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ABSTRACT: Surface-enhanced Raman spectroscopy
(SERS), as a nondestructive and fast detection technique, is
a promising alternative approach for arsenic detection,
particularly for in situ applications. SERS-based speciation
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separation methods, albeit with some difficulties due to the
similarity in SERS patterns. In this study, we explored a novel
SERS method for arsenic speciation by using the separation
potential of the coffee ring effect on negatively charged silver
nanofilms (AgNFs). Four arsenic species, including arsenite
(As™), arsenate (As"), monomethylarsonic acid (MMAY), and
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dimethylarsinic acid (DMA"), were measured for fingerprint SERS signals in solution and on the films. Significant enhancement

of SERS signals on the dried coffee ring stains by the AgNFs were observed except for As

" and more importantly, arsenicals

migrated varying distances during coffee ring development, promoting better speciation. Sodium dodecyl sulfate was then
introduced into the droplet to reduce the droplet surface tension, facilitating the migration of solution into the peripheral
region. Under the combined interactions of arsenicals with the AgNFs, solvent, and surfactant, enhanced separation between
arsenicals was observed as a result of the formation of two concentric rings. Combining the SERS fingerprint signals and
physical separation of arsenicals on the surface, arsenic speciation was achieved using the AgNFs substrate-based SERS
technology, demonstrating the potential of the coffee ring effect for rapid separation and analysis of small molecules by SERS.

B INTRODUCTION

Speciation analysis of toxic metals and metalloids is often
performed by separation of different species followed by
detection. For arsenic speciation, the conventional method is
the combination of chromatographic separation with spectro-
metric detection techniques. The popular separation techni-
ques include high-performance liquid chromatography
(HPLC)," ion chromatography (IC),”” and capillary electro-
phoresis (CE),* and the detection techniques include mass
spectrometry,” UV—vis absorption,” and hydride generation
coupled with atomic fluorescence or absorption spectrometry
(HG-AFS or HG-AAS).” However, these popular analytical
techniques have great limitations for arsenic speciation in
biological matrices, since it is difficult to maintain the integrity
of the arsenic species due to species transformation during
sample preparation, separation, or detection."*~"?
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Surface-enhanced Raman spectroscopy (SERS) has been
recognized as an advanced analytical technique for decades,
owing to its unique advantages, e.g., fast and noninvasive
detection and single-molecule sensitivity. The employment of
SERS in arsenic detection has been reported recently, mainly
with metallic nanoparticles'' ~'* and metallic nanofilms'*~'? as
substrates, while indirect detection methods use aptamers to
boost the arsenic molecules selectivity.”"*’
regarding the recent advancements in arsenic detection based
on SERS is available.”” Though in theory SERS could be used
to carry out arsenic speciation using the unique fingerprint
spectra of target compounds without chromatographic
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separation, difficulties were often encountered for the
simultaneous measurement due to spectrum overlap. For
example, two inorganic arsenic compounds (arsenite (As™),
arsenate (As")) were able to be measured using SERS without
significant spectrum overlapping.23 However, two structurally
similar organic arsenicals, monomethylarsonic acid (MMAY)
and dimethylarsinic acid (DMAY), in silver colloidal
suspensions could not be distinguished by SERS due to their
similar Raman spectra, as reported in our recent work.”*
Therefore, when using SERS for speciation analysis, it is ideal
to develop a separation method that minimizes the trans-
formation of arsenic species and can be coupled to SERS,
where SERS fingerprint signals and physical separation of
arsenicals would provide a combined power for arsenic
speciation.

The coffee ring effect refers to the occurrence of the ring-
shaped stain left on a solid surface when a coffee drop is dried
on the solid surface.”> With the evaporation of liquid over the
liquid drop surface, liquid from the center region would
migrate toward the edge to replenish the loss of liquid, and the
movement of liquid from the center to the edge is driven by
the capillary flow.” The coffee ring effect has been coupled
with SERS measurements for the simplicity of operation to
concentrate analytes toward the coffee rinzg region and to boost
the detection sensitivity simultaneously.””>” The coffee ring
effect showed potential to separate nano/microparticles,
because different size particles have different accessibilities
toward the contact line during the evaporation process.”**’
The results of these previous studies showed the potential
application of using the coffee ring as a simple platform for
chemical separation/speciation.

Despite the absence of directly using the coffee ring effect
for separation of small molecules, thin layer chromatography
(TLC), a technique with certain resemblance to coffee ring
development, has been coupled to SERS for separation and
detection of various analytes. Recently, the TLC-SERS
technique had been applied for facile measurement of
environmental pollutants,™ drugs,”"*” and dyes.”> The target
analytes were usually eluted with a mobile phase and separated
on a commercially available TLC plate. The analytes could be
then detected by SERS after coating with silver/gold
nanoparticles colloids serving as SERS substrates. Compared
to TLC, separation of analytes driven by the coffee ring effect
without consumption of mobile solution offers shorter
development times and would be more suitable for in situ
analysis. It is, therefore, of our interest to use the coffee ring
effect for separation of small molecules based on different
interactions of the analytes with the surface and solvent for
being coupled to SERS for speciation analysis.

In this study, we explored a novel SERS method for arsenic
speciation by combining the separation potential of the coffee
ring effect on negatively charged silver nanofilms (AgNFs) and
the Raman signal enhancement on AgNFs through analysis of
four common arsenic species, arsenite (As"), arsenate (As"),
monomethylarsonic acid (MMAY), and dimethylarsinic acid
(DMAY). Surfactants were introduced into the droplet in order
to reduce the droplet surface tension and facilitate migration of
solution into the peripheral region of the droplet for enhanced
separation.”**® Under the combined interactions of arsenicals
with the AgNFs, solvent, and surfactant, arsenicals traveled
different distances away from the drop center and were
partially separated on the AgNFs after drying the solution
drop. Combining the SERS fingerprint signals and physical
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separation of arsenicals on the surface, arsenic speciation was
achieved using the AgNFs substrate-based SERS technology.

B EXPERIMENTAL METHODS

Caution: The arsenic species included in this study are toxic and
could be potential human carcinogens, and they should be handled
with care.

Materials and Chemicals. Sodium metaarsenite, 98%
(As™), sodium arsenate dibasic, 99% (As"), and cacodylic acid
sodium salt, 98% (DMAY), were obtained from Sigma-Aldrich
(St. Louis, MO). Monosodium acid methane arsonate, 99.5%
(MMAY), was obtained from Chem Service, USA. Silver
nitrate (99.99%) was purchased from STREM chemicals
(Newburyport, MA). Sodium citrate dihydrate (Granular
certified), NaOH, HCI, K,HPO,, and KH,PO, were certified
A.C.S grade or higher and purchased from Fisher Scientific Inc.
The phosphate buffer was prepared by mixing an equal volume
of 0.2 mol L™} of K,HPO, and KH,PO,. Sodium dodecyl
sulfate (SDS, 99.0%) and (3-aminopropyl) trimethoxysilane
(APTMS) were purchased from Sigma-Aldrich (St. Louis,
MO). All solutions were prepared in deionized water (DI
water) (18.2 MQ, Barnstead Nanopure Diamond) unless with
specific indication. All arsenic stock solutions were prepared in
DI water at 13.3 X 107> mol L™ (1000 ppm as arsenic atomic
concentration). Glass microscope slides, purchased from
Fisher Scientific (Pittsburgh, PA), were cut into 1 X 1 cm?
pieces as glass substrates. Small size weighing boats were
purchased from Cole-Parmer instrument (Vernon Hills, IL),
and 25 mL clear glass vials with caps were purchased from
Fishersci (Hampton, NH).

Instrumentation. The Raman spectrometer used was from
PerkinElmer (RamanStation 400F), equipped with a diode
laser operating system at 785 nm with an average power of 100
mW (a relatively high power to increase signal intensity, Figure
S1) at the sample and 100 ym spot size. This RamanStation
was equipped with the Raman Micro 300, which has a movable
stage and a built-in camera monitoring the sample surface. The
laser source was focused on the sample on the stage through a
fiber optics cable connecting the RamanStation 400F to the
RamanMicro 300. Usually, the 20X optical lens was employed
in order to get better sample focus and Raman signal response.
One piece of silicon wafer was employed to calibrate the
Raman system on a daily basis, and the Raman signal intensity
at 522 cm™' was monitored in order to see whether the
instrument was functioning normally. In a typical Raman
spectrometer measurement, the optical lens was adjusted to
obtain the best image of the sample surface before the
measurement was performed. The SERS measurement
parameters used were as follows: laser wavelength, 785 nm;
exposure time, 1 s; 4 exposures per measurement.

A Veeco multimode nanoscope III D atomic force
microscope (AFM) was employed to obtain the surface
morphology of the prepared AgNFs and monitor the changes
of surface morphology during the cleaning and silanization
procedures. A transmission electron microscope (TEM,
Hitachi, H-7650) was employed to study the morphology of
citrate-coated silver nanoparticles. A Malvern Zetasizer Nano-
ZS (Westborough, MA) was employed to obtain the size and
zeta potential of the nanoparticles synthesized in the
laboratory. The average hydrodynamic diameters of the
nanoparticles were obtained from the “Z-average” intensity
peak as a function of size. UV—vis absorption spectra of AgNFs
were obtained from a Cary 300 UV—vis spectrometer. All pH
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measurements were carried out on a Fisher Scientific Accumet
Research AR1S pH/mV/°C Meter.

Fabrication and Characterization of AgNFs. The
fabrication process of AgNFs consisted of two major steps:
synthesis of citrate-coated silver nanoparticles (AgNPs-
Citrate)”” and immobilization of the AgNPs—Citrate onto
glass substrates.’® AgNPs—Citrate was synthesized by reducing
silver nitrate with sodium citrate. Briefly, all glassware was
soaked in Aqua Regia (HCI/HNO; = 3:1, v/v) overnight, then
rinsed with a large amount of tap water and DI water, and
finally dried in an oven at 80 °C before use. Then a 250 mL
round-bottom flask with 50 mL of 1 X 107> mol L™! silver
nitrate was heated to boil in an oil bath under vigorous stirring
with a condenser equipped to reflux. Sodium citrate solution
(2 mL, 1% (w/v)) was added dropwise to the hot solution and
kept boiling for 1 h to yield a greenish yellow AgNPs—Citrate
colloidal suspension. Particle size and surface charge of the
AgNPs—Citrate and pH of the colloidal suspension were
obtained after the solution cooled down to room temperature.

For the process of immobilization of AgNPs onto glass
substrates, all glass substrates (about 1 X 1 cm?®) were soaked
in Aqua Regia solution overnight and then sonicated
successively in concentrated NaOH solution (2 mol L7*)
and HCl solution (2 mol L™") for 2 h. These glass substrates
were thoroughly rinsed with a large amount of tap water and
DI water to wash away excess acid or base. Finally, these glass
substrates were dried in an 80 °C oven prior to use. Then the
AgNF was fabricated following a two-step procedure.”® The
first step was the silanization reaction on glass substrates
surface to attach APTMS molecules catalyzed by a diluted
acid.*® APTMS solutions with different concentrations [0.5%,
1.0%, 2.5%, 5.0%, and 10.0% (v/v)] in anhydrous ethanol were
first prepared. Then five pieces of glass substrates were soaked
in a 25 mL glass vial containing 10 mL of APTMS solution and
100 uL of 1 M HCl solution for 4 h on an orbital shaker (150
rpm). After the silanization reaction, the glass substrates were
cleaned with anhydrous ethanol under sonication for 3 min
and repeated four times in order to remove loosely attached
APTMS molecules on the glass surface. These treated glass
substrates were then dried by nitrogen and heated in an oven
at 80 °C for 30 min before the next step. The second step was
to immobilize AgNPs—Citrate onto the treated glass
substrates. AgNPs—Citrate were immobilized by electrostatic
interaction with the glass surface, since the amine groups were
facing outward and positively charged in solution. The high-
affinity interaction between silver nanoparticles and amine
groups should further enhance the attachment.”®™*" Briefly,
five pieces of glass substrates prepared from the first step were
placed in a small weighing boat with no overlapping among the
slides. Next, 5 mL of AgNPs solution was carefully transferred
into a weighing boat, and the glass slides were submerged in
the solution for different time periods (4, 8, and 24 h) on an
orbital shaker (50 rpm). DI water was introduced to make up
for the evaporation over time in order to prevent nanoparticles
from aggregation. The resulting glass substrates were then
cleaned with DI water three times, dried under N, gas, and
stored in a freezer prior to use.

The prepared AgNFs were examined for SERS signal
enhancement using As" (1.33 X 107> mol L™' (100 ppm as
arsenic atomic concentration) in DI water) as a model
arsenical, and the fabrication process of AgNFs was optimized
to obtain sufficient enhancement for arsenic SERS signals. The
optimization was focused on the concentrations of APTMS
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used in the silanization reaction and the immobilization times
for AgNPs—Citrate on the silanized glass surfaces. The AgNFs
prepared by the optimized method were characterized by AFM
to obtain surface morphology and AgNF thickness.

SERS Fingerprint Signals of Arsenicals on the AgNFs.
The typical fingerprint SERS signals of four commonly
detected arsenicals including As'™L AsY, MMAY, and DMAY
were measured individually in liquid droplets (0.1 mol L™*
potassium phosphate buffer, pH = 7.5) and on dry stain after
drying out the liquid droplet. To do so, stock solutions of
arsenic compounds (13.3 X 107> mol L™ or 1000 ppm as
arsenic atomic concentration) were diluted to 1.33 X 10> mol
L™ (100 ppm as arsenic atomic concentration) with 0.1 mol
L' potassium phosphate buffer (pH 7.5) as substock
solutions. Typically, 2 uL of arsenic solution from substocks
was dropped onto the AgNF, and SERS signals were collected
randomly at the center region of the sessile droplet. After about
35 min of evaporation, the droplet was completely dry and a
ring-shaped stain was formed on the AgNF due to the coffee
ring effect. The SERS signals were collected at the edge region
of the stain, where the analytes should be most concentrated.

Arsenicals Speciation on the AgNFs. Arsenic speciation
on AgNFs was investigated by sequential addition of individual
arsenic standards, starting from As', followed by DMAY,
MMAY, and As™ to eventually have a mixture of the four
arsenicals. In order to increase the separation, surfactant
(0.05% of SDS) was added to the arsenic solutions with the
purpose of extending the movement of the solvent on the
surface. Arsenic standard solutions containing individual or
mixed arsenicals of 1.3 X 107> mol L™' (100 ppm) for each
species were prepared in 0.1 mol L™ phosphate buffer (pH =
7.5) with 0.05 wt % of SDS. One drop (2 uL) of the solution
was placed onto the AgNF surface, and the sessile droplet was
allowed to dry on a flat bench under ambient conditions. While
formation of only one ring-shaped stain occurs in a typical
coffee ring phenomenon, two concentric ring-shaped stains
were formed after drying the solution with SDS. Similar with
the previous work of Brochard-Wyart et al,’** the three-
phase contact line did not move during the evaporation of
sessile droplets containing surfactants, but the liquid in the
sessile droplet permeated into the peripheral region of the
sessile droplet. There was a clear boundary between these two
concentric rings, named here the inner ring and outer ring,
respectively. The diameter of the inner and width of outer
rings were measured in multiple experiments, and they ranged
from 5.50 to 5.88 mm and from 3.45 to 3.90 mm, respectively,
with relative standard deviations of 5—13% (Table S1 and
Figure S2). SERS measurements on all coffee ring drop stains
were typically carried out from the center all the way to the
outer ring edge along the radius of the rings, and the sampling
spots were performed with 100 ym increments according to
the on-screen meter and 10 pm inside and outside the ring
boundary as well.

B RESULTS AND DISCUSSION

Optimization of Parameters for Fabrication and
Characterization of AgNFs. Self-assembled metal colloid
monolayer films have been widely used as SERS substrates.
One method to prepare a stable nanofilm is to coat gold or
silver colloid particles through chemical binding on a polymer
surface with pendent functional groups, such as —NH, or
—SH. In this study, we first prepared AgNPs colloidal solutions
and then modified glass slides with APTMS for anchoring the
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AgNPs onto the surface to prepare AgNFs. The pH of
AgNPs—Citrate colloidal solution was 9.0, and the surface of
AgNPs was negatively charged with a zeta potential of —45.25
mV (Figure S3A). Because the pK, value of primary
ammonium (—NH;") is greater than 10, APTMS was
positively charged in the AgNPs colloidal solution.” There-
fore, the positively charged surface can firmly bind with the
negatively charged AgNPs to form stable AgNFs.””*’

We first optimized the soaking time of ATPMS-modified
glass slides in AgNPs—Citrate solution (with 2.5% of APTMS)
to get a sufficient SERS enhancement. There was a positive
correlation between the length of immobilization time and the
SERS signal intensity as shown in Figure 1A. The AgNF
fabricated by 24 h of immobilization of AgNPs yielded the
strongest signal response, and a higher signal was observed for
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Figure 1. SERS signals of 2 4L of 1.3 X 107> mol L™ (100 ppm) As™
solution were obtained on different AgNFs for optimization of the
AgNFs preparation method. (A) AgNFs were prepared by
submerging the 2.5% (v/v) APTMS silanized glass slides in AgNPs
solution for different times. (B) AgNFs were prepared from different
concentrations of APTMS, including two controls. (Inset) control 1,
bare glass slides; control 2, glass slide without salinization procedure.
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8 h than 4 h. The time of immobilization was selected as 8 h in
the later experiments for the sake of saving time and increasing
signals. A further optimization on the immobilization time
between 8 and 24 h might provide a better point for balancing
experimental time and signal enhancement but was deemed
not necessary at this stage for method development. We then
examined the relationship between As™ SERS signal intensity
and the amount of APTMS used in silanization process (Figure
1B). No SERS signals were observed from the two control
experiments, including the bare glass slide and the glass slide
without APTMS treatment, and only hardly distinguishable
signals were obtained by using 0.1% APTMS. These results
indicated that the AgNF serves as a critical substrate for signal
enhancement, and the silanization procedure is the prerequisite
condition to fabrication of AgNF. The signal intensities when
using 0.5—10.0% APTMS were similar, albeit varying slightly
with minor baseline fluctuation. It is unclear why 2.5% APTMS
yielded the lowest signals, while both lower (0.5—-1.5%) and
higher (5.0—10.0%) concentrations produced higher signal
intensities. It would be understandable if all concentrations
higher than 2.5% resulted in lower signal enhancement, as the
excessive amount of APTMS might be greater than monolayer
formation on the SERS substrate surface and cause AgNPs
aggregation. Although 0.5% APTMS seemed to be sufficient
for treatment of glass substrates, 1.0% APTMS was employed
in the following experiments for arsenic detection for the
convenience of preparation.

The AgNF prepared with the optimized method was
characterized by AFM. The glass surface was coated
thoroughly with AgNPs (bright dots shown in Figure 2A),
although the arrangement was not well organized. An AFM
cross-section of the sample is shown in Figure 2B. Ten random
sections were selected in order to calculate the mean vertical
distance in terms of the AgNF thickness, which was found to
be 48.7 & 6.7 nm (n = 10). The size of AgNPs was about 44.6
+ 6.5 nm (n = 9) according to the TEM imaging (Figure S15),
similar to the z-average measurement results by Zetasizer,
suggesting that a monolayer film was formed.

SERS Signals of Arsenicals on the AgNFs. From the
typical fingerprint SERS signals of As™, As', MMA", and
DMA" measured in droplet and dry stain, significant
interference from the buffer was not found in the Raman
shift range of 1000—300 cm™" (Figure S4). For each arsenical,
similar wavenumbers of characteristic SERS signals were found
between the droplet and the dry stain (Figure 3). For As™
(Figure 3A), a strong vibrational band at 730 cm™' was
observed in the droplet, resulting from the As—O stretch
mode,*" and this characteristic vibrational band of As—O
appeared at the same position after the sessile droplet dried
completely. The band at 440 cm™" in the droplet (shifted to
415 cm™" in dry stain) was not reported in the literature, and
the vibrational mode of the arsenite molecule at 440 cm™" was
tentatively interpreted as being the wagging of H—O bonds,
with the assistance of computational chemistry (see Supporting
Information for details, Figure SS). For As", fingerprint signals
at 792 and 782 cm™" were observed in the sessile droplet and
on dry film, respectively, and these signals could be assigned to
the As—O symmetric vibrations (Figure 3B).** The super-
position stretch of 22 and 'S of the arsenate molecule was not
distinguishable in this buffer solution, which usually appeared
around 400 cm™.** Similar SERS signal profiles were found for
the two organoarsenicals. A vibrational band at 619 cm™ due
to the As—C stretch and one broad vibrational band at 812
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Figure 2. Typical surface morphology using (A) AFM depth imaging and (B) the cross-section profile for the prepared AgNF. Representative
cross-section profile (Figure 2B) was obtained on the red line in Figure 2A. Vertical distance was the distance between the valley and the peak as

the two dashed lines indicated.

cm™! from the vibrational band of As—O*’ were observed for
MMAY (Figure 3C). For DMAY, the symmetric stretching of
As—C appeared at 600 cm™' since DMA" has two As—C
bonds, and the asymmetric As—O stretching was found at 830
em™ (Figure 3D).'° On the basis of the intensity of the
characteristic signals on AgNFs, the strongest signal for each
arsenical was selected as their fingerprint signal for speciation,
and the wavenumbers of these signals were 730, 792, 619, and
600 cm™ for As™, As', MMAY, and DMAY, respectively.

Experiments were repeated multiple times separately to
evaluate the reproducibility of the SERS spectra and signal
intensities on different sets of AgNFs (prepared from different
batches of AgNPs but the same sizes), the size effects of
AgNPs on the formation of coffee ring and SERS signal
enhancement, and the variations of SERS signals with
measuring times, with information provided in the Supporting
Information. It was demonstrated that the SERS spectra and
signal intensities on different sets of AgNFs of the same size
were highly reproducible (Figures S6—S8). Although an
increase in AgNP size from 50 to 70 nm did not change the
SERS signal remarkably, a larger size of AgNPs (90 nm) could
result in the decrease in SERS intensity, probably due to the
decrease in the surface packing density of AgNPs on the film
reproducibly (Figures S9). Measurements within 8 h after the
coffee ring formation would generate reproducible SERS data
(Figures S10—S13), but it would be desirable to perform SERS
measurements immediately after the drop drying on the
AgNFs for the sake of precaution.

While the characteristic wavenumbers were not significantly
shifted, the signal intensities were found to be notably different
in droplets and dry stains. Greater SERS enhancements on dry
stains were observed for MMAY and DMA". These organic
arsenicals were negatively charged in the buffer; therefore, it
was difficult for them to get close to the negatively charged
AgNFs (surface zeta potential —48.21 + 1.40 mV as
determined by streaming potential measurements, see SI for
additional experimental information) to generate strong SERS
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signals in solution. Compared to solution droplets, stronger
Raman signals were observed on dry stains because of the
reduced distance to the AgNFs. The coffee ring effect also
allows analytes in the droplet central area to travel to the edge
with the solvent during the evaporation process, and the
analytes can be concentrated in the drop stain area. Compared
to the organic arsenicals, As' and As" showed an opposite
trend in which the SERS signals were decreased on the dry film
compared to in solution, especially for As™ with a significant
signal decrease (Figure 3A). We speculated that this could be
related to the As—AgNFs electrostatic interactions and the
adsorption of arsenic species on AgNFs. For As'", it remained
in the neutral form in the buffer solution with little electrostatic
repulsion or attraction by the negatively charged AgNFs, but it
could be adsorbed on the nanoparticle surface (probably to the
citrate molecules) via van der Waals force. This adsorption
would keep As™ staying close enough to the surface to
generate strong SERS signals in the solution. For As' in the
buffer solution, although it was negatively charged and thus
repelled by the AgNF, the adsorption through van der Waals
force would to some degree offset the electrostatic repulsion,
thus retaining As" close to the surface for SERS signal
enhancement. Since As™ was adsorbed on the AgNF (probably
more strongly than As), it might not be able to move to the
edge during the evaporation process and seemed to spread out
in the stain area, causing the decrease in concentration at each
spot. The appearance of a signal for As™ at 730 cm™
throughout the dry stain spot from the central to the edge,
when examining the movement of As"' during drop
evaporation, supported this notion (Figure 4A). In addition,
the signal at 795 cm™"' was observed from the middle to the
edge area (particularly at the edge of the ring) in the SERS
profile of As™ in the dry stain, indicating possible formation of
As¥ and thus causing the decrease in As™ signal. Such
oxidation reaction was reported in a previous study, in which
more than 70% As™ was oxidized to As¥ in 1 mol L' of
ammonium hydroxide solution after a 90 min TLC separation
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Figure 3. Typical SERS signal profiles of (A) As"™, (B) As", (C) MMAY, and (D) DMA" on the AgNFs. All signals in black curves were obtained at
the center of the droplet containing 2 L of 1.3 X 107 mol L™' (100 ppm) arsenic in 0.1 mol L' potassium phosphate buffer (pH = 7.5) on
AgNFs, and red curves represent signals obtained at the edge region after the sessile droplets evaporated.

on cellulose plate.** Tt was suggested that the laser-excited
surface plasmon resonance on the AgNPs played an important
role in the oxidation reaction. The surface plasmon resonance
can facilitate not only the activation of oxygen to form triplet
oxygen molecules (*0,) but also electron transfer from AgNPs
to the 0, to create the anion of oxygen (*0,7).* The 0,~
was then strongly adsorbed over the surface of AgNFs, and
AgO, was formed under a high temperature locally raised by
the laser. Therefore, the resulting AgO, could oxidize As™ to
As" on the surface. The appearance of As' was then confirmed
in a SERS profile obtained by measuring the drop stain of As"
along the radius (Figure 4B), where As' at 783 cm™ was
present in the outer ring area only.

The results of examining SERS signals of the four arsenic
species indicated that these arsenicals exhibited distinct signal
profiles with fair SERS enhancement on the AgNFs. It was also
observed that the arsenic compounds traveled different
distances with the solvent during the evaporation process
and then deposited into different distribution patterns on the
AgNFs. Taken together these results suggest that arsenic
speciation could be potentially achieved by measurement of
SERS signals along the radius of the ring stains.
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Arsenic Speciation on the AgNFs. Although these four
arsenicals showed different fingerprint vibrational bands,
similarity of signal patterns from the two organoarsenicals
caused a big problem for arsenic speciation analysis, according
to our previous study by using colloidal suspension of AgNPs
as a SERS substrate.”* Nanofilms, as an alternative substrate,
could offer a great advantage due to the coffee ring effect
occurring during the evaporation of the droplet. In addition to
preconcentration of the analytes, the coffee ring effect could
facilitate the separation of arsenic species on the film due to
the different interactions of arsenic with the substrate surface
and the solvent. We thus used the AgNFs here for speciation of
these four arsenicals, with the addition of 0.05% SDS to extend
the movement of the solvent and enhance separation of
arsenicals on the surface. The addition of SDS did not show
interference to arsenic fingerprint signals (Figure S4) but
lowered the surface tension of droplets and indeed increased
the travel distance of the solution, resulting in the formation of
two concentric rings that could be helpful for species
separation.

For As" alone, the strongest signal at 783 cm ™! was found in
the middle area of the outer ring and there was no obvious
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Figure 4. SERS signal profile of a drop stain after evaporation of 2 uL
of 1.3 X 107 mol L™ (100 ppm) (A) As™ and (B) As" solution on
the AgNF. Signals were collected along the radius of the drop stain
from center to edge.

signal in the inner ring area (Figure 4B). For the mixture of
AsV and DMAY, the fingerprint signals of AsY at 786 cm ™! were
still only in the outer ring area (Figure SA) but the DMAY
signals at 604 cm™' were observed in the inner ring,
demonstrating that As¥ and DMA" could be separated
completely without any overlap. Figure SB shows the
speciation of adding MMA" to the mixture of As' and
DMA" on the AgNF. For As¥ and DMAY, their fingerprint
signals, which were at 785 and 604 cm™, respectively,
appeared at the same region with that in Figure SA. There
was a new peak clearly appearing at 619 cm™" in the outer ring,
resulting from the addition of MMAY. These results suggest
that even if the fingerprint signals of MMA" and DMA" were
close to each other, speciation of MMAY and DMAY could be
accomplished on AgNF because of the physical separation of
these two species achieved using the coffee ring effect. Finally,
the SERS profile of the mixture of A" AsY, MMAY, and
DMAY was measured with a shortened distance of each
sampling spot from the center to the edge to avoid missing any
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fingerprint signals. The characteristic peaks at 608 cm™,

assigned to DMAY, were found in most areas of the inner ring
and consistently observed in the inner ring region until the
boundary (Figure SC). When the sampling spots moved into
the outer ring area, the peak at 618 cm™" (see Figure S14 for its
deconvolution and identification) appeared and remained
unchanged in the entire outer ring, indicating the presence of
MMA". The fingerprint signal at 732 cm™' appearing
throughout the outer ring area can be assigned to As'.
Although the As™ signals on the AgNFs were weak due
possibly to the oxidation to As", the peaks were still clear and
distinguishable. It is worth noting that the As™ signals were not
observed in the inner ring, different from the result for
measuring As"' alone (Figure 4A), probably due to the
enhanced movement by the addition of SDS. The strongest
AsY signals at 778 cm ™! were present in the middle of the outer
ring, consistent with the results from the experiment for AsY,
MMA", and DMA" (Figure 5B). These results indicated the
successful speciation of As™, As', MMAY, and DMA" on the
AgNFs by combining the advantages of distinct fingerprint
SERS signals and physical separation of arsenicals under the
influence of coftee ring effect.

There was a significant difference between arsenic SERS
profiles in the inner ring and the outer ring areas. The inner
ring stain was formed by the coffee ring effect caused by an
evaporation-driven capillary flow from the center of the droplet
toward the contact line, while the outer ring stain was formed
after adding a small amount of SDS containing buffer. The
surfactant lowered the surface tension of the droplet, and
consequently, the liquid could be slowly leaked out from the
droplet because of capillary action caused by narrowly packed
AgNPs surrounding the droplet. As a result, the arsenicals in a
solution could move outward with the capillary flow to the
edge of the droplet and then permeate into the periphery of
the droplet with solvent. AgNFs provided a negatively charged
surface to interact with the analytes, playing an important role
in the physical separation of arsenicals. For example, the
strongest MMA" signal appeared at the beginning of the outer
ring, while DMA" appeared in the edge of the inner ring
(Figure 5C), because MMA" (pka = 3.6) bears more negative
charges than DMAY (pK, = 6.2) in the buffer (pH = 7.5).%
Surfactant could also affect the migration of arsenicals during
solvent evaporation. Because of the coffee ring effect, SDS near
the contact line was concentrated and the surface tension near
the drop edge decreased. The difference in surface tension
resulted in a Marangoni flow toward the center to push the
analytes backward.”” Most of DMAY seemed to be trapped in
the inner ring, possibly because the two methyl groups of
DMAY had a high affinity to the hydrophobic chain of SDS,
leading to the deposition of DMAY together with SDS in the
inner ring area. On the contrary, MMA" has one methyl group
and should have a weaker interaction with SDS, and thus, most
of MMAY was found in the outer ring area. Another factor in
play here is the eluting ability of solvent. The aqueous solution
has a low eluting ability to less polar analytes such as DMAY
(in comparison to MMAY)* and thus limits its migration.
Under the combined interactions with the surface, SDS, and
the solvent, DMAY showed the shortest traveling distance.

B CONCLUSIONS

A novel method for arsenic speciation was explored by utilizing
AgNFs as SERS substrates, combing the distinct fingerprint
SERS signals of arsenicals and their physical separation caused
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edge.

by the coffee ring effect on the AgNFs. In order to realize the
possibility of using the coffee ring effect to separate small
molecules, SDS as a surfactant was introduced, allowing
varying travel distances for different arsenicals and thus
successful speciation of As™, As', MMA", and DMA". We
demonstrated in this study the dual functions of AgNFs, as
SERS substrates for signal enhancement and as a charged
surface affecting analyte immigration. The capillary flow caused
by the coffee ring effect also played a dual role, as it
preconcentrated analytes into the ring edge area and
meanwhile moved arsenicals to different distances on the
AgNF surface. This is the very first study employing the coffee
ring effect for arsenic speciation, and it does show the
promising potential of the coffee ring effect for fast and in situ
separation of small molecules. As the migration of analytes
during evaporation is a complicated process controlled by
various factors such as surface retention, capillary flow, and
capillary action, future research will focus on understanding the
role of these factors and further optimization of important

factors for possible quantitative analysis of arsenic species.
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