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HIGHLIGHTS

e Gold nanofilm (AuNF)-based coffee
ring effect combined with SERS for
analysis of thioarsenicals.

e Manipulating conditions based on
chemical properties of thioarsenicals
for better separation.

e Demonstration of coupling coffee
ring effect separation to SERS detec-
tion for small molecules.

ARTICLE INFO

Article history:

Received 2 October 2019
Received in revised form

15 January 2020

Accepted 18 January 2020
Available online 21 January 2020

Keywords:

Coffee ring effect

Gold nanofilm

Surface-enhanced Raman spectroscopy
Thioarsenicals

GRAPHICAL ABSTRACT

3 DMDTA
DMMTAY

Raman intensity (a.u.)

Raman laser
200 400 00 800 1000
Raman shift (cm™)
A s

ABSTRACT

Thioarsenicals, such as dimethylmonothioarsinic acid (DMMTAY) and dimethyldithioarsinic acid
(DMDTAY), have been increasingly discovered as important arsenic metabolites, yet analysis of these
unstable arsenic species remains a challenging task. A method based on surface-enhanced Raman
spectroscopy (SERS) detection in combination with the coffee ringeffect for separation is expected to be
particularly useful for analysis of thioarsenicals, thanks to minimal sample pretreatment and unique
fingerprint Raman identification. Such a method would offer an alternative approach that overcomes
limitations of conventional arsenic speciation techniques based on high performance liquid chroma-
tography separation and mass spectrometry detection. A novel analytical method based on combination
of the coffee ringeffect and SERS was developed for the speciation of thiolated arsenicals. A gold nanofilm
(AuNF) was employed not only as a SERS substrate, but also as a platform for the separation of thio-
arsenicals. Once a drop of the thioarsenicals solution was placed onto the AuNF and evaporation of the
solvent and the ring stamp formation onto AuNF began, the SERS signal intensity substantially increased
from center to edge regions of the evaporated droplet due to the presence of the coffee ring effect.
Through calculating the pKa’s of DMMTAY and DMDTAY and accordingly manipulating the chemical
environment, separation of these thioarsenicals was realized as they travelled different distances during
the development of the coffee ring. The migration distances of individual species were influenced by a
radial outward flow of a solute, the thioarsenicals-AuNF interactions and a thermally induced Marangoni
flow. The separation of DMMTAY (center) and DMDTAY (edge) on the coffee ring, in combination with
fingerprint SERS spectra, enables the identification of these thioarsenicals by this AuNF-based coffee ring
effect-SERS method.
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1. Introduction

Thioarsenicals, which contain an arsenic—sulfur bond analogous
to their oxoarsenical counterpart with an arsenic—oxygen bond,
have been increasingly discovered as a new class of arsenic me-
tabolites in recent years [1—3]. Dimethylmonothioarsinic acid
(DMMTAV) and dimethyldithioarsinic acid (DMDTAY) were widely
detected in animal urine after exposure to various arsenic com-
pounds, including dimethylarsinic acid (DMAY) (Fig. 1) [4]. Dime-
thylarsinothioyl glutathione (DMMTAY(GS)), a conjugate of
pentavalent arsenical DMMTAY with glutathione (GSH), has been
detected in cabbage (Brassica oleracea) after exposure to DMAY and
in human cell lines exposed to darinaparsin [5,6]. After introduc-
tion of DMAY to Shewanella putrefaciens, DMMTA' has been
observed during arsenic biotransformation [7].

The generation of pentavalent thioarsenicals during As meta-
bolism is of particular interest due to their ability to bind to the
proteins in contrast to their oxygenated analogues. According to the
Pearson’s hard/soft acid—base (HSAB) concept, pentavalent
oxygenated As species are not likely to complex with proteins via
interacting with thiol groups of peptides such as glutathione (GSH)
and metallothioneins [5]. However, sulfur in thioarsenicals miti-
gates the hardiness of a molecule making it possible to bind to the
proteins, possibly leading to higher toxicity. Previous toxicity tests
confirmed that the toxicities of pentavalent thioarsenicals are
similar with that of trivalent inorganic species (iAs™) and are much
higher than those of pentavalent oxygen-containing analogues, e.g.,
DMAV [8]. For instance, DMMTAY can bound to rat hemoglobin,
illustrating that pentavalent As interacts with —SH groups of pro-
teins and peptides [9].

Thioarsenicals appear to be among the key intermediates
involved in arsenic metabolism due to their wide detection of in
biological samples post As exposure, capability of binding to pro-
teins, and potentially high toxicity. Accurate speciation analysis of
thioarsenicals has increasingly become demanding, albeit chal-
lenging. The speciation of thioarsenicals has been usually per-
formed by high-performance liquid chromatography (HPLC)
coupled with inductively coupled plasma mass spectrometry (ICP-
MS) and/or electrospray ionization mass spectrometry (ESI-MS)
methods [10—13]. However, there are some drawbacks associated
with these conventional HPLC-ICP-MS or ESI-MS methods for
analysis of thioarsenicals. First, thioarsenicals are unstable species,
and they could be decomposed at acidic pH and/or in the presence
of oxygen during the extraction from biological samples [14—18].
Second, species alteration may occur during the analysis, as
observed in HPLC separation of thio-organoarsenate (2-
dimethylarsinothioyl acetic acid), where the acidic mobile phase
degrades the analyte momentarily, while weak acidic solution
makes it almost impossible to elute the analyte from the column
[18]. Another problem of these conventional methods is the lack of
precise structural information, as exemplified by the misidentifi-
cation of DMMTAY as DMA" due to similar chromatographic
properties [1]. Similarly, in the study of pentavalent thioarsenicals
complexed with GSH, it is not conclusive from analyzing the ESI-MS
data whether the thioarsenical is pentavalent (GSH directly bound
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Fig. 1. Thioarsenicals analogous to the oxoarsenical counterpart.

to As through its cysteine unit) or trivalent (GSH bound through a
sulfur—sulfur bridge to As) [5].

Due to the drawbacks of currently available methods for
analysis of thioarsenicals, it is believed that the inaccurate infor-
mation (e.g., underestimation and/or speciation conversion) was
associated with analysis of thioarsenicals in previous studies.
There is a need for a method that can provide researchers with
detailed structural information and does not require extensive
sample preparation for accurate analysis of thioarsenicals. We
reason that a method based on surface-enhanced Raman spec-
troscopy (SERS) detection in combination with the coffee ring ef-
fect for separation could be particularly useful for analysis of
unstable thioarsenicals thanks to minimal sample pretreatment
and unique fingerprint Ramon identification. A coffee ring deposit
forms through evaporation of solvent when a drop of liquid is
placed on the solid surface [19]. The coffee ring effect has found its
way in analytical applications, for separation of particles and large
biomolecules exploiting the size difference of analytes. Methods
based on coupling the coffee ring effect with matrix-assisted laser
desorption (MALDI) and Raman spectroscopy [20] were success-
fully applied for the separation and identification of different-
sized particles [21], polymer-nanocrystal mixtures [22] and poly-
cyclic aromatic hydrocarbons [23].

We previously applied SERS coupled with the coffee ring ef-
fect on silver nanofilms (AgNFs) to speciate arsenite (As'!),
arsenate (AsY), monomethylarsonic acid (MMAY) and dimethy-
larsinic acid (DMAV), four common, relatively stable arsenic
species [24]. It is more important to apply SERS-based methods
to analysis of thioarsenicals, as they are unstable and could
decompose when using conventional HPLC separation [18] and
ESI-MS detection [5], which might be of the reasons why they
have been detected only in recent years. We propose here to
develop a more robust nanomaterials-based SERS analytical
method for detection of thioarsenicals, by considering the in-
teractions of As species with the substrate surface and manipu-
lating the coffee ring effect to facilitate the separation of
thioarsenicals. As the information on basic physicochemical
properties of these compounds remains lacking, we calculated
the pKa values of DMMTAY and DMDTAY and selectively adjusted
pH in a way that DMMTAY and DMDTAV carried different charges
and thus interacted differently with the surface during coffee
ringformation for better separation. Although we previously re-
ported the Raman spectra of some of thioarsenicals [25], we
adjusted the theoretical calculations to the changing pH envi-
ronment, considering that acidic or basic pH could considerably
influence the Raman spectra of DMDTAY. We used a gold nano-
film (AuNF) as the SERS substrate, not only to enhance an
inherently wear Raman signal [26,27], but also to avoid oxidation
of thioarsenicals. Combining signature Raman spectra due to
distinct chemical structures and properties and different migra-
tion distances of DMMTAY and DMDTAV in the coffee ring stain,
we successfully differentiated these two thioarsenicals on AuNF-
based SERS.

2. Experimental
2.1. Materials and chemicals

Cacodylic acid sodium salt, 98% (DMAY), NaOH, HCl, Citric acid,
Sodium citrate dihydrate (Granular certified), (3-Aminopropyl)tri-
methoxysilane (APTMS), glass microscope slides, weighing boats
and 25 ml glass vials were purchased from Fisher scientific Inc
(Hampton, NH). The citrate buffer (pH = 3) was fabricated by
mixing Citric acid and Sodium citrate. All solutions were prepared
in deionized (DI) water (18.2 MQ, Barnstead Nanopure Diamond).
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2.2. Instrumentation

The Raman spectrometer was obtained from PerkinElmer
(Raman station 400F), which employed a diode laser at 785 nm
with an average power of 100 mW. An infrared (IR) laser is used
here, implying that the application of IR measurement is possible
for these thioarsenicals. For instance, surface enhanced infrared
absorption spectroscopy (SEIRAS) could be employed for the
intensification of IR active vibrational modes, providing additional
information regarding the thioarsenicals’ vibrational frequencies
that may be Raman inactive and thus more complete structural
vibrational information on these arsenicals [28]. This Raman sta-
tion was equipped with one PerkinElmer microscopy 300 with
portable stage and a camera to observe the sample surface. For
optimizing resolving power, the 20 x optical lens focusing was
acquired. A silicon wafer was employed to calibrate the Raman
system at a daily use and the Raman signal intensity at 522 cm™!
was monitored to check the reproducibility of the instrument. The
SERS measurement parameters were laser wavelength, 785 nm;
exposure time, 1 s; and 4 times of exposure per measurement. The
AuNF surface was characterized by the Veeco multimode atomic
force microscope (AFM). Malvern Zetasizer Nano-ZS (Westborough,
MA) was employed for the measurements of nanoparticles size
(average diameter) and zeta potential. All pH measurements were
carried out on a Fisher Scientific Research AR15 pH/mV/°C Meter.

2.3. Synthesis of thioarsenicals and determination of their
respective Raman spectra

2.3.1. Dimethylmonothioarsenious acid (DMMTA)

DMMTAV was synthesized according to the method reported by
Cullen et al. [29] (Fig. 2A). Briefly, DMA (2.76 g) and sodium Na$ *
9H,0 (7.60 g) were dissolved in 30 mL of water. Concentrated
H,S04 (1.70 mL) was added dropwise to the solution to make molar
ratio of NayS/H2S04/DMAY was 1.6:1.6:1. The reaction mixture was
stirred for 1 h and was extracted with ether and was dried over
anhydrous NapSO4. The ether was evaporated under N3 and color-
less crystals were formed. Raman spectra determined of both solid
and liquid forms (citrate buffer solution, pH = 3) of DMMTAY were
identical.

2.3.2. Dimethyldithioarsenious acid (DMDTA")

DMDTAY was synthesized by two different methods. The first
method for DMDTAY synthesis was reported by Suzuki et al. [30]
(Fig. 2B). Briefly, cacodylic acid (1.01 g) and NayS*9H,0 (4.27 g)
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Fig. 2. Synthesis reactions of A) DMMTAY, B) DMDTA" (acid form), and C) DMDTAY
(salt form) from DMA".

were dissolved in water (15 ml) and concentrated H,SO4 (2.90 ml)
was added. The molar ratio between components NayS/HSO4/
DMAV was 7.5:7.5:1. The mixture was stirred for 3 h, then DMDTAY
was extracted with ether and was dried over anhydrous Na;SO4.
After ether evaporation under N, and colorless crystals were
formed. Raman spectra determined of both solid and liquid forms
(citrate buffer solution, pH=3) of DMDTA" were not identical, once
a solid was dissolved into the citrate buffer, it formed a salt form
that had a different vibrational fingerprint of As—S vibrations.

The second approach was reported by Fricke et al. [31] (Fig. 2C).
Briefly, cacodylic acid (1.01 g) and NaOH (0.29 g) were dissolved in
boiling ethanol (12.5 mL). Hydrogen sulfide was bubbled into the
boiling solution for 30 min, and a white solid precipitated. After
cooling, colorless crystals were isolated by filtration and air dried.
Raman spectra determined of both solid and liquid forms (citrate
buffer solution, pH = 3) of DMDTAV (salt form) were identical.

2.4. Theoretical calculation of Raman spectra of DMMTAY and
DMDTAY

The theoretical calculation was completed employing Gaussian
09 in Florida International University’s HPC facility. Firstly, MOL-
DEN visualization software [32] creates and optimizes the unique
molecular vibrations for specific bonds at certain vibrational fre-
quencies; Secondly, Multiwfn translates Raman signals from the
data acquired from Gaussian output into Raman intensities, thus
creating the simulated Raman graph for thioarsenicals [33]. Density
functional theory (DFT) derived Raman spectra was measured by
MOLDEN molecular simulation, while assignments from crystal
Raman spectra were employed to verify MOLDEN assignments [34].
The results obtained with a hybrid functional B3LYP approach using
the basis set 6—311++G** were proven by our research group [25]
as a method that provides computational efficiency and precision
in vibrational frequency prediction for computational spectra of
oxygenated arsenicals, resulting in the lowest RMS value among
other calculation methods tested. The Chem 3D optimized struc-
tures of DMMTAY, DMDTAY acid and salt forms are shown in Fig. S1.
The comparison between the DFT calculated and experimental
Raman spectra of thioarsenicals is summarized in Table S1.

2.4.1. Calculations of pKa’s values for DMMTA" and DMDTA"

The pKa’s values of these thioarsenicals are important factors in
determining their behavior on the AuNF surface. If DMMTAY and
DMDTAY would have pKa’s that substantially differ from each other,
it could be sensible to selectively deprotonate one of the thio-
arsenicals, leaving another uncharged. Depending on the differ-
ences in pKa’s values of DMMTAY and DMDTAY, buffers will be used
to manipulate the charges of thioarsenicals, making them have
different charges. There were no reports with regards to their pKa’s
values [35], therefore computational program was employed for
the pKa’s calculation. Marvin Sketch version 17.14 (ChemAxon Kft)
was proven to perform reliable pKa’s calculation based on molec-
ular structure of species [36,37]. For example, calculated by this
software pKa’s of ibuprofen [38], ynamines [39], and CH-acids were
in agreement with literature value. Calculated pKa’s value of inor-
ganic pentavalent arsenic and methylated oxoarsenicals were
consistent with the literature data [40,41], as shown in Table 1. This
program was employed to calculate pKa’s values of the thiolated
arsenicals.

2.5. Fabrication of AuNF and application of the coffee ring effect for
individual identification of DMMTAY and DMDTAY

The preparation of AuNF includes the synthesis of citrate-coated
gold nanoparticles (AuNPs) and coating gold nanoparticles onto
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Table 1
pKa’s of arsenicals calculated by Marvin Sketch.

Arsenical Literature data Calculated in this work
MMAY pKa; = 4.10; pKa, = 8.07 pKa; = 4.20; pKa, = 8.58
DMAY pKa = 6.20 pKa = 6.22

DMMTAY unknown pKa = 4.37

DMDTAY unknown pKa =225

glass slides. AuNPs were fabricated by reduction of chloroauric acid
(HAuCly) with sodium citrate [42]. Briefly, the glassware was
cleaned with Aqua Regia solution (HCI/HNO3 = 3:1) overnight, then
rinsed with DI water, followed by drying in an oven at 100 °C. After
heating 20 ml of 1 x 10~3 M HAuCly chloroauric solution up to
boiling point, sodium citrate (1 ml, 1%(v/v)) was introduced drop-
wise to this solution, and then refluxed for 30 min, following the
production of red AuNPs colloidal suspension. The average size and
zeta potential of AuNPs were 20 nm and —45 mV, respectively.

The fabrication of AuNF was performed by the silanization of the
glass substrates, followed by the deposition of nanoparticles onto
the silanized surface. AuNF was prepared according to the literature
[43] with a slight modification of increasing the immersion time to
24 h. AuNF was characterized by AFM (Fig. S2, See supporting
information).

DMMTAY and DMDTAV solutions 100 ppm solutions of thio-
arsenicals were prepared by dissolving thioarsenicals in citrate
buffer (pH=3). Immediately after preparation 2 uL of DMMTAY and
DMDTAV citrate buffer solution were deposited onto AuNF. Once
the droplet was completely dried and a ring-shaped stain was
formed on the AuNF, SERS signals were measured from center to
edge regions of the ring stain.

3. Results

3.1. Comparison of experimental and theoretically calculated
Raman spectra of DMMTA and DMDTA”

DMMTAV (solid/liquid form) Raman spectra exhibits three major
vibrational modes observed at 469 cm~, 611 cm~! and 643 cm™".
These represent As=S stretch, asymmetric vibrational mode of
C—As—C and the As—O stretch, respectively [44] (Fig. 3A). The DFT
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Fig. 3. Raman spectra (experimental and theoretical) of A) DMMTAY, B) DMDTAY (acid
form) and C) DMDTAV (salt form).

spectra of DMMTAY showed the corresponding vibrations at
490 cm~!, 606 cm~! and 643 cm~ . In contrast to the theoretical
Raman spectra of DMMTAY, the symmetric vibrational mode of
C—As—C (589 cm™!) did not appear in the experimental Raman
spectra possible because of the overlap with the C—As—C asym-
metric vibration [25].

DMDTAV in acid form (solid/liquid form) was synthesized by
Method #1 [30], showing two major bands (Fig. 3B) represented by
As—S stretch at 370 cm~! and As=S stretching at 475 cm~' [45].
Other vibrations are associated with the C—As—C symmetric mode
(573, 604 cm™!) and C—As—C asymmetric mode (625 cm™!)
respectively [46]. In contrast to DFT spectra of DMDTAY, the sym-
metric mode of As—C stretching (578 cm™!) was detected in crys-
talline form of DMDTAY. Further considering the experimental
spectra of DMDTA", the unknown Raman peak appeared in the
region from 390 cm~! to 400 cm ™, which might be originated from
impurities. Also, the minor peak at 429 cm™! could be associated
with the salt form of DMDTAV (the synthesis byproduct) as elabo-
rated in next paragraph.

The Raman spectra of DMDTAY(salt form), synthesized using
Method #2 [31] (Fig. 3C) shows three major arsenic vibrational
bands at 429 cm~!, 604 cm~! and 625 cm™! related to As=S vi-
bration, C—As—C symmetric and asymmetric stretching. Comparing
the Raman spectra of DMDTAY synthesized by two different
methods, the As—S and As=S stretching of DMDTAV synthesized by
Method #1 were observed, in contrast to only one As=S (429 cm™')
band represented by delocalized distribution 7-electron cloud over
S—As—S fragment in dimethyldithioarsinato anion [45,47], ob-
tained by the Method #2. The bands at 604 cm~! and 625 cm™!
represented symmetric and asymmetric C—As—C vibrations,
respectively [44]. Notably, after addition of the NaOH to the acidic
from of DMDTAV, the salt form occurred. Following this neutrali-
zation reaction, vibrational modes of As—S (370 cm~!) and As=S
(476 cm™') bands in acidic form of DMDTAY merged into the
delocalized m-electrons bond in salt form of DMDTAY having the
main signal at 429 cm ™. The salt form of DMDTAV is readily soluble
in water in comparison to the acidic DMDTAV [45]. All error ratios
between experimental and theoretically calculated Raman fre-
quencies were within 10%.

3.2. Identification of individual DMMTAY and DMDTA" using AuNF-
SERS

SERS spectra of DMDTAY and DMMTAY were obtained onto
AuNF. Firstly, SERS spectra of thioarsenicals were acquired in the
standard conditions (in the absence of the coffee ring effect). It is
widely known that the coffee ring effect would be suppressed by
the addition of the surfactants or organic solvents that decrease the
droplet surface tension [48—50]. This reverses the radial outward
flow and contributes to the even distribution of analytes across the
coffee ring stain. The sodium dodecyl sulfate (SDS, 0.1%) was
employed to alter the formation of the coffee ring deposit [51,52].
The differences between the Raman spectra of DMMTAV (solid/
liquid) and SERS spectra of DMMTAV (adsorbed onto AuNF, SDS)
were observed during SERS measurements. Indeed, the wavelength
red shift occurred for all DMMTAY vibrational frequencies, namely:
from 469 cm ' to 464 cm ! for the As=S stretching, from 611 cm™"
and 643 cm~! to 594 cm™! for the As—C symmetrical and asym-
metrical stretching’s respectively (Fig. 4A) [53]. The probable
reason for this is the partial adsorption of DMMTA" onto the AuNF
surface, following a charge transfer effect between the AuNF sur-
face and DMMTAY. The most intense SERS signal of As=S vibration
at 464 cm~! has been chosen for the tracing DMMTAY across the
coffee ring deposit. During the formation of the coffee ring stain (in
the absence of SDS) the As=S stretching SERS intensity increased
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from center to middle regions, however, despite the coffee ring
effect, the decrease in SERS signal occurred in the edge region.
Similar with the DMMTAV, Raman spectra of DMDTAV (solid/liquid)
varies greatly from the SERS spectra of DMDTAY (AuNF, SDS). Due to
the charge transfer effect all DMDTAY shifted to the red region:
from 429 cm~! to 410 cm™! for m-delocalized S—As—S stretching,
from 604 cm ™! and 625 cm ™! to 591 cm™! for As—C symmetric and
asymmetric stretching respectively (Fig. 4B). A typical coffee ring
phenomenon (increase of SERS intensity from center to edge re-
gions) was observed for DMDTAV deposition onto AuNF surface (in
the absence of SDS). Indeed, the SERS signal of S—As—S stretching at
410 cm™! increases from the center to the edge region. Overall, the
significant discrepancies between the SERS spectra of thio-
arsenicals in the presence/absence of the coffee ring effect were not
observed.

Further to investigate the binding capacity of thioarsenicals onto
AuNF surface, the SERS enhancement factors (EFs) of the corre-
sponding thioarsenicals were calculated at pH=3 [27]. The
extended calculations can be found in Fig. S4. The results showed
that the EF for DMMTAY (2.4 x 10?) is slightly lower than that of
DMDTA"’s EF (3.3 x 10?), which might be explained by the higher
affinity of DMDTAY to the AuNF surface. According to Fig. 4, the
Raman shift of the As=S stretching of DMDTAY (19 cm™!) was
significantly higher than that of DMMTAY (5 cm™'), which corre-
sponds to the different magnitude of the charge transfer between
the individual thioarsenicals and the AuNF. At pH=3 DMDTA"
molecule bears the negative charge, whereas DMMTA" is mostly
neutral. This results in the different magnitude of the charge
transfer and, consequently, Raman shift. Indeed, the negatively
charged DMDTAY was adsorbed stronger onto the AuNF surface
than DMMTAY. Another factor that may govern the thioarsenicals-
AuNF interactions is the amount of sulfur atoms in thioarsenicals
molecules. DMDTAY having delocalized electron pair across
S—As—S region lead to the stronger binding to AuNF in contrast to
DMMTAV that can be adsorbed through O—As=S moiety. Assuming
the homogeneous coverage of AuNPs onto the AuNF surface, the
electromagnetic part of enhancement affected the EF factors for
both thioarsenicals in the similar way leaving the difference be-
tween the thioarsenicals EFs for the different chemical enhance-
ment contribution [54].
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Fig. 4. The SERS spectra of 100 mg L~ A) DMMTAY and B) DMDTA" in citrate buffer
(pH = 3) onto AuNF during the formation of the coffee ring. For comparison, the
standard conditions were achieved by suppressing the coffee ring effect via addition of
0.1% surfactant sodium dodecyl sulfate (SDS).

Separate experiments were repeated multiple times to evaluate
the reproducibility of the coffee ringdiameter and the signal in-
tensities of thioarsenicals SERS spectra on different sets of AuNFs
(prepared from different batches of AuNPs, but same sizes), and the
information was provided in Supporting Information. It was
demonstrated that the SERS spectra and signal intensities on
different sets of AuNFs were highly reproducible (Table S2, Fig. S3,
Table S3).

3.3. Application of the coffee ring effect on AuNF surface for
separation and identification of DMMTAY and DMDTAY

As for individual thioarsenicals adsorbed onto AuNF, the
mixture of DMMTAY and DMDTAY also demonstrated the similar
red shift for all vibrational modes (Fig. 5). For DMDTAY from
429 cm~! to 412 cm™! (S—As—S stretching), from 604 cm~! and
625 cm~! to 594 cm~! for As—C symmetric and asymmetric
stretching respectively. Regarding DMMTAV, As=S vibrational fre-
quency shifted from 469 cm™! to 465 cm~!, As—C from 604 cm ™! to
596 cm™! respectively. For the separation part, the SERS signal of
DMDTAV increased constantly from center to edge regions, in
contrast to the DMMTAY, which was decreasing across the ring
stain. The broad SERS signal at 276 cm~! was attributed to the Au-
citrate vibrational stretching, indicating the presence of citrate
coated gold nanoparticles onto the nanofilm surface [55].

4. Discussion

Generally, the coffee ring is created via reducing surface tension
of the sessile droplet and enhancing the capillary action generated
by closed packing nanoparticles at air, solid and liquid interphase
[56]. In a coffee ring phenomenon, a drop of a liquid is placed on
AuNF surface, and as the solvent begins evaporating, the liquid is
driven to the edge of the evaporating droplet by a radial outward
flow (Fig. S5 and Fig. S6, See supporting information).

The key structural element of the developed method is the
nanofilm. This functioned not only as a surface for separation, but
also as a SERS substrate. Indeed, silica surfaces coated with nano-
particles are among typical SERS substrates and they are usually
used only for the amplification of Raman signal [57,58]. However, it
is possible to use them as a stationary phase for chromatographic
separation because of its strong resemblance to the ion exchange
TLC plates. Indeed, the surface of SERS substrate has negative or
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Fig. 5. The coffee ring — SERS spectra of a mixture of 100 mg L~! DMMTA" and
DMDTA in citrate buffer (pH=3) onto AuNF. The separation of DMMTA" and DMDTA"
was obtained during the development of the coffee ring effect.
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positive charges depending on the method of preparation of
nanoparticles colloidal solution. pKa could influence the charges of
thioarsenicals in the buffer solution causing difference in migration
distances for each thioarsenical during the formation of the coffee
ring. The calculated pKa’s for DMMTAY and DMDTAY were 4.37 and
2.25, respectively. According to these results, citrate buffer
(pH=3.0) was used to selectively deprotonate the sulfhydryl group
of DMDTAV. Since charged and neutral species would have distinct
interactions with negatively charged SERS surface, their travelling
distances could be different. It is expected that negatively charged
DMDTAY could preferentially stay in the inner ring of the dried
droplet because of the strong interaction with AuNF surface in
contrast to neutral DMMTAY that has lesser AuNF surface attraction
and would be driven by radial outward flow from the center to the
edge. The coffee ring effect regions are illustrated in Fig. S6 (See
supporting information).

In a previous study [59] we used AgNF to separate four major
oxoarsenicals (As", AsY, MMAY, DMA") based on their distinct pKa’s
values. The coffee ring effect was evident upon introducing arsen-
icals onto AgNF surface because the SERS signal intensity of indi-
vidual species increases from the center to the edge the evaporated
droplet. MMAY and DMAY were present across AgNF, in contrast to
the As"" and As that travelled longer distances and were detected
in the outer region. This indicates that oxoarsenicals interact with
the AgNF surface in a different way, and we attempted to extrap-
olate this method for the speciation of thioarsenicals, however no
SERS signal of arsenic-sulfur bond was found onto AgNF, only
DMAV. It was assumed that AgNPs can catalyze the electron capture
by 0, resulting in the formation of anion of oxygen (203) [60]. Also,
the AgO; could be formed under the laser irradiation, oxidizing
As—S to As—O onto the AgNF surface. Indeed, the vibrational
fingerprint of Ag—203 and AgO, were found onto the AgNF surface.
Thus, AgNF was not suitable for easily oxidezible species and we
opted for the more inert and biocompatible gold nanofilm (AuNF)
[61].

Considering the application of the coffee ring effect for the
separation of DMMTAY and DMDTAV, the formation of the coffee
ring deposit was influenced by three major factors: the radial
outward flow, drawing the thioarsenicals to from the center to the
edge of the evaporating droplet; attractive/repulsive interactions
between thioarsenicals and AuNF that mainly govern the adsorp-
tion of thioarsenicals onto AuNF; and thermally induced Marangoni
convection that reverses the solute movement as opposed to the
radial flow and promotes the deposition of thioarsenicals in the
center region.

The first factor affected the coffee ring deposit formation is the
radial outward flow. The construction of a coffee ring stain begins
as a droplet placed onto the AuNF and solvent (water) evaporation
initiates (Fig. S5). The radial outward flow transfers the liquid to the
wetting contact line of the drying drop to replenish solvent that
vanishes during evaporation, thus, initially driving both DMMTAY
and DMDTAV out of the center to the edge region. The evaporation
velocity is linearly proportional to the height of the evaporating
droplet and inversely proportional to the total evaporation time
[62]. The height of the droplet, which is radius dependent,
accounted for 2.5 x 10~ m. Total evaporation time of 2 pL droplet is
30 min, thus the calculated evaporation velocity throughout drying
was 5 x 1072 mg/min (data not shown). Moreover, the radial out-
ward flow is linearly related to evaporating flux [63], and inversely
proportional to viscosity of the solution [64]. In previous studies,
the radial outward flow considerably affected the separation of
particles various sizes [21,65], however in the case of small mole-
cules as an example of thioarsenicals, which size are negligibly
small, the radial flow itself is assumed to equally affect their ve-
locities and, thus travelled distances.

The second factor is the attractive/repulsive forces between the
thioarsenicals and AuNF that influenced the adsorption of thio-
arsenicals onto AuNF. As DMMTAY and DMDTAY mixture driven to
the edge of the droplet by the radial flow, thioarsenicals begins to
interact with the AuNF surface. At pH=3 the AuNF surface displays
a negative vy surface potential, because the major surface constit-
uents are HsCitrate and HyCitrate™ that stabilizes the outer layer of
AuNPs onto the AuNF surface [66]. It is widely recognizable that
thiols and sulfur containing ligands can substitute the citrates onto
the nanoparticles surface [67—70]. In addition, pH determines the
dissociation of thioarsenicals in the solution, thus leading to the
distinct adsorption constants, such as negatively charged thiolates
are much more active nanoparticles substituents than neutral
thiols, the binding energies of neutral thiols is 3—4 times smaller
than that of thiolates [71]. Another factor that must be considered is
the effect of the electron density delocalization across arsenic sulfur
containing active binding site of thioarsenicals, that may lead to
substantial Raman shifts upon adsorption onto AuNF. The impor-
tance of this phenomenon was demonstrated upon the aromatic
thiols adsorption onto AuNP that exhibits gigantic Raman shifts due
to the d-electron transitions [72].

As soon as the mixture was deposited onto AuNF surface,
DMDTAY immediately anchors onto AuNF replacing the citrate
ligand at the nanofilm surface leading to the remarkable red shift
from 429 cm~! to 412 cm™! (Fig. 5) for the delocalized Tt-electrons
bond in DMDTAV salt form. Because of the strong attraction be-
tween DMDTAY and AuNF, the DMDTAY predominantly occupied
the inner region. Exploiting the delocalization effect across S—As—S
binding site is the major reason why we intentionally manipulated
pH in the way to ionize DMDTAY, thus in this form of DMDTAY has
substantially higher affinity to the AuNF surface than the neutral
DMDTA". Even though for the individual DMDTAV the coffee ring
effect was detected: the radial outward flow has driven some of
DMDTA" to the edge, in the mixture the DMDTA"’s behavior was
different, representing its uniform distribution across AuNF. As a
result, the SERS signal intensity of DMDTAY was relatively constant
from the center to the edge due to its immediate adsorption onto
the AuNF surface by substituting citrate that stabilized AuNPs.

In contrast to ionized form of DMDTAY, we selectively left
DMMTAV neutral, consequently, it initially travelled longer distance
across drying droplet because it has not been attracted to the AuNF
surface as much as DMDTAY, thus facilitating the separation be-
tween thioarsenicals. For DMMTAY, the SERS signal intensity at
464 cm~! (As=S symmetric stretching) was decreasing from the
center to the edge indicating that neutrally charged DMMTAY has
not been as strongly retained onto the AuNF surface as DMDTAV. As
a result, DMMTAY was more affected by the radial flow than
DMDTAY, and was driven to the edge region. Considering the
interaction between DMMTAY and AuNF, the red shift occurs from
469 cm~! to 465 cm~! (Fig. 5) due to the charge transfer effect
between its molecule and the AuNF surface [73]. However, in
contrast to DMDTAY the SERS shift was significantly smaller,
17 cm~! for DMDTAY and 4 cm~! DMMTAY (Fig. 5) respectively. This
data provides the evidence that DMMTAV has lesser affinity to the
AuNF and has not been adsorbed as much as DMDTA".

The third key factor is the thermo-capillary Marangoni flow that
drives the liquid back to the center of the drop [63,74,75]. During
the evaporation of the drying droplet, the thermally induced
Marangoni flow carries out thioarsenicals back from the edge to the
center region, however, DMDTA having higher affinity to the AuNF
than DMMTAV, was preferentially deposited in the edge region in
contrast to the DMMTAY, which was transferred back to the center
of the evaporating drop. As a result of the predominant repulsion/
attraction interaction over radial flow and Marangoni convection,
DMDTA was deposited uniformly from the center to the edge of
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evaporating droplet [64]. Indeed, the temperature profile increases
from the center to the edge of the droplet deposited onto the flat
surface, meaning that the thermal field gradient in the drop varies
considerably as evaporation proceeds [76], might resulting in the
reversal direction of Marangoni flow that drives DMMTAY back
from the edge to the center region [63].

Overall, considering all three factors, it can be concluded that
outward radial flow initially drives the analytes to the edge of the
drying droplet, at that region DMDTAY interacts stronger with the
AuNF, considering substantial Raman shift (17 cm~!) in contrast to
this of DMMTAY (4 cm~') (Fig. 5). Then, thermally-induced Mar-
angoni flow reverses the movement of both analytes affecting
deposition of DMMTAV that eventually was detected in the center
of the droplet, whereas DMDTAY was anchored gradually across
AuNF providing a relatively constant SERS signal of the As+S
stretching at 412 cm~! (Fig. 5). Additional support for the separa-
tion processes associated with the coffee ring effect we analyzed
here came from a separate experiment investigating the separation
capability of the coffee ring for the mixture of DMAY, DMMTAY and
DMDTAV (Figure S7). For this mixture, DMAY was found in the edge
region of the coffee ring, whereas DMMTAY and DMDTAY were
detected in the center and middle regions, respectively. This could
be due to the absence of S in DMAY (in comparison to thio-
arsenicals), which leads to a weaker interaction of DMAY with the
AuNF surface and therefore DMAY travelled a longer distance
reaching the edge region. This separation could also be pKa-related,
as DMAY has a pKa of 6.2 and is mostly neutral at pH=4, thus
interacting less strongly with the AuNF surface.

It is worth noting that the migration distances of thioarsenicals
under the coffee ring effect-driven separation are relatively short
(approximately 3—4 mm vs 100—250 mm usually in HPLC), and the
separation efficiency of the coffee ring effect might not be as good
as using HPLC. Our intention was to use the distinct fingerprint
SERS signals in combination with separation of different thio-
arsenicals on the SERS substrate plate due to the coffee ring effect
for identification of thioarsenicals. This combination would enable
the identification of analytes even though the separation might be
incomplete, as demonstrated here by the examples of DMMTAY and
DMDTA. More studies are warranted to further investigate the
separation efficiency of the coffee ring effect and the comparison of
this separation method with other conventional methods (e.g.,
HPLC).

5. Conclusion

The coffee ring effect coupled with SERS is an alternative tech-
nique for the separation and identification of thiolated arsenicals.
The separation was achieved due to the combination of three
mechanisms influencing the formation of the coffee ring deposit:
radial outward flow, attraction/repulsion interactions between the
AuNF and thioarsenicals and the thermally induced Marangoni
flow. The AuNF was employed not only for separation via the coffee
ring effect, but also as a substrate for SERS identification. The sep-
aration employing the coffee ring effect can be manipulated not
only by varying pH that controls the interactions between AuNF
and analytes achieving different travel distances, but also by tuning
nanoparticles size, droplet volume, and other parameters. Overall,
the combination of coffee ring effect and the detection method
such as SERS is a promising technique for the speciation of thiolated
arsenicals. This work will significantly expand the nanofilm appli-
cation for speciation analysis concerning speciation of unstable and
easily oxidizable species. Separation by the coffee ring effect in mild
condition coupled with nondestructive SERS detection method is a
powerful tool for the speciation of small molecules.
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