nm to ∼ 650 nm, gold colloid will have a significant color
change from ruby red to blue, which makes Au NPs suitable for in
vivo [17] and in vitro [18] trace detection. Several researchers have
made great progress in Au NPs-based detection of Hg2+, using colori-
metric [13], fluorescent [14] and surface-enhanced Raman scattering
(SERS) [15] approaches. However, the colorimetric and fluorescent
methods are seriously affected by scattering light, whereas high
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scattering is a typical characteristic of collids. Other approaches (e.g.
SERS) need expensive and bulky devices. Recently, Liu et al. [19] have
discovered MPBA as a new aggregation agent to detect Hg2+. Taking
advantage of the self-dehydration condensation of boronic acids and
high affinity between thiolates and Hg2+, the aggregation of Au NPs
caused by MPBA is suppressed in the presence of Hg2+. In this assay,
complicated surface modification on Au NPs has been avoided. Fur-
thermore, MPBA is cheaper and more available than other agents for
Hg2+ detection, like oligonucleotides [20], fluorophore [21], or amino
acids [22].
As a new type of detection method, PA method has been widely

applied to biomedical imaging [23], tumor therapy [24], detection of
gas [25], liquid [26, 27] and solid [28], etc. This method is based on the
generation of ultrasonic waves (i.e., PA waves), transformed by light
absorption of materials. The generation of PA waves is only related to
light absorption and cannot be affected by the scattered light, which
implies that the PA method has higher sensitivity than other optical-
based methods and can be applied in more complex environment.
Huang et al. introduced a novel PA imaging detection for Hg2+ using
quaternary ammonium group-capped gold nanorods [29]. This method
can obtain a linear relationship between the amplitude of PA signals
and Hg2+ concentration ( 0–10 μM), which is much higher than the
MAL of Hg2+. They ignored the logarithmic range when Hg2+ con-
centration is less than 1 μM. Besides, their imaging system, complicated
synthesis procedure and instability of gold nanorods increase the costs
and difficulty for Hg2+ detection.
Here, a novel approach of ppt-level Hg2+ detection in aqueous

environments based on Au NSs-enhanced PA system has been proposed.
A PA detecting system (PADS) has been developed, and MPBA is taken
as an aggregation agent to achieve ppt-level Hg2+ detection. Compared
to the above-mentioned methods, our method offers several benefits,
including: (1) high sensitivity due to the combination of PA method and
Au NSs; (2) cost-effective setup compared to ICP-MS, SERS, etc.;(3)
short detecting time and friendly operation condition; (4) simplicity of
operation without any surface modification or complex synthesis; (5)
highly sensitive for ppt-level Hg2+ detection.

2. Results and discussion

2.1. The photoacoustic detecting setup

In order to acquire PA signal of tested samples, a set of PADD had
been built as illustrated in Fig. 1. The PADS was appropriate for the
detection of all kinds of non-corrosive liquid. It consumed less than
1mL of tested samples including Au NSs and other additives. It could
generate high-intensive PA signals up to several volts by an acoustic
transducer with impedance matching layer and amplifying the signal by
a charge amplifier. The PADS consisted of four parts: (I) Pulsed laser
generation unit, (II) laser intensity monitoring unit, (III) PA conversion
unit and (IV) data acquisition unit. A beam of periodic pulsed laser
irradiated in the sample placed in a miniature PA cell. The irradiated
volume expanded and contracted in the PA cell after each pulse with a
typical frequency, resulting in a series of acoustic waves (i.e. PA waves).
The PA waves were transformed to electrical signals by a highly sen-
sitive piezoelectric transducer, and further amplified by a charge am-
plifier, eventually acquired by the data acquisition unit.
The pulsed laser generation unit (I) was made of a function gen-

erator (Tektronix AFG310) and a Nd:YAG pulsed laser (STL1064QW-
1mJ) with a frequency doubler. This unit generated a series of pulsed
laser as the illuminating source to produce PA waves. The TTL trigger
from function generator was sent to the controller of Nd:YAG laser,
which generated a beam of pulsed laser in 1064 nm. The frequency
doubler converted the laser to 532 nm, which was close to MAP of Au
NSs, so that the 532 nm -pulsed-laser was appropriate for the detection
of Au NSs. The pulse width was 9.2 ns, spot diameter was 0.8 mm and
repetition frequency was 100 Hz.

The laser intensity monitoring unit (II) included a 532 nm beam
splitter prism and a silicon photocell, in order to remove the effect of
laser intensity fluctuations on PA values. The laser was split into two
beams by a beam splitter prism. One beam illuminated the PA con-
version unit directly, as mentioned above, the other one was sent to
silicon photocell to monitor the laser intensity and trigger the data
acquisition card (DAC).
As the core component of the PADS device, the PA conversion unit

(III) was composed of a customer made ultrasonic transducer and a
miniature PA cell. The center frequency of the transducer was
0.65MHz, which was close to theoretical frequency peak calculated by
Lai's theory [30]. The ultrasonic transducer was coupled with a layer of
epoxy resin to match the liquid impedance. PZT-5A was chosen as the
piezoelectric material, which had higher piezoelectric coefficient to
convert the acoustic signals into electrical signals [31]. The miniature
PA cell was made of a micro cuvette (1mL), the bottom of which was
removed and directly glued on to the surface of ultrasonic tranducer,
which allowed the liquid to make direct contact with the transducer
surface. This PA cell was enclosed by two thick side walls and two thin
side walls. By this PA cell, very small amount (about 600 μL) of testing
sample was consumed. As presented in Fig. 1, the 532 nm-pulsed-laser
illuminated the PA cell close to the bottom through the thicker glass
wall. We took the first acoustic signal as effective PA signal, since the
latter signals might mix with a series of reflected acoustic signals. The
sound generated from the PA cell was transformed by the piezoelectric
transducer and collected by the data acquisition unit.
The data acquisition unit (IV) was composed of a dual-channel DAC

(SPECTRUM,M2i.2031, 8-bit), a charge amplifier (FEMTO, HQA-15M-
10T) and a voltage amplifier (FEMTO, HVA-200M-40-F). Before being
acquired by DAC, the PA electrical signal was amplified by the charge
amplifier (charge gain: 10 V /pC). In addition, the silicon photocell
signal was amplified by the voltage amplifier (voltage gain: 20 dB). The
sampling rate of DAC was up to 100MS/s. The acquired data was saved
in PC for further processing.

2.2. Sensing mechanism

A PA signal was generated from the conversion of absorbed optical
energy into heat during the process of non-radiative transition [32].
When an intense pulsed laser irradiated on the plasmon of Au NSs,
electrons of the conduction band would absorb photo energy and
transfer it into heat in a few picoseconds [33]. A gold nanoparticle
could absorb more than a thousand protons in a single laser pulse, in-
creasing its temperature to reach the boiling point. When Au NSs were
irradiated by periodical pulsed laser, the cylindrical illuminated zone
would expand and contract with the same frequency, which gave rise to
acoustic waves. The intensity of these acoustic waves was proportional
to the absorption of Au NSs at the same wavelength, given by Eqs. (1)
and (2) [30].
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where PA represented the pressure of the acoustic wave, α was the
optical absorption coefficient, β was volume thermal expansion coeffi-
cient, Cp was specific heat of the solution at constant pressure, υa was
the sound velocity.
In order to accurately detect Hg2+ concentration, MPBA was taken

as an aggregation agent, which induced Au NSs dispersing in the pre-
sence of Hg2+. As depicted in Fig. 2, this method was based on the anti-
aggregation of Au NSs by competition between Au NSs and aggregation
agent–MPBA with Hg2+. With the protection of negatively charged
citrate ions, the Au NSs kept dispersed in aqueous solution. The elec-
trostatic repulsion between Au NSs prevented them from aggregation,
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Fig. 1. The setup of the PADS, including (I) Pulsed laser generation unit, (II) laser intensity monitoring unit, (III) PA conversion unit and (IV) data acquisition unit.

Fig. 2. A schematic mechanism of sensing Hg2+ based on anti-aggregation of Au NSs and high affinity between thiolates and MPBA.

Q. He, et al. Microchemical Journal 150 (2019) 104058

3



and the solution showed ruby red. A MPBA molecule had two hydroxyl
groups which were unstable in aqueous environment. As a con-
sequence, three MPBA molecules could form a boroxine ring by elim-
inating three water molecules [34]. The MPBA had the ability of con-
necting with Au NSs because of specific Au-S interaction. Au NSs were
grasped together in the presence of MPBA, which was described as
chain links in Fig. 2.
This interaction resulted in a visible color change of gold colloid

from ruby red to blue, corresponded to a red-shift of absorption band.
However, if MPBA was mixed with Hg2+ in advance, the aggregation
would decrease as high binding affinity between thiolates and Hg2+

inhibited the binding of thiol group with Au NSs. In this case, MPBA
was incapable of attaching to the surface of Au NSs and making Au NSs
aggregate. As the Hg2+ concentration increased, the color of the mixed
solution changed from blue to ruby red. This indicated that the ag-
gregated Au NSs re-dispersed into the solution. The anti-aggregation of
Au NSs induced by Hg2+ was further verified by TEM images and UV-
Vis absorption spectra. As depicted in Fig. 3A, Au NSs aggregated after
a 5.6 μL of MPBA (1mM) was added, resulting from the self-dehydra-
tion condensation of boronic acid, and the size of Au NSs changed from
14 nm to 200 nm (Fig. 3A). When there were Hg2+ present, Au NSs
were well dispersed because thiolates could form complexes with Hg2+

due to the high affinity and dropout from the surface of Au NSs. TEM
images, UV-Vis absorption spectra and color changes in the absence and
presence of 1 μM Hg2+ confirmed the mechanism. Consequently, this
assay was suitable for Hg2+ detection and there is no need to add any
masking agents. In addition, as shown by the blue arrow in Fig. 2C,
excess Hg2+ would scramble for citrate ions which were intended to
protect Au NSs, causing Au NSs to aggregate again.
The absorption at MAP (∼ 520 nm) increased as Au NSs dispersed,

which increased the intensity of PA waves accordingly. Benefit from the

high extinction coefficient (2.7× 108Lmol−1 cm−1) of Au NSs [35],
these PA waves could be detected by our PADS easily. PA signals were
further amplified to more than 10 V peak to peak by a charge amplifier,
which made our PADS more sensitive than traditional optical detection
and this new method is suitable for ppt-level detection of Hg2+.

2.3. Sensitivity of the Au NSs-enhanced PA system

To evaluate the sensitivity of Au NSs-enhanced PA system, samples
containing various concentrations of Hg2+ from the same solution were
detected using PADS. A pulsed laser (532 nm) was used as the illumi-
nation source, which meant that the acquired PA signal only reflected
the absorption at 532 nm. Fig. S1B showed the original PA signals with
different Hg2+ concentrations. Obviously, the amplitude of PA signal
grew with the concentration of Hg2+ solution within the concentration
of 10pM - 1μM. As shown in Fig. S1C, PA values (under λ= 532 nm)
were defined by the ratio of the peak to peak value of PA signal (as
marked by red arrow in Fig. S1B) over the laser intensity. The laser
intensity was measured by the silicon photocell whose output was also
voltage, which indicated that the measured PA value was a di-
mensionless value.
As the concentration of Hg2+ increases, more MPBA molecules will

be linked with Hg2+ via thiol groups instead of Au NSs, which caused
Au NSs to re-disperse. The color of Au NSs solution changed gradually
from blue to purple, finally to ruby red. As shown in Fig. 3B, the MAP of
Au NSs synthesized in this experiment was 521 nm, which strongly
depended on the size of nanoparticles. The aggregation of Au NSs could
be considered as a particle-size-increasing process for which the MAP of
Au NSs was largely red-shifted and the intensity of MAP also changed.
In the experiments, Nd:YAG pulsed laser was chosen in order to gen-
erate high-intensitive PA waves by increasing PA conversion efficiency.

Fig. 3. (A) TEM, (B) UV-Vis spectra and (C) original PA signal diagram of Au NSs solution (a), and MPBA-Au NSs solution (b) and 1μM Hg2+ (c).
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As verified in Fig. 3B, the absorption of Au NSs in 532 nm increased
greatly when the final Hg2+ concentration was (1μM) and Au NSs re-
dispersed. Fig. 3C showed that the amplitude of PA signal increased
significantly when the Hg2+ concentration reached 1μM. As a con-
sequence, the amplitude of PA signals of Au NSs was expected to rise
with the increase of Hg2+ concentration since Au NSs were changed
from an aggregation to a dispersion condition.
As demonstrated in Fig. S1, the final Hg2+ concentration in sample

solutions were between 10 pM and 10 μM. The relationship could be
described by

= + =y x R0.2337 log( ) 2.6451( 0.994) (3)

where y denoted PA value defined by the ratio of the output amplitude
of PA signal over the amplitude of the input voltage for the laser, both
in volts, so that y is dimensionless; x denoted the concentration of Hg2+

in mol/L. The detection limit was 78 pM determined from the expres-
sion 3 S/K, where S was the standard deviation for 11 determinations of
blank samples and K is the slope of the logistic regression model. The
logistic regression model saturated at 1 μM, indicating that almost all of
the thiol groups had connected with Hg2+ and Au NSs were totally
dispersed. When the Hg2+ concentration was over 1 μM, the PA value
declined due to the aggregation caused by Hg2+ itself. In contrast, the
color change was indistinguishable by naked eyes at low Hg2+ con-
centration until the solution (1μM) totally changed to red, as shown in
Fig. S1A, while clearly recognizable. More importantly, the sensitivity
of naked eyes to color change varies from person to person.
Furthermore, the detection limit of our PA system for Hg2+ is much
lower than colorimetric method presented by Liu et al., which was 8 nM
detected by an UV-2300 spectrophotometer (Shimadzu, Japan). In ad-
dition, the Au NSs-enhanced PA system will not be affected by scat-
tering and reflection of laser, which meant our proposed method for
Hg2+ can work even for complicated aqueous solution with ppt-level
Hg2+ inclusion.

2.4. Optimum conditions

The main parameters which could affect the test result are the ratio
between concentration of Au NSs and MPBA, reaction time, tempera-
ture, laser pulse width and power. The influence mechanism of these is
interpreted as follows.
The concentrations of MPBA and Au NSs, or the ratio between them,

is crucial for quantitative detection at low concentration. With too little
MPBA, even if high concentration of Hg2+ is added in the mixture, the
PA value could hardly change. In other words, a low sensitivity mea-
surement would be obtained. On the contrary, if too much MPBA is
added into Au NPs, Au NPs will completely aggregate and the initial PA
value will be the lowest. In this case, highly sensitive measurement
could be realized, because very low concentration of Hg2+ can change
the PA value substantially. However, under this condition, STNR is too
low for this Hg2+ trace measurement. Therefore, there is supposed to
be a balance between the requirement of high sensitivity and high
signal to noise ratio (STNR). In our experiment, the ratio between
MPBA and Au NSs is chosen according to Zhou et al.’s work. Under such
a condition, a highest ratio of signal to background can be obtained at
the MPBA concentration of 10 μM [36].
Fig. S2 showed the relationship between the amplitude of PA signals

and Hg2+ concentration under different testing time. The initial time
was set at the moment when gold colloid mixed with Hg2+ solution.
The mixture concentration was determined by PADS with a time in-
terval of 1–5min in each addition of Hg2+. Although the PA values
existed differences at different times, they kept a great linear relation-
ship with Hg2+ concentration. This makes it possible to shorten testing
time within 1min.
The peak photoacoustic pressure can be expressed by Eqs. (1), (2)

and(4) [37].

±P I
C r2 ( )A

a

p a L

2

3/2 1/2 (4)

where τL is the laser pulse width, r is the distance from irradiation
center. According to these equations, the PA value has a negative re-
lation with laser pulse width, while it is proportional to laser power.
The pulsed laser incorporated in our designed detection system is
Nd:YAG pulsed laser, which has a short pulse width of 9.2 ns. For this
pulsed laser and most of the others, the pulse width is not accessible to
be controlled. It is impossible for us to show the effect of pulse width by
experiments. As for Eq. (4), the more intensive laser energy is, the
higher signal-to-noise ratio we can obtain. However, the Acquiring
range of DAC which is± 5 V is considered in our experiments, which
means the laser intensity cannot be too high.

2.5. Selectivity of the Au NSs-enhanced PA system

To figure out the selectivity of Au NSs-enhanced PA system for Hg2+

detection, other common metallic ions in aqueous environment, in-
cluding Cd2+, Cu2+, Pb2+, Fe3+, Co2+, Ni2+, k+, Mg2+, Fe3+, Ca2+,
Na+, and Al3+ were also detected using our PADS for comparison.
The selectivity of PA system for Hg2+ detection was closely related

to the high affinity between Hg2+ and thiolates. The reason why the
binding affinity between thiolates with Hg2+ is higher than that of thiol
groups with Au NSs could be interpreted by hard/soft acid/base(HSAB)
principle presented by Ayers [38], who suggests that the formation of
covalent bonds can be more stable and faster between molecules with
similar hardness. Hg2+ had the characteristics of large radius, low
positive charge and high polarizability. These were typical features of
soft acids. Thiol groups also had high polarizability, small electro-
negativity and could be considered a soft base. According to the HSAB
principle, a soft acid and soft base could be connected by covalent
bonds, and eventually form a stable compound. Therefore, mercury ion
had higher affinity than Au towards thiol group. It could replace the
gold nanoparticle and to connect with thiol group easily. Other metal
ions (hard acid) had lower affinity than mercury ion or Au so that they
were difficult to induce the anti-aggregation of Au NSs in the presence
of MPBA.
As illustrated in Fig. S3, upon adding the mixture of MPBA with

each kind of metal ions (1 μM), only Hg2+resulted in a remarkable
increase of the PA amplitude, while other metal ions did not bring in
noticeable enhancement. These test results verified that only Hg2+ had
the ability of inducing anti-aggregation of Au NSs due to the high
binding affinity between Hg2+ and thiolates. Other hard-acid metal
ions, like k+, Mg2+, Fe3+, Ca2+, Na+, Al3+, were incapable of re-
dispersing Au NSs. As a consequence, the colors of Au NSs solutions
remained blue, only the one added Hg2+ turned into ruby red. Cd2+,
another typical soft acid, could also induce the aggregation of Au NSs
but in a much smaller degree than Hg2+. The property of Cu2+, Pb2+,
Fe3+, Co2+, Ni2+, were in between soft and hard acids. Therefore, our
Au NSs-enhanced PA system demonstrated great selectivity for Hg2+

towards other metal ions.
Concentrations of Hg2+, Cd2+, Cu2+, Pb2+, Fe2+, Co2+ and Ni2+

in drinking water is listed in Table S1. Concentrations between Hg2+ or
other metal ion, taking Fe2+ as an example, may be more than 100
times different. In this case, it would not be possible to distinguish
Hg2+ and Fe2+ by this proposed method. Nevertheless, this seems to be
a common problem in detecting Hg2+ by gold nanoparticles [39-41].
Overall, this Au NSs-enhanced PA system has the benefit of high

sensitivity and selectivity without any masking agents, and is potential
for Hg2+ detection in practical situations.

2.6. Practical application

In order to test the Au NSs-enhanced PA system in natural water
condition, tap water was used as a solvent to detect Hg2+ since it
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includes multiple metal ions, like Ca2+, Mg2+, K+, etc. Tap water was
collected in our laboratory and spiked with a small amount of Hg2+

standard solution (100 μg mL−1) to prepare Hg2+ solutions with dif-
ferent concentrations. The Hg2+ solutions were then measured and
analyzed using our PA system. The results were displayed in Fig. S4.
The proposed PA system showed a clear logarithmic relationship

between PA values and Hg2+ concentrations in tap water (R= 0.982).
The test results had slight difference between Hg2+ detection in tap
water and ultrapure water, possibly caused by the anionics and im-
purities in tap water. Despite this, the results indicated that this Au NSs-
enhanced PA system is effective in Hg2+ detection for practical appli-
cations.

3. Conclusion

In summary, a highly sensitive Au NSs-enhanced PA system for ppt-
level Hg2+ detection was developed, which combined the advantages of
high sensitivity of PA detection and the extremely strong SPR absorp-
tion of Au NSs. The self-dehydration condensation of MPBA and higher
affinity between thiol groups and Hg2+ was utilized to detect Hg2+ in
aqueous solutions. The detection limit of this system reached 78 pM,
which was much lower than the MAL of inorganic mercury in ground
water. The sensitivity of the new PA system depended on the affinity
between Au NSs and the aggregation agent, which was not limited to
MPBA, indicating that the detection limit of Hg2+ could be further
improved by substituting the aggregation agent with a better one.
Furthermore, the high-resolution acoustic signal could be optimized by
using better data processing algorithm and DAC with higher resolution.
The PADS also demonstrated the applicability for Hg2+ detection in
practical applications. In addition, it is far more cost-effective than ICP-
MS, SERS or UV-Vis spectrophotometer and does not require compli-
cated pretreatment. This system has great potential for routine detec-
tion and monitoring Hg2+ in aqueous environments.

4. Experimental section

4.1. Chemicals and reagents

Chloroauric acid trihydrate (HAuCl4⋅3 H2O) and MPBA were ob-
tained from Shanghai Aladdin Bio-Chem Technology Co., Ltd. Sodium
citrate (99%, anhydrous) and Citric acid (98%, anhydrous) were bought
from J&K Chemical Ltd. (Shanghai, China). Hg2+ standard solution
(100μg mL−1) was purchased from Shanghai Macklin Biochemical Co.,
Ltd. Distilled water was deionized by a MilliQ Water System (18.2MΩ⋅
cm, Millipore Co., USA).

4.2. Synthesis of colloidal Au NSs

Gold colloid was synthesized by reducing chloroauric acid with
sodium citrate, as presented by Frens [42]. Briefly, HAuCl4 solution
(0.367mM, 150mL) in a 250mL of round-bottom flask was firstly he-
ated to vigorous boiling, upon the magnetic stirring, 5.25mL of sodium
citrate (1%, m/v) was rapidly added into the solution. The color of the
solution changed from pale yellow into black quickly. The mixture was
further refluxed for another 15min until it became a steady, ruby-red
suspension. Finally, the suspension was slowly cooled to room tem-
perature and stored at 4 °C for further use.

4.3. Characterization

The size and morphology of Au NSs was measured by transmission
electron microscopy (TEM), Tecnai G2SpiritBiotwin (USA). To prepare
TEM samples, 10 μL gold colloidal was dropped onto a copper grid,
dried up in the air. The UV-Vis spectra of Au NSs and other solutions
were measured by a UV-Vis spectrophotometer (Varian InC., USA).

4.4. Detection of Hg2+ using PADS

For each measurement, 5.6 μL of MPBA (1mM) and 56 μL of Hg2+

solution (100 pM–10μM) were mixed in a 1.5 mL centrifuge tube to
control the final MPBA concentration at 10 μM [36]. All the solutions
were transferred using Eppendorf Research plus Single-Channel Pipette
(100–1000 μL) and Pipette (20–200 μL). The absorption difference be-
tween MPBA-Au NSs solution and Au NSs reached its maximum at the
MPBA final concentration of 10 μM. A citric acid/sodium citrate buffer
was added into the above mixture to adjust the pH value to 4.0. Then
the whole mixture was transferred to the miniature PA cell. After that,
500mL collidal Au NSs were added in PA cell to keep final MPBA
concentration at 10 μM in the mixture, which was considered as best
reaction concentration. All solution were mixed at room temperature.
The mixed solutions were measured by PADS after 1min of adding Au
NSs. The total operation time was less than 3min. Each effective PA
value was averaged of 5 test values.
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