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Abstract We report a new method for the trace analysis of
mercury (II) ions in water. The approach involves the use of
droplet-based microfluidics combined with surface-enhanced
Raman scattering (SERS) detection. This novel combination
provides both fast and sensitive detection of mercury (II) ions
in water. Specifically, mercury (II) ion detection is performed
by using the strong affinity between gold nanoparticles and
mercury (II) ions. This interaction causes a change in the
SERS signal of the reporter molecule rhodamine B that is a
function of mercury (II) ion concentration. To allow both
reproducible and quantitative analysis, aqueous samples are
encapsulated within nanoliter-sized droplets. Manipulation of
such droplets through winding microchannels affords rapid
and efficient mixing of the contents. Additionally, memory
effects, caused by the precipitation of nanoparticle aggregates
on channel walls, are removed since the aqueous droplets are
completely isolated by a continuous oil phase. Quantitative
analysis of mercury (I) ions was performed by calculating
spectral peak area of rhodamine B at 1,647 cm . Using this
approach, the calculated concentration limit of detection was
estimated to be between 100 and 500 ppt. Compared with
fluorescence-based methods for the trace analysis of mercury
(II) ions, the detection sensitivities were enhanced by
approximately one order of magnitude. The proposed
analytical method offers a rapid and reproducible trace
detection capability for mercury (II) ions in water.
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Introduction

Environmental pollution by heavy metals and the resulting
adverse effects on human health are problems of increasing
concern [1]. In particular, mercury (II) (Hg>") is widely
considered to be one of the most toxic pollutants [2]. For
example, methyl mercury is formed from inorganic mercury
by bacteria living in the sediments of aqueous environ-
ments. This potent neurotoxin is being cumulative through
aquatic food chains resulting in significant body burdens of
mercury in humans [3]. The injection of methyl mercury
can cause irreversible damage to the central nervous system
manifested by the loss of sensory, motor, and cognitive
operations, and exposure of high Hg levels can be fatal as
well [4-6]. Accordingly, there is a pressing need to develop
a fast and sensitive method for the trace analysis of mercury
(II) ions in water. To date, different types of analytical
methods including atomic absorption spectroscopy, induc-
tively coupled plasma—atomic emission spectrometry, gas
chromatography—inductively coupled plasma—mass spec-
trometry, and selective cold vapor atomic fluorescence
spectroscopy have been employed for the detection of
mercury (II) ions in a variety of environments [7—10]. Such
analytical methods provide limits of detection (LOD) at the
parts-per-billion level. Unfortunately, extensive sample
preparation, preconcentration times, and analysis times
make them less attractive for use in both laboratory and
in-the-field environments.

Recently, methods involving gold nanoparticles (AuNPs)
have been used to perform trace analysis of mercury (II)
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ions in water [11-19]. For instance, the strong affinity
between AuNPs and mercury (II) ions causes significant
changes in the optical properties of AuNPs. This obviates
the need for complex separation or preconcentration of the
original sample. Functionalized AuNPs have been
employed in both absorption and fluorescence-based assays
for the quantitation of mercury (II) ions in water. Indeed,
AuNPs, modified with mercaptopropanoic acid [11], oligo-
nucleotides [12—15], and peptides [16] have been used to
control and modify aggregation properties in colorimetric
detection. Moreover, AuNPs functionalized with organic
chromophores [17—19] have been used to facilitate fluores-
cence detection. Interestingly, Huang and Chang reported
an elegant approach for determining mercury (II) ions in tap
water incorporating the fluorescence quenching of rhoda-
mine B (RB) in the presence of AuNPs [17]. When highly
fluorescent RB molecules are adsorbed onto the surfaces of
AuNP, their fluorescence quantum yield is reduced by
energy transfer phenomena. In the presence of mercury (II)
ions, RB molecules are released from the AuNP surfaces
and thus restore the original levels of fluorescence
emission. In this way, the concentration of mercury (II)
ions could be determined with na LOD of approximately
2 ppb. However, there is still a need for new sensitive and
rapid assays for mercury (II) ions in water. To this end,
surface-enhanced Raman scattering (SERS) is a promising
alternative for high-sensitivity analysis of mercury (II) ions.
Indeed, when small fluorescent molecules (such as RB) are
adsorbed on AuNPs, their SERS signals are strongly
increased due to electromagnetic and chemical enhance-
ment factors [20, 21]. However, when in the presence of
mercury (II) ions, a proportion of these molecules are
released from the metal surface causing a decrease in the
observed SERS signal. In contrast to the fluorescence
methods, the concentration of mercury (II) ions can be
directly determined by monitoring this decrease in the
SERS signal. Additionally, SERS-based detection is ideally
suited to the simultaneous detection of metal ions since
spectroscopic bands are sharp and easily resolvable [22,
23]. However, quantitative trace analysis using SERS has
been hindered due to the difficulties associated with
reproducing experimental parameters, such as the degree
of aggregation, particle size distributions of the metal
colloids and the inhomogeneous distribution of molecules
on the nanoparticle surface. The implementation of micro-
fluidic techniques has recently been shown to address some
of these issues [24-28]. Microfluidic systems possess
several advantages over conventional macroscale environ-
ments when performing SERS. For example, the ability to
operate within a continuous flow regime and the ability to
generate homogeneous mixing conditions within micro-
fluidic channels have been shown to engender quantitative
SERS-based analysis [25, 27]. However, it is significant to
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note that the deposition of nanoparticle aggregates on
channel surfaces (the memory effect) is ameliorated in the
high surface-to-volume ratio environments typical of micro-
fluidic systems, thus affecting both sensitivity and repro-
ducibility. To address this issue in part, Popp and coworkers
have employed a two-phase liquid/liquid segmented flow
system in SERS measurements to good effect [29, 30].
Droplet-based microfluidic systems have gained increasing
popularity in recent years. Such systems allow the
generation and manipulation of monodisperse nanoliter-
sized liquid droplets within an immiscible carrier fluid in a
high-throughput manner [31-35]. Compared to single-
phase flow, the localization of reagents within discrete and
encapsulated droplets enhances mixing, minimizes resi-
dence time distributions, and affords ultrahigh analytical
throughput [36]. Importantly, the formed droplets may be
fused [37], subdivided, sorted [38], isolated, or incubated
[39], allowing complex chemical/biological processing in
an automated fashion. However, to become a core instru-
mental platform, high-sensitivity online droplet detection
remains a significant challenge. Herein, we demonstrate the
use of SERS detection for the highly sensitive trace analysis
of mercury (II) ions in water within a droplet-based
microfluidic system. Specifically, aqueous droplets containing
mercury (II) ions and RB-adsorbed AuNPs act as individual
reaction vessels.

Materials and methods
Preparation of dye-labeled gold nanoparticles

Monodisperse aqueous AuNPs were prepared using the
process developed by Frens [40]. In brief, a 0.6 mL of 1%
trisodium citrate dihydrate (Nascitrate) solution was added
to a 100-mL solution of boiling 0.01% gold chloride
trihydride (HAuCly-3H,O). The mixture was boiled for
15 min and then cooled to room temperature. UV/Vis
absorption analysis estimated the average diameter of gold
particles to be 60 nm at a concentration of 0.04 nM. The
Raman-active reporter, RB, was adsorbed onto the nano-
particle surfaces by dissolution in 5 mL of the gold
nanocolloid solution. RB-adsorbed AuNPs were left for
2-3 h without disturbance.

Microfluidic device fabrication

Microfluidic devices were fabricated in polydimethylsiloxane
(PDMS) using standard soft lithographic techniques [41].
PDMS base and curing agent (Sylgard 184, Dow Corning)
were mixed in a ratio of 10:1w/w, degassed and decanted
onto a Silicon master. The resulting structure was cured in an
oven and then the structured layer was peeled off from the
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master. After punching inlet and outlet holes for fluidic
access, the structured PDMS substrate was bonded to a thin
cover glass slide. Figure la shows a schematic of the
microfluidic device used in this work. The five dashed
rectangles denote positions at which SERS measurements
were made. The main channel and the two side channels
were 150 um wide and 100 pm deep.

SERS detection

Figure 1b displays an optical arrangement for laser focusing
on a microdroplet in the PDMS device. SERS measurements
were performed using a Renishaw 2000 Raman microscope
system. A Melles Griot He-Ne laser operating at A=
632.8 nm was used as the excitation source at a power of
approximately 30 mW. The Rayleigh line was removed from
the collected Raman signal using a holographic notch filter
located in the collection path. Raman scattering was
measured using a charge-coupled device (CCD) camera with
a spectral resolution of 4 cm '. An additional CCD camera
was fitted to an optical microscope to obtain optical images.

Results and discussion

Figure 2 illustrates the sequential adsorption of RB and
mercury (II) ions onto the surface of AuNPs. When RB
molecules are added to the gold nanoparticle solution, they
adsorb via electrostatic interaction. A fluorescent dye such
as RB possesses a large fluorescence quantum efficiency in
bulk solution. However, this is drastically diminished via
energy transfer when adsorbed on the surface of AuNPs

Fig. 1 a Schematic representation a
of the channel pattern used to
create droplets; b optical arrange-
ment for focusing the excitation
beam into the microchannel
network; ¢ photograph of the
assembled device in operation

[17]. In the presence of mercury (II) ions, RB molecules are
released from the surface of AuNPs via competitive
adsorption, thus generating an increase in the observed
fluorescence. By monitoring this signal enhancement, a
highly sensitive method for mercury (II) detection can be
realized. Several studies using this spectroscopic method
have been reported and yield detection limits as low as
2 ppb [17-19]. Such a LOD satisfies the maximum
permitted mercury (I) levels in drinking water set by the
US Environmental Protection Agency [42].

Nevertheless, SERS detection methods can also be used
for the quantitative determination of mercury (II) ions in
water. When RB molecules are adsorbed on AuNPs,
aggregated clusters are produced and the SERS signal is
significantly enhanced by hot spots. To evaluate the degree
of aggregation, the extinction spectra for AuNPs and RB-
modified AuNPs were measured. Here, absorption due to
aggregated AuNPs (ranging from 650 to 800 nm) was
observed to increase but the absorption due to single
AuNPs (at 535 nm) was seen to slightly decrease. This
means that the addition of RB molecules induces aggrega-
tion of AuNPs. Conversely, it was previously reported that
the addition of mercury (II) ions induces a negligible effect
on RB-modified AuNP aggregation [17]. Thus, the reduc-
tion of the SERS signal only depends on the decrease in the
number of RB molecules. In contrast to the enhancement of
the fluorescence signals caused by the replacement of RB
molecules by mercury (II) ions, the SERS signals gradually
decrease with an increase in mercury (II) ion concentration.
This is because the number of Raman reporter molecules
adsorbed on the nanoparticle surface decreases within
increasing mercury (II) ion concentration.
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Fig. 2 Schematic representation
of the mercury (II) ion sensing
mechanism based on the re-
placement of RB dye molecules
through the reduction of mercu-
ry (II) ions on the surface of
AuNPs

Figure 3 provides a comparison of SERS spectra
originating from a sample containing RB-adsorbed AuNPs
with the same sample containing 10 ppb of mercury (II)
ions. Here, the concentrations of AuNPs and RB were 0.04
and 400 nM, respectively. It can be seen that the SERS
intensities are significantly reduced on addition of 10 ppb
of mercury (II) ions. This indicates RB molecules have
been replaced by the mercury (II) ions. By monitoring this
decrease in SERS intensity, quantitative analysis of mercury
(II) ions could be achieved. However, in practice, it was
difficult to apply this approach for trace analysis because of
a lack of control over experimental parameters such as
particle size and degree of aggregation [25-27].

To improve system robustness for trace analysis, a
droplet-based microfluidic system was used for reagent
mixing and fluid control. A schematic illustration of the
device structure and operation is provided in Fig. 1. This
generic channel geometry was introduced by Ismagilov and
provides for efficient droplet generation and mixing of
encapsulated reagents [43, 44]. Precision syringe pumps
(PHD 2000, Harvard Apparatus) were used to infuse both
aqueous solutions and the immiscible carrier fluid at flow
rates ranging between 0.1 and 5 pl/min. The aqueous
solutions consist of an RB-adsorbed AuNP colloidal solution
>and a mercury (II) ion solution (of varying concentration).
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Fig. 3 SERS spectra for a RB-AuNPs and b the mixture of RB-

AuNPs with 10 ppb of mercury (II) ions. The average diameter of
AuNPs was estimated to be 60 nm
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The carrier fluid is a mixture of perfluorodecalin and
1H,1H,2H,2H-perfluorooctanol (PFO). The two confluent
aqueous streams were injected into a stream of flowing
carrier fluid where they “bud” into droplets and are
transported downstream at a constant velocity by the carrier
fluid. The droplet size can be controlled by varying the ratio
of the aqueous-to-oil flow rates. Moreover, as droplets pass
through the winding channels, efficient mixing is achieved
by chaotic advection which acts to stretch, fold, and reorientate
contained fluid elements. To find the optimal conditions for the
SERS measurements, the flow rates of the aqueous and oil
streams were varied between 0.1 and 5.0 pl/min. For the
current experiments, the optimum flow rates were determined
to be 1.5 pl/min for the carrier oil and 1.0 pl/min for the
aqueous stream. Figure ¢ shows an image of the microfluidic
device in operation at these flow rates. Droplets are formed at
the top left-hand part of the photograph and travel down-
stream at a volumetric flow rate of 1 pl/min. SERS spectra at
each channel position were accumulated for 10 s (incorpo-
rating the transit of approximately 20 droplets through the
detection probe volume). Accordingly, the measured Raman
signals include signatures from both the carrier fluid and the
RB-adsorbed AuNPs. For the oils used in the current
experiments, resulting Raman intensities are negligible
compared to the SERS signal of RB-AuNPs.

Figure 4 shows the measured SERS spectra of RB-
modified AuNPs and 10 ppb of mercury (II) ions at six
different channel positions. The volumetric flow rates of the
carrier oil and aqueous flow were 1.5 and 1.0 pl/min,
respectively. Positions A, B, C, D, E, and F correspond to
the measurement areas depicted in Fig. 3. F’ indicates the
Raman spectrum at position F after a period of 5 min under
stopped-flow conditions. It can be seen that all major SERS
peaks reduce in intensity as a function of distance from
droplet formation. This indicates that the aqueous streams of
RB-AuNPs and mercury (II) ions are steadily mixed with
more mercury (II) ions being adsorbed onto the AuNPs with
time. However, the continuous decrease in peak intensity
between A and F indicates that this adsorption process does
not go to completion. To find equilibrium point of the
reaction, a stopped-flow measurement was performed. In this,
the flow of the solution was stopped and the SERS signal
was measured at 30-s intervals at channel position F. These
data indicate that the Raman intensity remains constant after
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Fig. 4 SERS spectra originating from a confluent mixture of RB-
modified AuNPs and 10 ppb of mercury (II) ions at varying positions
along the microfluidic channel

5 min (marked as F’ in Fig. 4). Here, the signal intensity at
equilibrium F’ corresponds to ~90% of the SERS intensity at
position F. Figure 5a displays the change in the characteristic
Raman peak of RB at 1,647 cm ' resulting from aqueous
droplets containing various concentrations of mercury (II) ions
at the position F. The peak intensity decreased concomitantly
with the increase in mercury (II) ions, and this peak could be
used for the quantitative determination of mercury (I) ions. A
fraction of Au bound by mercury (II) ions can be given by

RA
RAMAx

[Au—Hg] = 1 - (1)

where RA and RAy5x represent the peak area at 1,647 cm !
at a concentration of mercury (II) ions and that in the
absence of the mercury ions, respectively. [Au—Hg] is plotted
as a function of the concentration of mercury (II) ions in
Fig. 5b and follows a nonlinear regression model.

[He*]

[Au — Hg| = [Au — Hg] MAXTHGT] 1 K

(2)
where K is the fitting parameter and [Hg’'] is the total
concentration of the mercury (II) ions. The nonlinear fit of
the data yields K=1.540 ppb and [Au—Hg]max=0.5603. The
error bars are the standard deviations from a total of three
measurements. A very good linear response in Fig. 5b was
found in the concentration range 0.1-2.0 ppb. In addition,
the LOD could be determined to be 100-500 ppt, assessed
from three standard deviations above the background.

Conclusions

In the present study, a novel method for the trace analysis
of mercury (II) ions in water has been developed. SERS

detection, combined with droplet-based microfludics, pro-
vides a fast and sensitive detection method. By using the
strong affinity between AuNPs and mercury (II) ions,
changes in the SERS signal of thodamine B molecules were
monitored. The two-phase segmented system comprises a
carrier oil that encapsulates and motivates nanoliter-sized
aqueous droplets. Significantly, deleterious memory effects
previously reported in single-phase microfluidic systems
are removed since, although each droplet fills the channel,
it does not contact the surface due to presence of a thin
layer of the continuous phase. Additionally, efficient and
rapid mixing of aqueous fluid elements is realized by chaotic
advection (induced by the winding channel geometry).
Compared with fluorescence-based methods for the trace
analysis of mercury (I) ions, the detection sensitivities were
enhanced by approximately one order of magnitude. We
expect that our general approach is applicable to the fast and
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Fig. 5 a Variation of Raman intensity between 1,680 and 1,610 cm

as a function of mercury (II) ion concentration. All of the spectra were
measured at position F; b variation of peak area as a function of
mercury (II) concentration. Error bars denote the standard deviation
resulting from three measurements
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sensitive trace analyses of other metal ions. Indeed, the use
of SERS and droplet-based microfluidics for the multiplexed
analysis of metal ions in water is the subject of ongoing
studies.
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