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ABSTRACT OF THE DISSERTATION
IN SITU ARSENIC SPECIATION USING SURFACE-ENHANCED RAMAN
SPECTROSCOPY AND THE COFFEE RING EFFECT
by
Valery Liamtsau
Florida International University, 2021
Miami, Florida
Professor Yong Cai, Major Professor
The coffee ring effect (CRE) phenomenon is originated from the nonuniform
solvent evaporation of a sessile droplet deposited onto the flat substrate. Once the
evaporation starts, the droplet suspended particles move outwards by the radial flow and
concentrate in the edge region of the evaporating droplet, resulting in the formation of the
so-called CRE stains. In this work we have expanded the applications of the CRE from
separation of particles and macromolecules to small molecules, in particular, coupled to
surface-enhanced Raman spectroscopy (SERS). Herein, we have developed a theoretical
framework to describe the CRE-driven separation process of small molecules, using SERS
analysis of dimethylarsinic acid (DMAY), dimethylmonothioarsinic acid (DMMTAY), and
dimethyldithioarsinic acid (DMDTAY) on gold nanofilm (AuNF) as an example. By
combining the CRE theory for the radial flow and the Extended Derjaguin-Landau-
Verwey-Overbeek (XDLVO) theory for mass transfer between solution and AuNF surface,
we adapted the conventional chromatographic theory to derive a modified van Deemter
equation for the CRE-driven separation. By using this model, we predicted the travel

distances of arsenicals based on the different affinity of analytes to AuNF and evaluated



the possibility of separation of unknown analytes by CRE-based SERS, demonstrating the
successful  adaptation of classic chromatographic theory to CRE-driven

nanochromatography.

Furthermore, we have extrapolated the application of the developed method for the
speciation of the peptide-like arsenic-based anticancer drug Darinaparsin (DAR) and its
major breakdown product dimethylarsino-cysteine (DMAC). Despite the overlap of DAR
and DMAC’s Raman spectra in the final CRE deposit, we were able to identify each
compound due to their unique SERS fingerprint. Overall, the developed method was able
not only to separate and identify the S-conjugated arsenicals, but at the same time to
preserve the DAR and DMAC’s As'"' oxidations state and the fragile As — S moiety, thus
providing an alternative speciation method for unstable thioarsenicals. The key advantage
of the application of this method for peptides separation is the separation coupled with the

mild detection providing the rich structural information of each metabolite.

Vi
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Chapter 1. Introduction, Problem Statement, Objectives, and Hypotheses



1.1  The coffee ring effect phenomenon

The evaporations of sessile droplets lying onto the solid substrate draw attention to
the fundamentals of this physical phenomenon and its applications. This phenomenon
emerged from the daily life of the process of the spilled coffee drops evaporation. Once a
coffee droplet is deposited onto the solid substrate and the solvent starts evaporating, the
ring-like stains are forming due to the radial outward flow driving the coffee powder
particles from the center to the edge region of the evaporating droplet. This phenomenon
is called the coffee ring effect (CRE)[1], which finds its industrial applications in inject
printing[2], fabrication of the nanomaterials[3], plasmonics, and the colloidal particles
depositions[4]. The evaporation of the droplet deposited onto the surface is nonuniform,
peaking at the liquid-solid-air interface, where the highest velocity of solvent-air diffusion
is observed. Once the evaporation starts, the outward radial flow drives the particles to the
edge, replacing the evaporated solvent. The solute transport from the center to the edge
region of the drying droplet is an intricate process, which is dependent upon the substrate
polarity hydrophobicity[5], hydrophilicity[6], the presence of the surfactants[7], the
substrate temperature[7] and the substrate surface charge[8]. Several theoretical models
were presented to describe the processes that govern the morphology of the CRE deposit.
The first and well-known model was developed by Deegan et al. who described the velocity
of the radial flow and the particle transport equation[1]. Later, the influence of the major
factors such as the receding of the contact line[9], center-enhanced flux[10], and presence
of surfactants[11] were investigated during the formation of the CRE deposit. Extensive

research has been devoted to understanding, suppressing, and ultimately controlling the


https://www.sciencedirect.com/topics/chemistry/surfactant

CRE. General rules have been established to control the CRE by tuning these interactions,
and guidelines for the rational physicochemical formulation of colloidal suspensions
capable of depositing particles in desirable patterns were provided. This opened
perspectives for the reliable control of the CRE in real-world formulations and created new
paradigms for flexible particle patterning at all kinds of interfaces as well for the

application of the CRE as a robust and inexpensive diagnostic tool[3].

1.2 The theory of CRE

The solvent evaporation rate of a droplet placed onto the flat support is a quasi-
steady process that is dominated by diffusion from the droplet surface to the atmosphere[12]
and mainly depends upon the evaporation time. The basic model for the theory of drying
droplets was developed and well known[9]. The theoretical and mathematical models have
been developed to describe the process that occurs during droplet evaporation. We have
summarized the key concepts of the radial flow-induced due to the droplet evaporation, the
attraction-repulsive interactions of the analytes with the CRE substrate surface. To describe
the sessile droplet lying onto the flat surface, the cylindrical coordinate system was applied
and the key droplet features as the droplet height h,(t), droplet radius r, and the three-

phase contact angle were depicted in Figure 1.



ve(r ) ho(t)

Figure 1. The mathematical outlook of the lying droplet cross-section.

The equation for the change of drop height throughout the drying h(r,t), could be

expressed as

_|(R? +he(©)2)? R? — hy(t)?
R J ()~ ?

where v, (1, t) is the evaporation rate, h,(t) is the initial droplet height, h(r, t) is the height
profile that changes with the radius, R is the radius, r is the distance from the center to the

specific point across the y-axis, 0 is the contact angle.

The velocity of evaporation remains constant most of the time[13], even though it
is nonuniform and maximized at the pinned contact line[1]. To derive the evaporation rate |
from the eq 1, the following assumptions are made: the shape of the droplet is a
semispherical cap[14], suspended particles are uniformly distributed, the contact line
remains pinned during the evaporation[15], and temperature, electrostatic, and gravity
effects—are negligible[1, 16]. Also, the drop height is much smaller than the drop radius
and the receding contact angle (60 <<1). The radial flow is linearly proportional to the

evaporation flow and inversely related to the density of the solution[17, 18]:



Uy = 2)

/
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where ] is the evaporation rate, p is the density of the solution, u,. is the radial outward

flow.
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where d—T — the velocity of the particle’s deposition, t; — total evaporation time, t —

evaporation time at the specific moment.

Regarding the interactions of the particles with substrate surface (forces responsible
for the CRE deposit), electrostatic and van der Waals forces between the particles and the
solid substrate are typically calculated by the DLVO theory. The surface-charged groups
that stabilized the nanoparticles in a solution induce the surface charge onto the surfaces of
the nanoparticles. To illustrate this, titania nanoparticles adsorption into the glass surface
in an acid/base solution was investigated and the forces were computed providing evidence
that the electrostatic attraction between the titania nanoparticles and the glass substrate
results in the homogeneous distribution of the titania across the CRE substrate, in contrast,
however, the electrostatic repulsion induced the CRE promotion aggregating the TiO2
nanoparticles near the edge region of the glass substrate. The substrate/particle interaction:
electrostatic and wan der Waals and donor-acceptor:

Fprvo = Fer + Fyaw 4)
FpLvo — total interaction of the particles with the solid substrate, F, — electrostatic

interactions, F,qw — van der Waals interactions.



The third flow pattern is a Marangoni resulting in a central bump in the center of the CRE

evaporating droplet. The typical velocity provided analytically:

1 [B@ZAT
VMa = ﬁ( M 5)

In this equation, ¢ is the wetting angle of the drop, p is dynamic viscosity, B is the gradient
of surface tension concerning the temperature, and AT is the temperature difference

between the edge and the top of the droplet.

The CRE formation of the colloidal particles is predominantly governed by the two
major mechanisms: the radially outward flow and the interactions of the analytes with the
substrate surface providing that the Marangoni flow is weak in the aqueous solutions. The
interactions through the oppositely charged surface and nanoparticles would lead to the
suppression of the CRE resulting in the high uniform particle distribution across the
nanofilm. Manipulating pH would affect particles-nanofilm interactions and thus, giving

an option to suppress or to promote the CRE formation for certain specific purposes.

1.3 The analytical applications of CRE

The CRE preconcentrates the microparticles, nanoparticles, and the chemicals at
the edge of the evaporated droplet, enabling the detection of single molecules as illustrated
by coupling CRE to two common detection methods, surface-enhanced Raman
spectroscopy (SERS)[19] and matrix-assisted laser desorption ionization (MALDI)
spectrometry[7]. Also, the CRE is often employed for the separation and the deposition of

the large particles aiming solely for the preconcentration of the analytes at the borderline,
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enabling the unprecedented levels of detection down to a single molecule[20]. The
promotion of the CRE has been commonly employed for the preconcentration of particles
or chemical compounds onto the ring region, thus enhancing the detection limit of the
techniques. Typically, the analytes are mixed with the nanoparticles and this colloidal
solution is deposited onto the planar surface. Once the solvent evaporates, the analytes
bonded to the nanoparticles or microparticles start driving away from the center region of
the drying droplet and concentrating into the ring stain (Scheme 1). Another important
analytical application of CRE is the partial or total separation of the small peptides from
the matrix as illustrated by MALDI, due to either distinct interactions of the nanoparticles

bonded with the target molecules, or due to the size driven separations[21].

L7

The flux of evaporation ?

The radial outward flow \ i

Scheme 1. Mechanisms influencing the formation of a coffee ring deposit.

Raman spectroscopy is a rapid and nondestructive method which offers rich and
unique fingerprint of a molecule based on vibrational spectra. This method does not require

sample preparation and capable of analyzing solid, liquid or gaseous samples[22]. Raman



spectroscopy also allows the simultaneous detection of metabolites using distinct
fingerprint vibrations for each compound[23]. The major limitation of this technique is the
weakness of Raman signal and low cross section of the Raman scattering process (between
102% and 102° cm?). To overcome the low intensity of Raman signal, surface enhancing
methods, e.g., using certain metallic nanoparticles (NPs), have been employed for the
amplification of Raman signal. For example, Au and Ag colloids can enhance the Raman
intensity by a factor of 10%* [24], which means these colloidal substrates are capable of
detecting a single molecule[25]. Thus, this technique, Surface-Enhanced Raman
spectroscopy (SERS), efficiently combines the specificity of Raman signature with high
sensitivity. In SERS abbreviation, the first “S” means a “surface” spectroscopy technique
(the analytes must be on or close to the surface), “E” means signal “enhancement” (ensured
by plasmon resonances in the metal) and “R” means “Raman” (providing fingerprint
information about studied analyte). Last “S” means “scattering” or “spectroscopy’.
Currently, there are two separate enhancement mechanisms for overall SERS effect: the
electromagnetic effect (EM) and the chemical effect (CM). EM is regarded as a long-range
effect, in which the localized electromagnetic field plays a key role in SERS. CM is the
interaction of the molecules adsorbed on the metal surface with the metal, such as the
charge transfer of the adsorbate to the metal[26]. To obtain SERS signal molecule must be
very close to the surface of nanoparticle (10 nm). Overall, SERS has many advantages over
ordinary spectroscopic analytical techniques such as extremely high sensitivity, molecular

selectivity, intense signals, and great precision[27].



Surface-enhanced Raman Spectroscopy is a widely used technique for bioanalytical
sensing in living cells, viruses and microorganisms[28]. DNA, proteins and antitumor
drugs can be detected by delivering individual or aggregated nanoparticles into cells
following intrinsic intracellular SERS spectra measurements of immediate surroundings of
nanoparticles[29-31]. Transport of nanoparticles inside the cell generally occurs by passive
uptake of nanoparticles incubated with cells. However, this time-consuming method has
poor translocation efficiency and control issues over distribution and aggregation of
nanoparticles inside cells. Recently discovered ultrasound mediated delivery allows rapid
transfer of nanoparticles into living cells without damaging cell nucleus and keeping cells

alive. Reproducible SERS spectra were obtained by this method[32].

SERS detection for ciprofloxacin and norfloxacin analytes, two largely used
antibiotics in the world, was performed by the enrichment and efficient delivery of analytes
to the border of the evaporating droplet deposited onto the dip coated slippery-SERS
substrates. The analyte particles with gold nanorods were efficiently transported to the
active site resulting in the increase of particle concentrations, and, consequently, SERS
signal at the edge of the droplet[33]. Unlike the previously mentioned regular dip coating
process, the authors modified substrate fabrication by restricting the nanostructure
deposition only to a very small area of the larger substrate concentrations and allowed the
detection of noxious pathogens: Staphylococcus aureus (S. aureus) and Rhodamine 6G
(Rh6G) down to a single molecule. To enhance the signal intensities further, they employed
natural three-phase pinning to preconcentrate the gold nanoflowers analytes on

nanostructure pocket, allowing maximal deposition at the CRE edges and thus the lowest



LOD down to 102 M[19]. Similarly, Minh and coworkers developed the TLC-SERS
based method for the detection of sildenafil in drugs and herbal products. For the first time,
the unique double “double coffee-ring effect” was reported promoting the separation of the
herbal constituents and resulting in the redistribution of both silver nanoparticles and
sildenafil molecules. The preconcentration of the sildenafil bonded nanoparticles in the

edge of the CRE strain was obtained under double CRE[34].

The CRE was directly applied for the bioanalytical sensing, where an inexpensive
optical sensing platform was manufactured by combining SERS detection with CRE-based
nanofilm separation. The gold nanoparticle colloidal mix with the serum from patients with
colorectal cancer was placed onto the glass surface and Raman spectra were acquired from
the coffee-ring-like region at the rim, providing strong and stable SERS profiles[35]. To
further optimize the surface capturing of the target analytes, Ag nanoparticles coated with
B-cyclodextrin were used for the traditional anti-diabetic drug phenformin hydrochloride
sensing. B-CD-functionalized nanoparticles were modified in a way to capture the drug and
to position it in a fixed molecular orientation inside the hydrophobic cavity enabling the

LOD as low as 8.0 x 10”° mol L[36].

The speciation of environmental hydrophobic pollutants, polycyclic aromatic
hydrocarbons (PAHSs), poses a clear challenge because the separation step is important
before the detection and identification of PAHs using bare AuNPs[37]. To stabilize
nanoparticles formation polyvinylpyrrolidone (PVP) was used as a capping agent. The
results indicated that an increase in surface roughness reduced the sizes of the coffee rings,

whereas the addition of PVP not only stabilized the AuNPs but also improved the

10



robustness of the coffee rings. When applying the proposed method to determine the
phenylalanine level in urine for rapid screening of the phenylketonuria disorder, strong
chemical interference from uric acid, which is a major component in urine, was
observed[38]. In addition to the SERS detection, the lateral flow immunoassay (LFA)
biosensor was developed to measure the color change in the test zone allowing the sensitive
detection of staphylococcal enterotoxin B (SEB) by incorporating hollow gold nanospheres
probes instead of traditional gold nanoparticles. With the proposed SERS-based LFA strip,
the presence of a target antigen was identified through a color change in the test zone. By
measuring SERS signals of SEB from the test zone, the system LOD estimated with the
SERS-based LFA strip was calculated as 0.001 ng mL*[39]. Overall, SERS platforms for
the CRE displayed high sensitivity, robustness, reproducibility, and simplicity make this
platform ideal for on-site analysis of small volume samples at low concentrations in

complex matrix[40].

Zhang and coworkers developed the immunoassay for the DNA readout which
comprised of the silica nanofilm used as a substrate to amplify the nucleic acids based upon
the CRE formation. The colloid monodispersed silica nanoparticles were hexagonally
close-packed providing the highly structured substrate providing the concentration of the
nucleic acids by the loop-mediated isothermal amplification into the edge region of the
frying droplet. For the detection was employed the smartphone providing the determination
of the DNA structural elements[36]. The nanoparticles-based substrate might be used not
only for the separation of the analytes due to the distinct interactions, but also to enhance

the weak Raman signal, allowing the SERS detection of the low analyte’s concentration
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down to 1 pmol. Indeed, Kim and coworkers applied 30 nm-thick gold substrates with gold
nanoparticles deposited onto aluminum wafer that offered the amplification of the weak
Raman signal by 10*2 resulting in the detection of six E. coli isolates from human blood
culture, thanks for the unique Raman fingerprint. This approach offers high reproducibility
with approximately 5% relative standard deviation[41]. An alternative approach to
fabricate the CRE substrate was proposed by Liu et al. by laser-induced dynamic dip-
coating method allowing the uniform deposition of nanoparticles onto the solid substrate,
thus avoiding the problem of poor detection reproducibility in conventional SERS
substrates. The authors offered a compact and robust micro-coffee-ring-patterned fiber
facets SERS probe enabling the detection limit lower than 107 M of fungicides, thiram

and methyl parathion found in orange juice[42].

The key advantage of the CRE substrates lies not only in their capability to partially
preconcentrate analytes, but also to potentially promote the separation of the analytes based
upon the unique interactions of molecules with the substrate surface. Moreover, various
nanoparticles combinations found their application for the surface modifications of the
CRE. For instance, the mixture of AgNPs and AuNPs (Au@AgNPs) was deposited onto
the glass surface providing the substrate for the urea and ammonium sulfate hazardous
adulterants detection in milk products by the means of the CRE. The uniform distribution
of analytes was observed, with enhanced Raman signals detected in a small region
(maximum 1.9 mm) across the center of the CRE. This method required a small sample
volume of 2 pL with minor sample pretreatment steps such as pH adjustment,

centrifugation, and depositing the sample on a gold-coated slide for drying[43]. In another

12



study, the biofluids detection was performed on the Ag based substrate, from a silver ink
on the glass, and its utilization for bio detection was shown. This approach allowed to
achieve lower LODs by effectively measuring areas with higher concentrations of targeted
molecules than the initial sample, providing a robust and cost-effective platform for the
SERS detection. The substrate was fabricated from a silver ink and deposited on the glass
demonstrating the unusual hydrophobicity that enables the preconcentration benefit of the
drop-coating deposition through the formation of the CRE[44]. Following this approach, a
gold nanoparticles assembly was applied for the bio spectral sensing chips. The AUNF was
fabricated with different particle densities assembled on mechanical polished copper
substrate, demonstrating that the plasmonic hot spots formed by AuNPs and copper

surfaces play an important role in achieving fluorescence enhancement[45].

1.4  Speciation analysis of arsenic

Inorganic arsenic (iAs'") is known as a carcinogen, toxic threat for humans and
environmental contaminant. Chronic exposure to the arsenic contaminated drinking water
has various harmful effects, such as liver, skin and bladder cancers[46], neurological
disorders and cardiovascular diseases[47]. Daily consumption of grains, vegetables and
seafood is another pathway of exposure to arsenic leading to various health problems[48].
In addition, anthropogenic activities: agricultural use of pesticides and herbicides, mining
and power plants also contribute greatly to the arsenic existence in the environment[49].
However, since ancient times arsenic has been employed as a curing medicine for psoriasis
asthma and tuberculosis[50]. Arsenic based drugs, Flowler’s, Donovan’s solutions, and

Salvarsan were used to cure respiratory diseases[51]. Moreover, nowadays arsenic based
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drug Darinaparsin is successfully used for the treatment of acute promyelocytic leukemia

(APL)[52].

The speciation of thioarsenicals has been usually performed by a chromatographic
separation coupled with spectroscopic determination. High-performance liquid
chromatography (HPLC) coupled with inductively coupled plasma mass spectrometry
(ICP-MS) and/or electrospray ionization mass spectrometry (ESI-MS) methods were the
most common techniques for analysis of these species[53-56]. However, the sample
alteration during the analysis may occur. For instance, for HPLC separation of the thio-
organoarsenate (2-dimethylarsinothioyl acetic acid), the acidic mobile phase degrades the
analyte momentarily, while weak acidic solution makes it almost impossible to elute the
analyte from the column[57]. For detection, because of thioarsenicals oxidation likely to
happen during ESI-MS, the compounds must be further characterized by accurate mass
spectrometry and 1H NMR spectroscopy. Another problem that could arise is the lack of
precise structural information. Indeed, in the study of pentavalent thioarsenicals complexed
with GSH, from analyzing the ESI-MS data, it is not conclusive whether the thioarsenical
is pentavalent (GSH directly bound to As through its cysteine unit) or trivalent (GSH bound
through a sulfur—sulfur bridge to As)[58]. In addition, trivalent oxygenated arsenical
(DMA"" has been misidentified, as a result of having similar chromatographic properties

to those of DMMTAV[59].

As far as sample preparation is concerned, the extraction of arsenic species from
biological samples must be done when using the current HPLC-ICP-MS or ESI-MS

methods for analysis of thioarsenicals. For example, extraction by using certain types of
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solutions such as water, methanol, buffers, nitric acid and hydrogen peroxide mixture
(HNO3/H203) with the assistance of physical means such as sonication and microwave-
assisted digestion was the most common method for arsenic speciation in biological
samples[60-63]. However, thioarsenicals are unstable species, and they could be easily
decomposed at acidic pH during extraction process, resulting in the conversion of
thioarsenicals to MMAY and DMAV[57]. Therefore, there is the need for the method that
can provide researchers with detailed structural information and the one that does not

require extensive sample preparation.

15 Problem Statement

The CRE driven applications are currently limited to the fabrication of the
chromatographical devices aimed to separate micro and nanoparticles by exploiting the
particle size variations. Although the crucial role of flow patterns for micro and
nanoparticles in the CRE has been thoroughly theoretically and experimentally described,
the potential of the CRE application for the separation of small molecules, peptides and
proteins have been largely neglected, which is critical for the CRE based biological sensing,
pollutant detection and metabolomics analysis. Besides that, the prediction of the analytes
traveled distances is of key interest in the CRE driven small molecules separation, for
which a theoretical approach is currently lacking, thus limiting the potential CRE field

application and in biological sensing.

Even though SERS has been used for molecular detection based on the

preconcentration effect of CRE, the hyphenated method coupling SERS to the CRE-driven
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separation has not been developed. The key issue with SERS measurements in colloidal
solutions lies in the nonuniform distribution on the nanoparticles, thus the SERS output
signals become unstable and the overall method reproducibility remains questionable. The
nanofilm would not only offer the advantage of the highly ordered and fixed surface
nanoparticles and the chromatographic potential for the separation species by the CRE, but
also allows enhancing a weak Raman signal to obtain the rich structural molecular
information. It is critical to characterize unstable compounds onto the nanofilm surface and
record their Raman spectra or fingerprint Raman frequencies under the influence of

biological matrices.

Raman shift is a crucial parameter for the SERS sensing for molecular structure
elucidation. The pH-dependent variations in Raman shift, however, were not properly
unified and a unified approach has not been theoretically developed, to the best of our
knowledge. The variations of the Raman shift shed the light on the adsorption of the species
onto the surface of the nanoparticles, allowing us to predict the adsorption mechanism
based on these pH-dependent variations. Also, the bond formation dependency on the
Raman shift was not explored yet, which is of the key interest of the researchers to assess
the complex formation onto the surfaces, provide bond formation analysis, and estimate

the strength of the interactions between the adsorbed species and the nanofilm surfaces.
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1.6 Objectives

The present work was aimed to expand the applications of CRE-SERS analysis to
small molecules. Through demonstrating the separation of arsenical species and
identification of Raman spectra of major arsenicals and developing a theoretical framework
to describe the CRE-driven separation, a speciation analysis method using CRE-driven
separation coupled to SERS detection was established for arsenicals and potentially for

small molecules in general. The specific aims were as follows.

1. Employing CRE phenomenon for arsenic speciation analysis.

Arsenic speciation of four common arsenicals including arsenite (As'"), arsenate
(AsV), monomethylarsonic acid (MMAY), and DMAV were carried out on the silver
nanofilm (AgNF) and the separation driving force is the capillary flow generated during
the evaporation of the CRE. Arsenic fingerprint SERS signals were detected under different
buffer systems and these buffer systems were used to adjust the interaction between
arsenicals and silver nanofilm surface (AgNF). If no significant separation could be
achieved by using the typical CRE, surfactants would be introduced into the arsenic
mixture solution. The introduction of surfactants reduced the surface tension and caused
the solution in the sessile droplet to move outwards and carry arsenicals in the flow. Thus,
arsenic separation was possible to achieve because of different interactions between

arsenicals and the AgNF surface.
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2. Application of CRE-SERS method for speciation of unstable thioarsenicals.

The CRE-driven separations did not require extensive sample preparation and were
applied for the sensing of the unstable thioarsenicals, such as dimethylmonothioarsinic acid
(DMMTAY) and dimethyldithioarsinic acid (DMDTAY). A previously developed method
based on surface-enhanced Raman spectroscopy (SERS) detection in combination with the
CRE for separation was applied for the speciation of thioarsenicals. Through calculating
the pKa’s of DMMTAY and DMDTAY and accordingly manipulating the chemical
environment, separation of these thioarsenicals was executed exploiting the thioarsenicals

different traveled distances during the development of the coffee ring.

3. Development of a unified approach for the CRE driven separations of small

molecules.

The unified nanochromatographical theoretical approach was developed by
combining the general chromatography theory, DLVO theoretical approach, and the theory
behind the CRE-driven particle separations. | created a theoretical framework to describe
the CRE-driven separation process of small molecules, using SERS analysis of
dimethylarsinic acid (DMAY), dimethylmonothioarsinic acid (DMMTAY), and
dimethyldithioarsinic acid (DMDTAY) on gold nanofilm (AuNF). By combining the CRE
theory for the radial flow and the Extended Derjaguin-Landau-Verwey-Overbeek
(XDLVO) theory for mass transfer between solution and AuNF surface, | adapted the
conventional chromatographic theory to derive a modified van Deemter equation for the

CRE-driven separation. By using this model, | predicted the travel distances of arsenicals
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based on the different affinity of analytes to the AUNF and evaluated the possibility of
separation of unknown analytes by CRE-based SERS, demonstrating the successful

adaptation of classic chromatographic theory to CRE-driven nanochromatography.

4. Extrapolation of small molecule CRE-SERS method for separation and speciation

of peptide-arsenic conjugates.

| applied the nanochromatography method for the speciation of peptides DAR and
DMAC, which combined the CRE-SERS approach. | manipulated pH and exploited the
molecular size of compounds to optimize their separation. | detected DAR in the center
and the middle regions, whereas DMAC traveled a longer distance across the CRE stain
and was detected in the middle and the edge regions. Despite the possible overlap of DAR
and DMAC’s Raman spectra, | identified each compound due to their unique SERS
fingerprint. Overall, the developed method not only allowed us to separate and identify the
S-conjugated arsenicals but at the same time to preserve the DAR and DMAC’s As'"
oxidations state and the fragile As — S moiety, thus providing an alternative speciation

method for unstable thioarsenicals.

5. Toward understanding of pH-dependent Raman shift using theoretical and

experimental approaches

Raman shift is the key parameter for the evaluation of the adsorbed molecule-
surface interactions and predicting the final geometry of adsorbed complexes onto

nanomaterial surface. | developed the theoretical approach evaluating the influence of the
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variations of Raman shift of the adsorbed molecules onto the types of bonds formed
between the molecules and nanofilm (AuNF). | employed three common arsenic species:
DMAY, DMMTAY, and DMDTAY as models for the theory development. By theoretically
calculated interaction energies of species with Au cluster, | extrapolated this to the
predictions of the Raman shift and the Raman shift variations with pH of the unknown
arsenic species. Moreover, | classified the interactions of the various molecules with the
citrate-coated gold nanoparticles. Typically, as pH increases, and overcomes pKa, charge
transfer becomes more favorable leading to the stronger interactions of molecules with
AUNF surface. Thus, | defined the interactions of molecules with AuNF surface by
classifying the covalent and electrostatic interactions, providing the model for the

prediction of the interactions based on the molecular charge and the Raman shift.

1.7 Hypotheses
The established objectives were guided by the following hypotheses:

The coffee ring effect would constrain all solutes within the region of the droplet
because of strong surface tension, preventing solutes from migrating to the droplet
peripheral region. During evaporation, most solutes would be pushed to the edge of the
droplet by the capillary flow. Under this circumstance, it would be difficult to accomplish
the separation of multiple arsenicals. Surfactants would be used to reduce the solute surface
tension allowing the solvent permeation into the peripheral region outside the droplet
region by a strong capillary action at the contact line. The capillary action would cause a

flow to carry the solutes to move outwards. Different arsenicals would have different
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adsorption/desorption interactions with the AgNF surface. Therefore, the arsenicals would

be separated using the coffee ring effect.

Thioarsenicals appear to be among the key intermediates involved in arsenic
metabolism due to their wide detection in biological samples post As exposure, the
capability of binding to proteins, and potentially high toxicity. Thioarsenicals are unstable
species, and they could be decomposed at acidic pH or species alteration may occur during
the analysis, thus, this is critical to developing a method for the speciation of unstable
species. Due to the drawbacks of currently available methods for the analysis of
thioarsenicals, it is believed that the inaccurate information (e.g., underestimation and/or
speciation conversion) was associated with the analysis of thioarsenicals in previous

studies.

Raman shift could be the key parameter for the evaluation of the molecular
adsorption onto nanomaterial surface. It is possible to estimate the species adsorption and
bond formation through the theoretical calculation of interactions energies of species with
nanomaterials, however, it is time and resources consuming, thus | hypostasize that pH
variations of the Raman shift might reveal the dependency of the analytes interactions with
to the AuNF during the adsorption process. Also, Raman shift might allow classifying the
interactions of the various molecules with the citrate coated gold nanoparticles. Besides,
the unified theoretical approach would reveal the pH dependence of the Raman shift
adsorption. Thus, | plan to develop a unified approach for the Raman shift variations to

classify the bond formation through the adsorption onto the AuNF surface.
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Chapter 2. Arsenic speciation on silver nanofilms by surface-enhanced Raman
spectroscopy

Part of this chapter was published as a research paper for which | was one of the two co-
first authors in the journal Analytical Chemistry. Adapted with permission from Yang,
M.W., Liamtsau, V., Fang, C.J., Sylyers, K.L., McGoron, A.J., Liu, G.L., Fu, F.F., Cai, Y.,
2019. Arsenic Speciation on Silver Nanofilms by Surface-Enhanced Raman Spectroscopy.

Anal. Chem. 91, 8280-8288. Copyright (2019) American Chemical Society.
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2.1 Abstract

Surface-enhanced Raman spectroscopy (SERS), as a non-destructive and fast
detection technique, is a promising alternative approach for arsenic detection, particularly
for in situ applications. SERS-based speciation analysis according to the fingerprint SERS
signals of different arsenicals has the potential to provide a superior technique in species
preservation over the conventional chromatographic separation methods. 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 (AsV), monomethylarsonic acid (MMAYV), and
dimethylarsinic acid (DMAY), 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 was 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, the 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.

Keywords: Coffee ring effect, Arsenic speciation, SERS, Silver nanofilm
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2.2 Introduction

Speciation analysis of toxic metals and metalloids is often performed by the
separation of different species followed by detection. For arsenic speciation, the
conventional method is the combination of chromatographic separation with spectrometric
detection techniques. The popular separation techniques include high-performance liquid
chromatography (HPLC)[64-68], ion chromatography (IC)[69, 70] and capillary
electrophoresis (CE)[71], and the detection techniques include mass spectrometry[61],
UV-VIS absorption[72] and hydride generation coupled with atomic fluorescence or
absorption spectrometry (HG-AFS or HG-AAS)[73]. 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[64, 74-76].

Surface-enhanced Raman spectroscopy (SERS) has been recognized as an
advanced analytical technique for decades, owing to its unique advantages, e.g., fast and
non-invasive detection and single-molecule sensitivity. The employment of SERS in
arsenic detection has been reported recently, mainly with metallic nanoparticles[77-79] and
metallic nanofilms[80-85] as substrates, while indirect detection methods use aptamers to
boost the arsenic molecules selectivity[86, 87]. A review article regarding the recent
advancements in arsenic detection based on SERS is available[88]. Though in theory,
SERS could be used to carry out arsenic speciation using the unique fingerprint spectra of
target compounds without chromatographic separation, difficulties were often encountered

for the simultaneous measurement due to spectrum overlap. For example, two inorganic
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arsenic compounds (arsenite (As'"), arsenate (As")) were able to be measured using SERS
without significant spectrum overlapping[89]. 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[90]. Therefore, when using SERS for speciation
analysis, it is ideal to develop a separation method that minimizes the transformation 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 CRE refers to the occurrence of the ring-shaped stain left on a solid surface
when a coffee drop is dried on the solid surface[1]. With the evaporation of liquid over the
liquid drop surface, liquid from the center region would migrate towards the edge to
replenish the loss of liquid, and the movement of liquid from the center to the edge is driven
by capillary flow[1]. The CRE has been coupled with SERS measurements for the
simplicity of operation to concentrate analytes towards the CRE region and to boost the
detection sensitivity simultaneously[91, 92]. The CRE showed potential to separate
nano/microparticles because different size particles have different accessibilities toward
the contact line during the evaporation process[93, 94]. The results of these previous
studies showed the potential application of using CRE as a simple platform for chemical

separation/speciation.

Despite the absence of directly using the CRE for separation of small molecules,
thin layer chromatography (TLC), a technique with a certain resemblance to CRE

development, has been coupled with SERS for separation and detection of various analytes.
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Recently, the TLC-SERS technique had been applied for the facile measurement of
environmental pollutants[95], drugs[96, 97], and dyes[98]. 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, the separation of analytes driven
by the CRE 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 CRE
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
to reduce the droplet surface tension and facilitate the migration of solution into the
peripheral region of the droplet for enhanced separation[99-101]. Under the combined
interactions of arsenicals with the AgNFs, solvent, and surfactant, arsenicals traveled
different distances away from the drop center and they were partially separated on the
AgNFs after drying the solution drop. Combining the SERS fingerprint signals and
physical separation of arsenicals on the surface, arsenic speciation was achieved using the

AgNFs substrate-based SERS technology.

26



2.3 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% (MMAV) was obtained from Chem
Service, USA. Silver nitrate (99.99%) was purchased from STREM chemicals
(Newburyport, MA). Sodium citrate dihydrate (Granular certified), NaOH, HCI, KoHPOa,
and KH2PO4 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;HPO4
and KH2PO4. 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 10 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).
2.3.1 Instrumentation

The Raman spectrometer used was from Perkin-Elmer (Raman Station 400F),
equipped with a diode laser operating system at 785 nm with an average power of 100 mW
at the sample and 100-micron spot size. This Raman Station was equipped with the Raman

Micro 300, which has a movable stage and a built-in camera monitoring the sample surface.

27



The laser source was focused on the sample on the stage through fiber optics cable
connecting from the Raman Station 400F to the RamanMicro 300. Usually, the 20x optical
lens was employed to get a better sample focus and Raman signal response. One piece of
the silicon wafer was employed to calibrate the Raman system daily and the Raman signal
intensity at 522 cm™ was monitored 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 second; and 4 exposures per measurement.

A Veeco multimode nanoscope Il D atomic force microscope (AFM) was
employed to obtain surface morphology of the prepared AgNFs and monitor the changes
of surface morphology during the cleaning and salinization procedures. A transmission
electron microscope (TEM, Hitachi, H-7650) was employed to study to the morphology of
citrate coated silver nanoparticles. 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 measurements were carried

out on a Fisher Scientific Accumet Research AR15 pH/mV/°C Meter.
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2.3.1 Fabrication and characterization of AgNFs

The fabrication process of AgNFs consists of two major steps, synthesis of citrate-
coated silver nanoparticles (AgNPs-Citrate)[102] and immobilization of the AgNPs-Citrate
onto glass substrates[103]. AgNPs-Citrate was synthesized by reducing silver nitrate with
sodium citrate. Briefly, all glassware was emerged in Aqua Regia (HCI/HNO3 = 3:1, v/v)
overnight and 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 1x1073
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 hour 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 L) and HCI 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 before use. Then, the AgNF was fabricated following a two-step
procedure[103]. The first step was the silanization reaction on glass substrates surface to
attach APTMS molecules catalyzed by a diluted acid[104]. 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
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10 ml of APTMS solution and 100 pL of 1M HCI solution for 4 hours on an orbital shaker
(150 rpm). After the silanization reaction, the glass substrates were cleaned with anhydrous
ethanol under sonication for 3 minutes and repeated four times 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 minutes before the next step. The second
step was to immobilize AgNPs-citrate onto the treated glass substrates. AgQNPs-citrate were
immobilized by electrostatic interaction with the glass surface since the amine groups were
facing outwards and positively charged in the solution. The high-affinity interaction
between silver nanoparticles and amine groups should further enhance the attachment[103-
105]. 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 periods (4, 8, and 24 h) on an orbital shaker (50 rpm). DI water was
introduced to make up for the evaporation over time to prevent nanoparticles from
aggregation. The resulting glass substrates were then cleaned with DI water three times,

dried under N2 gas, and stored in a freezer before use.

The prepared AgNFs were examined for SERS signal enhancement using As'
(1.33 x 10 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 used in the silanization reaction and the immobilization times
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for AgNPs-citrate on the silanized glass surfaces. The AgNFs prepared by the optimized

method was characterized by AFM to obtain surface morphology and AgNF thickness.

2.3.2 SERS fingerprint signals of arsenicals on the AgNFs

The typical fingerprint SERS signals of four commonly detected arsenicals
including As"!, As¥Y, 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 10 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
sub-stock solutions. Typically, 2 pL of arsenic solution from sub-stocks was dropped onto
the AgNF, and SERS signals were collected randomly at the center region of the sessile
droplet. After about 35 minutes 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.

2.3.3 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. 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
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of 1.3 x 102 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 pL) 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 the 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 to the previous work of Brochard-Wyart et al[99, 100], 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 diameters of inner and out 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 1 and Figure 2). SERS
measurements on all coffee drop stains were typically carried out from the center to the
outer ring edge along the radius of the rings, and the sampling spots were performed with
100 um increments according to the on-screen meter, and 10 um inside and outside the

ring boundary as well.

Table 1. The reproducibility of the coffee ring prepared onto AgNF with different sets of
AgNPs.

The diameter of the coffee ring, mm (DMAY)
Nanoparticles _(N=3)

AgNP . - -
set # size, nm The inner Relative _ Relative
(N=3) fing. mm standard The outer ring, mm  standard
9 deviation,% deviation,%
1%t 50+5.3 5.73+0.66 11.51 3.45+0.35 10.14
2nd 48+4.5 5.88+0.78 13.26 3.70+0.30 8.10
3rd 53+6.5 5.50+0.30 5.40 3.90+0.50 12.82
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Inner ring region

Figure 2. A typical image of the CRE (including the inner and outer rings) formed in this
study.

2.4 Results and Discussion
2.4.1 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 bonding on a polymer surface with pendent functional groups, such as
—NHz or —SH. In this study, we firstly prepared AgNPs colloidal solutions, and then

modified glass slides with APTMS for anchoring the AgNPs onto the surface to prepare
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AgNFs. The pH of AgNPs-citrate colloidal solution was 9.0, and the surface of AgQNPs was
negatively charged with a zeta potential of -45.25 mV (Figure 3). Because the pKa value
of primary ammonium (—NH3") is greater than 10, APTMS was positively charged in the
AgNPs colloidal solution[104]. Therefore, the positively charged surface can firmly bind

with the negatively charged AgNPs to form stable AgNFs[104, 105].
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Figure 3. Properties of AgNPs-Citrate.
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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. The time of
immobilization was selected as 8 hours in the later experiments for the sake of saving time
and increasing signals. Further optimization on the immobilization time between 8 and 24
hours might provide a better point for balancing experimental time and signal
enhancement, but was deemed not necessary at this stage for method development. 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% of APTMS. These results indicated that the AgNF serves as
a critical substrate for signal enhancement and the silanization procedure is the prerequisite
condition to the fabrication of AgNF. The signal intensities when using 0.5 to 10.0% of
APTMS were similar, albeit varying slightly with minor baseline fluctuation. It is unclear
why 2.5% of 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% of APTMS seemed to be
sufficient for the treatment of glass The AgNF prepared with the optimized method was
characterized by AFM. The glass surface was coated thoroughly, although the arrangement
was not well organized. An TEM cross-section of the sample is shown in Figure 4. Ten
random sections were selected 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 (n=9) nm according to the AFM image (Figure 5), suggesting that a monolayer film
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was formed. The minor size difference tween these two results should be originated from
the surface roughness of glass slides. The average size of silver nanoparticles according to

the TEM image was about 44.6 £ 6.5 (n=9) nm.

50 nm

Figure 4. TEM image of silver nanoparticles.

1
0.0 1: Height 1.8 UM

Figure 5. Typical surface morphology using AFM depth imaging.
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2.4.2 SERS signals of arsenicals on the AgNFs

From the typical fingerprint SERS signals of As"', AsY, MMAY, and DMAY
measured in droplet and dry stain, significant interference from the buffer was not found
in the Raman shift range of 1000~300 cm™. For each arsenical, similar wavenumbers of
characteristic SERS signals were found between the droplet and dry stain (Figure 6). All
signals in black curves were obtained at the center of a droplet containing 2 pL of 1.3 x 10

¥ mol L (100 ppm) arsenic in 0.1 mol L™ potassium phosphate buffer (pH = 7.5).

For As'"" (Figure 6A), a strong vibrational band at 730 cm™ was observed in the
droplet, resulting from the As—O stretch mode[106], 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 the dry stain) was not reported in the
literature, and the vibrational mode of arsenite molecule at 440 cm™ was tentatively
interpreted as being the wagging of H—O bonds, with the assistance of computational
chemistry. For AsY, fingerprint signals at 792 cm™ and 782 cm™ were observed in sessile
droplet and on dry film, respectively, and these signals could be assigned to the As—O
symmetric vibrations (Figure 6B)[107]. The superposition stretch of v2 and v5 of the
arsenate molecule was not distinguishable in this buffer solution, which usually appeared
around 400 cm™[107]. Similar SERS signal profiles were found for the two
organoarsenicals. A vibrational band at 619 cm™ due to the As—C stretch and one board
vibrational band at 812 cm™ from the vibrational band of As—O[108] were observed for
MMAY (Figure 6C). For DMAY, the symmetric stretching of As—C appeared at 600 cm™

since DMAY has two As—C bonds, and the asymmetric As—O stretching was found at 830
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cm™ (Figure 6D)[82]. Based on 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'!, AsY,

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 same sizes), the size effects of AgNPs on the formation of
the coffee ring and SERS signal enhancement, and the variations of SERS signals with
measuring times. It was demonstrated that the SERS spectra and signal intensities on

different sets of AgNFs of the same size were highly reproducible.
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Figure 6. Typical SERS signal profiles of (A) As'""; (B) AsV; (C) MMAY; and (D) DMAY
on the AgNFs.

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 DMAY. These organic
arsenicals were negatively charged in the buffer, therefore it was difficult for them to get
close to the negatively charged AgNFs to generate strong SERS 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
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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 6A). 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 AsY in the buffer solution, although it was negatively charged and thus
repelled by the AgNF, the adsorption through Van der Waals forces would to some degree
offset the electrostatic repulsion, thus retaining AsV close to the surface for SERS signal
enhancement. Since As'' was adsorbed on the AgNF (probably more strongly than AsY),
it might not be able to move to the edge during the evaporation process and seemed to
spread out in the stained area, causing the decrease in concentration at each spot. The
appearance of signal for As""' at 730 cm™ throughout the dry stain spot from the center to
the edge, when examining the movement of As'' during drop evaporation, supported this
notion (Figure 7A). Besides, 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 the possible formation of As¥ and thus causing the decrease in As'"' signal. Such
an oxidation reaction was reported in a previous study, in which more than 70% of As'"

was oxidized to AsV in 1 mol L of ammonium hydroxide solution after a 90 min TLC

separation on cellulose plate[109]. It was suggested that the laser-excited surface plasmon
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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 (302) but also electron transfer from AgNPs to the 302 to create the anion of
oxygen (?027)[110]. The 20, was then strongly adsorbed over the surface of AgNFs and
AgO, was formed under a high temperature locally raised by the laser. Therefore, the

to AsY on the surface. The appearance of AsY was then

resulting AgO- could oxidize As
confirmed in a SERS profile obtained by measuring the drop stain of AsV along the radius

(Figure 7B), where As¥ at 783 cm™ was present in the outer ring area only.
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Figure 7. SERS signal profile of a drop stain after evaporation of 2 pL of 1.3 x 10 mol
Lt (100 ppm) (A) As'" and (B) AsY solution on the AgNF. Signals were collected along
the radius of the drop stain from the center to the edge.
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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.

2.4.3 Arsenic speciation on the AgNFs

Although these four arsenicals showed different fingerprint vibrational bands, the
similarity of signal patterns from the two organoarsenicals caused a big problem for arsenic
speciation analysis, according to our previous study by using the colloidal suspension of
AgNPs as a SERS substrate[90]. 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 the 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% of 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, 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.
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For As" alone, the strongest signal at 783 cm™ was found in the middle area of the
outer ring, and there was no obvious signal in the inner ring area (Figure 7B). For the
mixture of As¥ and DMAY, the fingerprint signals of AsV at 786 cm™ were still only in the
outer ring area (Figure 8A), but the DMAV signals at 604 cm™ were observed in the inner
ring, demonstrating that As¥ and DMAY could be separated without any overlap. Figure
8B shows the speciation of adding MMA\ to the mixture of As¥ and DMAY on the AgNF.
For As¥ and DMAY, their fingerprint signals, which were at 785 cm™ and 604 cm™
respectively, appeared in the same region as that in Figure 8A. There was a new peak
appearing at 619 cm™ in the outer ring, resulting from the addition of MMAV. These results
suggest that, even if the fingerprint signals of MMAY and DMAY 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 As'!, AsV, MMAY, and DMAY was measured with a shortened
distance of each sampling spot from the center to edge to avoid missing any fingerprint
signals. The characteristic peaks at 608 cm™, assigned to DMAY, was found in most areas
of the inner ring and consistently observed in the inner ring region until the boundary
(Figure 8C). When the sampling spots moved into the outer ring area, the peak at 618 cm’
1 appeared and remained unchanged in the entire outer ring, indicating the presence of
MMAV. 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 AsV, 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 7A), probably due to the enhanced movement by the addition of SDS.
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The strongest AsV signals at 778 cm™ were present in the middle of the outer ring,
consistent with the results from the experiment for As¥, MMAYV, and DMAY (Figure 8B).
These results indicated the successful speciation of As'', AsV, MMAY, and DMAV on the
AgNFs, by combining the advantages of distinct fingerprint SERS signals and physical

separation of arsenicals under the influence of the coffee ring effect.
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Figure 8. SERS signal profile of a drop stain after evaporation of 2 pL of 1.3 x 10" mol
L (100 ppm) (A) As¥ and DMAY, (B) As¥, MMAY, and DMAY, and (C) As¥, MMAY,
DMAY, and As'" solution on a AgNF. Signals were collected along the radius of the drop
stain from the center to the edge.
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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 the 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 MMAY signal appeared at the beginning of the outer
ring, while DMAY appeared in the edge of the inner ring (Figure 8C) because MMAY (pKa
= 3.6) bears more negative charges than DMAY (pKa = 6.2) in the buffer (pH = 7.5)[111].
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[112]. 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 DMAV together with
SDS in the inner ring area. On the contrary, MMAY 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 the solvent. The aqueous solution has a

low eluting ability to less polar analytes such as DMAY (in comparison to MMAY)[113],
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and thus limits its migration. Under the combined interactions with the surface, SDS, and

the solvent, DMAY showed the shortest traveling distance.

25 Conclusion

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 by the CRE on the AgNFs. To realize the possibility of using the CRE
to separate small molecules, SDS as a surfactant was introduced, allowing varying travel
distances for different arsenicals and thus successful speciation of As'"!, As¥, MMAYV, and
DMAY. 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 CRE for arsenic speciation,
and it does show the promising potential of the CRE 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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Chapter 3. Speciation of thioarsenicals through application of coffee ring effect on

gold nanofilm and surface-enhanced Raman spectroscopy

Part of this chapter was published in the journal Analytica Chimica Acta. Adapted with
permission from Liamtsau, V., Fan, C., Liu, G., McGoron, A.J., Cali, Y., 2020. Speciation
of thioarsenicals through application of coffee ring effect on gold nanofilm and surface-
enhanced Raman spectroscopy. Analytica Chimica Acta, 1106: 88-95. Copyright (2020)

Elsevier B.V.
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3.1 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 CRE for separation is expected to be particularly useful for analysis
of thioarsenicals, thanks to minimal sample pretreatment and unique fingerprint Ramon
identification. Such a method would offer an alternative approach that overcomes the
limitations of conventional arsenic speciation techniques based on high-performance liquid
chromatography separation and mass spectrometry detection. A novel analytical method
based on a combination of the CRE 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 thioarsenicals. 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 CRE. Through calculating the
pKa’s of DMMTAY and DMDTAVY and accordingly manipulating the chemical
environment, separation of these thioarsenicals was realized as they traveled 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 AuNF based CRE combined

with SERS demonstrated a decent potential for the separation of arsenic species.
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3.2 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 metabolites in recent years[40, 59, 114]. Dimethylmonothioarsinic
acid (DMMTAY) and dimethyldithioarsinic acid (DMDTAY) were widely detected in
animal urine after exposure to various arsenic compounds, including dimethylarsinic acid

(DMAY) (Figure 9)[115].
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Figure 9. Thioarsenicals are analogous to the oxoarsenical counterpart.

Dimethylarsinothioyl glutathione (DMMTAVY(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[58,
116]. After the introduction of DMAY to Shewanella putrefaciens, DMMTAY has been

observed during arsenic biotransformation[117].
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The generation of pentavalent thioarsenicals during As metabolism is of particular
interest due to their ability to bind to the proteins in contrast to their oxygenated analogs.
According to 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[58]. However, sulfur in thioarsenicals
mitigates 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 to that of trivalent inorganic species (iAs'") and are
much higher than those of pentavalent oxygen-containing analogs, e.g., DMAV[114, 118-
122]. For instance, DMMTAY can bound to rat hemoglobin, illustrating that pentavalent

As interacts with -SH groups of proteins and peptides[123].

Thioarsenicals appear to be among the key intermediates involved in arsenic
metabolism due to their wide detection in biological samples post As exposure, the
capability of binding to proteins, and potentially high toxicity[124]. Accurate speciation
analysis of thioarsenicals has increasingly become demanding, albeit challenging. The
speciation of thioarsenicals has been usually performed by high-performance liquid
chromatography (HPLC) coupled with inductively coupled plasma mass spectrometry
(ICP-MS) and/or electrospray ionization mass spectrometry (ESI-MS) methods[53-56].
However, there are some drawbacks associated with these conventional HPLC-ICP-MS or
ESI-MS methods for the 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[57, 60-63]. Second, species alteration may occur during
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the analysis, as observed in HPLC separation of thio-organoarsenate (2-
dimethylarsinothioyl acetic acid), where the acidic mobile phase degrades the analyte
momentarily, while a weak acidic solution makes it almost impossible to elute the analyte
from the column[57]. Another problem with these conventional methods is the lack of
precise structural information, as exemplified by the misidentification of DMMTAV as
DMA"" due to similar chromatographic properties[59]. 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 to As through

its cysteine unit) or trivalent (GSH bound through sulfur—sulfur bridge to As)[58].

Due to the drawbacks of currently available methods for the analysis of
thioarsenicals, it is believed that inaccurate information (e.g., underestimation and/or
speciation conversion) was associated with the 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 spectroscopy
(SERS) detection in combination with the CRE for separation could be particularly useful
for analysis of unstable thioarsenicals thanks to minimal sample pretreatment and unique
fingerprint Ramon identification. A CRE deposit forms through evaporation of solvent
when a drop of liquid is placed on the solid surface[125]. The CRE has found its way in
analytical applications, for the separation of particles and large biomolecules exploiting the
size difference of analytes. Methods based on coupling the CRE with matrix-assisted laser

desorption (MALDI) and Raman spectroscopy[92] were successfully applied for the
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separation and identification of different-sized particles[126], polymer-nanocrystal

mixtures[127], and polycyclic aromatic hydrocarbons[37].

We previously applied SERS coupled with the CRE on silver nanofilms (AgNF) to
speciate arsenite (As'"), arsenate (AsY), monomethylarsonic acid (MMAYV), and
dimethylarsinic acid (DMAY), four common, relatively stable arsenic species[128]. It is
more important to apply SERS-based methods to the analysis of thioarsenicals, as they are
unstable and could decompose when using conventional HPLC separation[57] and ESI-
MS detection[58], 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 the detection of thioarsenicals, by considering the interactions of As
species with the substrate surface and manipulating the CRE to facilitate the separation of
thioarsenicals. As the information on the 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 CRE formation for better
separation. Although we previously reported the Raman spectra of some of
thioarsenicals[129], we adjusted the theoretical calculations to the changing pH
environment, considering that acidic or basic pH could considerably influence the Raman
spectra of DMDTAY. We used a gold nanofilm (AuNF) as the SERS substrate, not only to
enhance an inherently wear Raman signal[24, 25] but also to avoid oxidation of

thioarsenicals. Combining signature Raman spectra due to distinct chemical structures and
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properties and different migration distances of DMMTAY and DMDTAY in the CRE stain,

we successfully differentiated these two thioarsenicals on AuNF-based SERS.

3.3  Experimental
3.3.1 Materials and chemicals

Cacodylic acid sodium salt, 98% (DMAY), NaOH, HCI, Citric acid, Sodium citrate
dihydrate (Granular certified), (3-Aminopropyl)trimethoxysilane (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).

3.3.2 Instrumentation

The Raman spectrometer was obtained from Perkin-Elmer (Raman station 400F),
which employed a diode laser at 785 nm with an average power of 100 mW. This Raman
station was equipped with one Perkin-Elmer microscopy 300 with a 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 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 second; and 4 times of exposure per measurement.

The AuNF surface was characterized by the Veeco multimode atomic force microscope
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(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.

3.3.3 Synthesis of thioarsenicals and determination of their respective Raman

spectra
3.3.3.1 Dimethylmonothioarsenious acid (DMMTAY)

DMMTAY was synthesized according to the method reported by Cullen et al.[130]
(Figure 10A). Briefly, DMAY (2.76 g) and sodium NazS * 9H,0 (7.60 g) was dissolved in
30 mL of water. Concentrated H>SO4 (1.70 mL) was added dropwise to the solution to
make the molar ratio of NaS/H.SO4/DMAY was 1.6:1.6:1. The reaction mixture was
stirred for 1 hour and was extracted with ether and was dried over anhydrous Na;SOa. The
ether was evaporated under N2 and colorless crystals were formed. Raman spectra
determined of both solid and liquid forms (citrate buffer solution, pH=3) of DMMTAY

were identical.

3.3.3.2 Dimethyldithioarsenious acid (DMDTAY)

DMDTAY was synthesized by two different methods. The first method for
DMDTAY synthesis was reported by Suzuki et al.[131](Figure 10B). Briefly, cacodylic
acid (1.01 g) and NaS*9H.0 (4.27 g) were dissolved in water (15 ml), and concentrated
H2S04(2.90 ml) was added. The molar ratio between components Na,S/H2SO4/DMAY was

7.5:7.5:1. The mixture was stirred for 3 hours, then DMDTAY was extracted with ether and
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was dried over anhydrous Na>SOs. After ether evaporation under N2 and colorless crystals
were formed. Raman spectra determined of both solid and liquid forms (citrate buffer
solution, pH=3) of DMDTAY 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.[132]( Figure 10C). 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

DMDTAY (salt form) were identical.
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Figure 10. Synthesis of A) DMMTAY, B) DMDTAY (acid form), and C) DMDTAV (salt
form).

3.3.4 Theoretical calculation of Raman spectra of DMMTAY and DMDTAY

The theoretical calculation was completed employing Gaussian 09 at Florida
International University’s HPC facility. Firstly, MOLDEN visualization software[133]
creates and optimizes the unique molecular vibrations for specific bonds at certain
vibrational frequencies; Secondly, Multiwfn translates Raman signals from the data
acquired from Gaussian output into Raman intensities, thus creating the simulated Raman
graph for thioarsenicals[134]. Density functional theory (DFT) derived Raman spectra
were measured by MOLDEN molecular simulation, while assignments from crystal Raman

spectra were employed to verify MOLDEN assignments[135]. The results obtained with a
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hybrid functional B3LYP approach using the basis set 6-311++G** were proven by our
research group[129] 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 pKa’s values of these thioarsenicals are important factors in determining their
behavior on 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 thioarsenicals, leaving another uncharged. Depending on the differences 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[136], therefore a 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 the molecular structure of species[137, 138]. For example,
calculated by this software pKa’s of ibuprofen[139], ynamines[140], and CH-acids agreed
with the literature value. Calculated pKa’s value of inorganic pentavalent arsenic and
methylated oxoarsenicals were consistent with the literature data[141, 142], as shown in

Table 2.
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Table 2. pKa’s of arsenicals calculated by Marvin Sketch

Arsenical Literature data Calculated in this work
MMAY pKai= 4.10; pKa,= 8.07 pKai= 4.20; pKa,= 8.58
DMAY pKa=6.20 pKa =6.22
DMMTAY unknown pKa = 4.37
DMDTAY unknown pKa =225

3.3.5 Fabrication of AuNF and application of coffee ring effect for individual

identification of DMMTAY and DMDTAY

The preparation of AuUNF includes the synthesis of citrate-coated gold nanoparticles
(AuNPs) and coating gold nanoparticles onto glass slides. AuNPs were fabricated by the
reduction of chloroauric acid (HAuUCls) with sodium citrate[102]. Briefly, the glassware
was cleaned with Aqua Regia solution (HCI/HNO3z = 3:1) overnight, then rinsed with DI
water, followed by drying in an oven at 100°C. After heating 20 ml of 1x10° M HAuClI4
chloroauric solution to the boiling point, sodium citrate (1 ml, 1%(v/v)) was introduced
dropwise 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[143] with a slight modification of increasing the immersion time

to 24 hours.
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DMMTAY and DMDTAY solutions 100 ppm solutions of thioarsenicals were
prepared by dissolving thioarsenicals in citrate buffer (pH=3). Immediately after
preparation 2 uL of DMMTAY and DMDTA citrate buffer solution was 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.

34 Results

3.4.1 Comparison of experimental and theoretically calculated Raman spectra of

DMMTAY and DMDTAY Raman spectra

DMMTAY (solid/liquid form) Raman spectra exhibits three major vibrational
modes observed at 469 cm™, 611 cm™ and 643 cm™. These represent As = S stretch,
symmetric vibrational mode of C — As — C, and asymmetric vibrational mode of C — As —

C respectively[144] as in Figure 11A.
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DMDTAY in acid form (solid/liquid form) was synthesized by Method #1[131],

= S stretching at 475 cm™[145]. Other vibrations are associated with the C — As — C

symmetric mode (573, 601 cm?) and C — As — C asymmetric mode (625 cm™)

respectively[146].

The Raman spectra of DMDTAUV(salt form), synthesized using Method #2[132]

(Figure 11C) shows three major arsenic vibrational bands at 429 cm™, 604 cm™ and 625
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cm™t. However, in contrast to the three As — S vibrations of DMDTAV synthesized by
Method #1, there is only one As — S (429 cm™) band represented by delocalized distribution
n-electron cloud over S — As — S fragment in dimethyldithioarsinato anion[145],[147]. The
bands at 604 cm™ and 625 cm™ are symmetric and asymmetric C — As — C vibrations,
respectively[144]. Notably, after the addition of the NaOH to the acidic form of DMDTAY,
the salt form occurred. Following this neutralization reaction, vibrational modes of As — S
(370 cm™) and As = S (476 cm™) bands in the acidic form of DMDTAY merged into the
delocalized n-electrons bond in the salt form of DMDTAY having the main signal at 429
cm™. The salt form of DMDTAY is readily soluble in water in comparison to the acidic

DMDTAV[145].

3.4.2 Identification of individual DMMTAY and DMDTAY using AUNF-SERS

The difference between the Raman spectra of DMMTAVY (citrate buffer solution)
and DMMTAY (adsorbed onto AuNF) was observed during SERS measurements. Indeed,
the wavelength red shift occurred for all DMMTAY vibrational frequencies, namely: from
469 cm™ to 464 cm™ for As=S stretching, from 611 cm™ and 643 cm™ to 594 cm™ for As
— C symmetrical and asymmetrical stretching’s respectively (Figure 12A)[148]. The
probable reason for this is the partial adsorption of DMMTAY onto AuNF surface,
following a charge transfer effect between the AuNF surface and DMMTAY. This most
intense SERS signal of As=S vibration at 464 cm™ has been chosen for tracing DMMTAY
across the coffee ring deposit. Regarding DMMTAY migration behavior, there was an

increase in SERS intensity (As=S) from the center to middle regions, however, despite the
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coffee ring effect, the decrease in SERS signal occurred in the edge region. Similar to the
DMMTAY, the Raman spectra of DMDTAV vary greatly from the DMDTAY — AuNF. Due
to the charge transfer effect, all DMDTAY shifted to the red region: from 429 cm™ to 410
cm™ for n-delocalized S — As — S stretching, from 604 cm™ and 625 cm™ to 591 cm™ for
As — C symmetric and asymmetric stretching respectively (Figure 12B). A typical coffee
ring phenomenon (an increase of SERS intensity from the center to edge regions) was
observed for DMDTAY deposition onto AuNF surface. Indeed, the SERS signal of S — As

— S stretching at 410 cm™ increases from the center to the edge region.

A) B)
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Figure 12. The coffee ring — SERS of 100 mg L A) DMMTAV and B) DMDTAY onto
AuNF.
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3.4.3 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 a similar red shift for all vibrational modes (Figure 13).
For DMDTAY from 429 cm™ to 412 cm™ (S — As — S stretching), from 604 cm™ and 625
cm™ to 596 cm™* for As — C symmetric and asymmetric stretching respectively. Regarding
DMMTAY, As=S vibrational frequency shifted from 469 cm™ to 465 cm™, As — C from
604 cm™ to 596 cm™ respectively. For the separation part, the SERS signal of DMDTAY
increased constantly from the 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[149].
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Figure 13. The CRE — SERS of 100 mg L™ DMMTAY and DMDTAY onto AuNF.

35 Discussion

Generally, the CRE is created by reducing the surface tension of the sessile droplet
and enhancing the capillary action generated by closed packing nanoparticles at air, solid,
and liquid interphase[1]. In a CRE, 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.
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Figure 14. The diagram illustrating the processes influencing the CRE deposit formation.

The key structural element of the developed method is nanofilm. This functioned
not only as a surface for separation but also as a SERS substrate. Indeed, silica surfaces
coated with nanoparticles are among typical SERS substrates and they are usually used
only for the amplification of Raman signal[150, 151]. However, it is possible to use them
as a stationary phase for chromatographic separation because of their strong resemblance
to the ion exchange TLC plates. Indeed, the surface of the SERS substrate has negative or
positive charges depending on the method of preparation of nanoparticle colloidal solution.
pKa could influence the charges of thioarsenicals in the buffer solution causing a difference
in migration distances for each thioarsenical during the formation of the CRE. 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
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with negatively charged SERS surface, their traveling 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 CRE regions are illustrated in Figure 15.

In a previous study[152] we used AgNF to separate four major oxoarsenicals (As'",
AsY , MMAY, DMAY) based on their distinct pKa’s values. The CRE was evident upon
introducing arsenicals onto AgNF surface because the SERS signal intensity of individual
species increases from the center to the edge of the evaporated droplet. MMAY and DMAY
were present across AgNF, in contrast to the As''' and AsY that traveled long distances and
were detected in the outer region. This indicates that oxoarsenicals interact with the AgNF
surface differently, and we attempted to extrapolate this method for the speciation of
thioarsenicals, however, no SERS signal of the arsenic-sulfur bond was found onto AgNF,
only DMAY. It was assumed that AgNPs can catalyze the electron capture by O resulting
in the formation of the anion of oxygen (?027)[153]. 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-20,~ and AgO. was found on the AgNF surface. Thus, AgNF was not
suitable for easily oxidizable species and we opted for the more inert and biocompatible

gold nanofilm (AuNF)[154].

Considering the application of the CRE for the separation of DMMTAY and
DMDTAY, the formation of the coffee ring deposit was influenced by three major factors:

the radial outward flow, drawing the thioarsenicals from the center to the edge of the
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evaporating droplet; attractive/repulsive interactions between thioarsenicals and AuNF that
mainly govern the adsorption 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 that affected the CRE deposit formation is the radially outward flow.
The construction of a CRE stain begins as a droplet placed onto the AuNF and solvent
(water) evaporation initiates (Figure 14). The radial outward flow transfers the liquid to
the wetting contact line of the drying drop to replenish the solvent that vanishes during
evaporation, thus, initially driving both DMMTAY and DMDTAY 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[155]. The
height of the droplet, which is radius-dependent, accounted for 2.5x10° m. The total
evaporation time of 2 pL droplet is 30 min, thus the calculated evaporation velocity
throughout drying was 5x102 mg/min (data not shown). Moreover, the radial outward flow
is linearly related to evaporating flux[156] and inversely proportional to the viscosity of
the solution[17]. In previous studies, the radial outward flow considerably affected the
separation of particles of various sizes[126, 157], however in the case of small molecules
as an example of thioarsenicals, which size are negligibly small, the radial flow itself is

assumed to equally affect their velocities and, thus traveled distances.

The second factor is the attractive/repulsive forces between the thioarsenicals and
AuUNF that influenced the adsorption of thioarsenicals onto AuNF. As DMMTAY and

DMDTAY mixture drove to the edge of the droplet by the radial flow, thioarsenicals begins
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to interact with the AuNF surface. At pH=3 the AuNF surface displays a negative y surface
potential because the major surface constituents are HzCitrate and HoCitrate" that stabilizes
the outer layer of AuNPs onto the AuNF surface[158]. It is widely recognized that thiols
and sulfur-containing ligands can substitute the citrates onto the surface of the
nanoparticles [159-162]. Besides, 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 nanoparticle substituents than neutral thiols, the binding
energies of neutral thiols is 3-4 times smaller than that of thiolates[163]. Another factor
that must be considered is the effect of the electron density delocalization across the arsenic
sulfur-containing active binding site of thioarsenicals, which may lead to substantial
Raman shifts upon adsorption onto AuNF. The importance of this phenomenon was
demonstrated upon the aromatic thiols adsorption onto AuNP that exhibits gigantic Raman

shifts due to the d-electron transitions[164].

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™ (Figure 13) for the delocalized n-electrons
bond in DMDTAV salt form. Because of the strong attraction between DMDTAY and
AuUNF, the DMDTAVY 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 a
substantially higher affinity to the AuNF surface than the neutral DMDTAV. Even though

for the individual DMDTAY the coffee ring effect was detected: the radial outward flow
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has driven some of DMDTAY to the edge, in the mixture the DMDTAY’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.
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Figure 15. The formation of the CRE: analysis of thioarsenicals traveled mode. Phase A)
A 2 pL drop contained 100 mg L™ DMMTAY and DMDTA (citrate buffer solution, pH=3)
is placed onto the AuNF surface.

In contrast to the ionized form of DMDTAY, we selectively left DMMTAY neutral,
consequently, it initially traveled a long distance across the drying droplet because it has
not been attracted to the AuNF surface as much as DMDTAY, thus facilitating the
separation between thioarsenicals. For DMMTAY, the SERS signal intensity at 464 cm™

(As=S symmetric stretching) was decreasing from the center to the edge indicating that
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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
AUuNF, the red shift occurs from 469 cm™ to 465 cm™ due to the charge transfer effect
between its molecule and the AuNF surface[165]. However, in contrast to DMDTAYV the
SERS shift was significantly smaller, 17 cm™ for DMDTAY and 4 cm™® DMMTAY
respectively. This data provides evidence that DMMTAV has a lesser affinity to the AUNF
and has not been adsorbed as much as DMDTAY. Another evidence for the adsorption of
the thioarsenicals onto AuNF surface can be drawn from the appearance of the Au — S

vibrational stretching at 267 cm™[166].

The third key factor is the thermo-capillary Marangoni flow that drives the liquid
back to the center of the drop[156, 167, 168]. During the evaporation of the drying droplet,
the thermally induced Marangoni flow carries out thioarsenicals back from the edge to the
center region, however, DMDTAY having higher affinity to the AUNF than DMMTAY,
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, DMDTAY was
deposited uniformly from the center to the edge of the evaporating droplet[17]. 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[169], might be resulting in the reverse direction of Marangoni flow

that drives DMMTAY back from the edge to the center region[156].
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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™) (Figure 13). Then, thermally-induced Marangoni flow
reverses the movement of both analytes affecting the deposition of DMMTAYV that
eventually was detected in the center of the droplet, whereas DMDTAY was anchored
gradually across AuNF providing a relatively constant SERS signal of S+As=+S stretching

at 412 cm™ (Figure 13).
g

3.6 Conclusion

The CRE coupled with SERS is an alternative technique for the separation and
identification of thiolated arsenicals. The separation was achieved due to the combination
of three mechanisms influencing the formation of CRE deposits: 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 CRE
but also as a substrate for SERS identification. The separation employing the CRE 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 the CRE and the detection
method such as SERS is a promising technique for the speciation of thiolated arsenicals.
This work will significantly expand the nanofilm application for speciation analysis

concerning speciation of unstable and easily oxidizable species. Separation by the CRE in
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mild condition coupled with the nondestructive SERS detection method is a powerful tool

for the speciation of small molecules.
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Chapter 4. Chromatographic framework for coffee ring effect-driven separation of
small molecules in surface-enhanced Raman spectroscopy analysis

Part of this chapter has been submitted to the journal Analytica Chimica Acta for
publication, as the following manuscript: Liamtsau, V., Liu, G., Alexander, M., Mebel,
A., Cai, Y., Chromatographic framework for coffee ring effect-driven separation of small

molecules in surface enhanced Raman spectroscopy analysis.
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4.1 Abstract

The applications of the coffee ring effect (CRE) in analytical chemistry have been
increasingly expanded from particles and macromolecules to small molecules, in particular,
coupled to surface-enhanced Raman spectroscopy (SERS). Herein, we have developed a
theoretical framework to describe the CRE-driven separation process of small molecules,
using SERS analysis of dimethylarsinic acid (DMAYV), dimethylmonothioarsinic acid
(DMMTAY), and dimethyldithioarsinic acid (DMDTAY) on gold nanofilm (AuNF) as an
example. By combining the CRE theory for the radial flow and the Extended Derjaguin-
Landau-Verwey-Overbeek (XDLVO) theory for mass transfer between solution and AUNF
surface, we adapted the conventional chromatographic theory to derive a modified van
Deemter equation for the CRE-driven separation. By using this model, we predicted the
travel distances of arsenicals based on the different affinity of analytes to the AuNF and
evaluated the possibility of separation of unknown analytes by CRE-based SERS,
demonstrating the successful adaptation of classic chromatographic theory to CRE-driven

nanochromatography.

Keywords: Coffee ring effect, Gold nanofilm, XDLVO, Raman spectroscopy, arsenic,

nanochromatography
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4.2 Introduction

The evaporation process of a sessile droplet containing suspended or nonvolatile
particles normally leads to a ring-shaped formation on a flat substrate. These stains are
produced by CRE that has been firstly explored by Deegan et al.[1], where the author
described the transport of solid particles to the edge of the drying droplet during the solvent
evaporation. To replenish the solvent loss at the three-phase contact line, the radial outward
flow was generated from the center to the edge regions of the evaporating droplet[1, 125,
170]. The major application of CRE was commonly attributed to the enrichment and
separation of nanoparticles and macromolecules in the ring region by coupling CRE with
fluorescence[171], matrix-assisted laser desorption (MALDI)[21], and Raman
spectroscopy[172] enabling a relatively low limit of detection of polymeric
nanocrystals[127], proteins[173], and polycyclic aromatic hydrocarbons[37]. In these
applications the separation capability of the CRE was based on the size differences in
particles or molecules. Generally, the larger the molecular size, the lesser the influence of
the radial outward flow and thus, the molecule would travel a shorter distance. This
approach was applied for the separation of IgG antibodies and E-Coli cells[126], silicon
nanocrystals (SINCs)[127], platinum nanoclusters (PtNCs)[21], polystyrene bids[127],

silica microparticles[4], and nanorods polymer monoliths[174].

The separation capability of the CRE was further exploited for small molecules,
albeit challenging and in a limited number of studies. It is of particular interest to couple
the CRE with surface-enhanced Raman spectroscopy (SERS), as this provides an approach

that does not require major sample preparation and allows simultaneous detection of
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analytes thanks to their separation by CRE and distinct vibrational fingerprints[23]. The
nanofilm surface can be used not only for the separation of analytes but also for the Raman
signal enhancement. In previous studies, we have applied CRE coupled with SERS on the
silver nanofilm for the speciation of stable oxoarsenic species (As'"', AsY, DMAY,
MMAV)[152] and unstable thioarsenicals (DMMTAY, DMDTAY) onto the gold nanofilm
(AuNF)[175]. Manipulating the chemical environment (e.g., pH and buffer solution)
enabled us to control the traveled distances of the arsenicals across the drying droplet,
aiding in their identification besides their distinct Raman shifts. Indeed, the selective
deprotonation of target compounds induces the unique interactions of molecules with the
AUNF surface resulting in their distinct traveled distances. Besides, the hydroxyl of DMAY,
thiol of DMDTAY" and thionyl of DMMTAY functional groups have a different affinity to
the AuNF surface, leading to specific interactions with AuNF, controlling their adsorption
on the surface and traveled distances during the formation of the CRE stain. Eventually,
the molecular charge and the chemical composition of individual arsenicals enabled us to

predict the deposition of each molecule at the specific region across the CRE deposit.

The expanded applications of CRE-driven separation from particles to
macromolecules and small molecules prompt us to consider the theory behind this new
nanochromatography. The theory behind the single drop evaporation onto the dry surface
and colloidal particle accumulation in the ring regions is well established and theoretical
approaches have been developed[155, 167]. Three major factors affect the formation of the
CRE deposit: the radial outward flow, particle-surface interactions, and the reversed

Marangoni flow, where the last one is relatively weak in the aqueous solutions and can be
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neglected[168]. The radial outward flow mainly depends upon the solvent evaporation flux,
solution density, and the total evaporation time of the drying droplet, while the
attraction/repulsion interactions govern the particles-substrate adsorption/desorption
processes. These forces could be described by Derjaguin-Landau-Verwey-Overbeek
theory (DLVO) that encompasses the interactions by the attractive van der Waals (LW)
and repulsive electrostatic (EL) forces[17, 176, 177], and later the DLVO method was
transposed into the extended DLVO theory (XDLVO) that introduced the new type of
particle-particle interactions: the Lewis acid-base (AB) forces[178]. The XDLVO theory
defines the stability of a colloidal solution as a function of Gibbs free energy interactions
between particles summarizing repulsive EL, attractive LW, and donor-acceptor AB
interactions as functions of particle separation and obtaining total free energy of interaction
for a colloidal system. Typically, in aqueous media, the donor-acceptor interactions are 10-
100 times greater than EL and LW interactions stabilizing the colloidal suspension by
hydration effects[179]. With the recent expansion of CRE-driven separation to small
molecules, it becomes increasingly intriguing to relate the theory of coffee ring formation
and particle-surface interaction to the separation process and ideally to resemble the classic

plate and rate theories of chromatographic separation.

Herein, we have developed a theoretical framework to describe the CRE-driven
separation process of small molecules, using SERS analysis of dimethylarsinic acid
(DMAY), dimethylmonothioarsinic acid (DMMTAY), and dimethyldithioarsinic acid
(DMDTAY) on AuNF as an example. We created the theoretical approach for the CRE-

based separation by encompassing the theoretical background of the CRE, XDLVO, and
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traditional chromatographic theory[17]. We have applied the general chromatography
theory for the development of the CRE providing that the radial outward flow in a drying
droplet resembles the mobile phase of thin layer chromatography (TLC), gas
chromatography (GC), and high pressure liquid chromatography (HPLC) systems. We
further adapted the classic van Deemter equation for the quantification of radial flow and
mass transfer parameters influencing separation efficiency by employing the XDLVO
theory to consider arsenicals-AuNF surface interaction. We investigated both theoretically
and experimentally the traveled distances of arsenicals across AuNF by changing the pH
environment to find the optimal conditions for the separation. We then adjusted the radial
outward flow for each compound obtained from the van Deemter curves for the individual
arsenicals. By using this model, we predicted the traveled distances of arsenicals and
evaluated the possibility of separation of unknown analytes by the coffee ring-SERS,
demonstrating the successful adaptation of classic chromatographic theory to CRE-driven

nanochromatography.

4.3  The CRE-SERS chromatographic theoretic framework

To develop the theoretical approach for the speciation of small molecules by SERS-
CRE we have incorporated the CRE and XDLVO approach into the general
chromatography theory. In the first part, we provided the mathematical description of the
radial outward flow, following the introduction of the mass transfer equations for the

arsenicals partition from the bulk to the nanofilm surface. In the second part, we modified
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the van Deemter equation by introducing the radial flow as the mobile phase and the

adsorption constants as mass transfer parameters.

The solvent evaporation rate of a droplet placed onto the flat support is a quasi-
steady process that is dominated by diffusion from the droplet surface to the atmosphere[12]
and mainly depends upon the evaporation time[9]. The velocity of evaporation remains
constant most of the time[13] even though it is nonuniform and maximized at the pinned
contact line[1]. To describe the evaporation rate /, the following assumptions were made:
the shape of the droplet is a semispherical cap[14], suspended particles are uniformly
distributed, the contact line remains pinned during the evaporation[15], and temperature,
electrostatic, and gravity effects—are negligible[1, 16]. The radial flow is linearly

proportional to the evaporation flow and inversely related to the density of the solution[17]:

Uy~ ’E (41)

where ] is the evaporation rate, p is the density of the solution, u, is the radial outward

flow.

XDLVO theory considered the nanoparticle-nanoparticle interaction forces, and we
extrapolated this approach to the small molecule-nanoparticle interactions. The mass
transfer of thioarsenicals from the bulk to the AuNF surface depends upon the adsorption
constant (Kad), which is determined by the Gibbs free energy of the interaction between the
AuNF and arsenicals. XDLVO theory proposed that the stability of the colloidal suspension

iIs summarized as a combination of the attractive interactions (van der Waals forces), the
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electrical double layer repulsive energy (EL)[180], and the polar surface interaction energy
(AB). The total interaction energy between particles is[181] is given as

AG(tot) = AG(EL) + AG(LW) + AG(AB) (4.2)
Even though the magnitude of AG(AB) is 10-100 times greater than that of EL and
LWI[179], the AG(EL) and AG(LW) terms govern the adsorption of analytes onto the
AUNF in the absence of AG (AB), thus they could not be neglected. The total Gibbs free

energy could be calculated as

—AG(tot)
AG(tot) = —RTIne” RT = —RTInK,, (4.3)

here K, is the adsorption constant of arsenicals onto the AuUNF. Generally, the adsorption
of thiols at micromolar concentrations onto the AUNF was reported to be diffusion limited
in comparison to the adsorption to the nanoparticles colloidal solution because of the
surface area saturation difference between the nanofilm and nanoparticles[182-185], thus
the 2" Fick’s law can be applied for the adsorption of the arsenic ligand from the bulk to

the nanofilm surface as

(4.4)

oc _ b0’
ot R 0x?
where Dy is the diffusion coefficient to the stationary phase and R is the retardation factor.
The retardation factor is proportional to the adsorption constant K,;[186, 187]. Assuming
equal diffusion paths of analytes from the bulk to the AuNF surface, the distribution

coefficient can be expressed as

b oC 0x? R aC 0x?
= — =% = -
9t 02C, ot 92C,

(1+pKaa/6) (4.5)
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where p is solution density, 6 is surface porosity. Assuming the uniform porous

distribution of the cavities (active sites) on the AuNF, density of water (1 g/cm?®), and
plugging eq 4.5 into the van Deemter general chromatographic equation, we obtain

2yD(m wd? Rd?

H = 2¢d, + yDGm) !

vt T Y\om ™ 2car
0C 0x?

Ug (4.6)

* (1 + Kad)

where H is the plate height, ¢ is the shape of the nanoparticles, d,, is the diameter of
AUNPs, D(m) is the diffusion coefficient of the mobile phase; y, w, R are constants, dy is
AUNF thickness. Assuming that D(m)’s in liquid chromatography are relatively small in
contrast to the gas chromatography, d; is uniform, the equal speed of the arsenicals to be

adsorbed on the AuNF surface, and the equal diffusion length of their adsorption path, one

can simplify eq 4.6 into

B
R

4.4  Experimental procedures
4.4.1 Materials and chemicals

Cacodylic acid sodium salt, 98% (DMAY), NaOH, HClI, Citric acid, Sodium citrate
dihydrate (Granular certified), (3-Aminopropyl)trimethoxysilane (APTMS), glass
microscope slides, weighing boats, and 25 ml glass vials were purchased from Fisher

scientific Inc (Hampton, NH). The citrate buffer (pH=3-7) was fabricated by mixing Citric
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acid and Sodium citrate. All solutions were prepared in deionized (DI) water (18.2 MQ,

Barnstead Nanopure Diamond).

4.4.2 Instrumentation

The Raman spectrometer was purchased from Jasko (NRS-4100), with a diode laser
at 785 nm and average power of 33 mW. For optimizing resolving power, the 100 x optical
lens focusing was used. A silicon wafer was employed to calibrate the Raman system at
daily use and the Raman signal intensity at 520 cm™ was monitored to check the
reproducibility of the instrument. The SERS measurement parameters include the laser
wavelength, 785 nm, exposure time, 4 seconds, and 1 time of exposure per measurement.
The synthesis of thioarsenicals and determination of their respective Raman spectra were

performed in the previous reports[130, 131].

The fabrication of AuNF was performed through the silanization of the glass
substrates, followed by the deposition of nanoparticles onto the silanized surface[143].
Immediately after the droplet contained 100 mg L™ of arsenic ligands deposition onto the
gold nanofilm, the droplet was freeze-dried and the Raman spectra were collected. The
adsorption of arsenic species onto the AuNF was carried out at pH = 3 and pH =7, in the

concentration range from 107 to 10° mol L.
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45  Adsorption of arsenicals

The adsorption of analytes onto the nanoparticles in colloidal solution significantly
differs from the adsorption onto nanofilms. To ensure the uniform adsorption (without the
CRE), the freeze-drying pretreatment was performed before SERS measurements once the
2uL arsenicals buffer solution was placed onto the AuNF. The average SERS signal of
arsenicals was acquired from the center to the edge of the dried deposit (n=3). The SERS

intensities for the quantitative analysis were normalized by the background correction.

4.5.1 Computation on Geometry optimization of arsenic ligands on a flexible Au(111)

cluster.

We have performed the DFT calculations to assess the interactions energies of
arsenicals with AuNF surface. This allowed us to estimate the affinity of arsenicals to
AuUNF, and thus, to predict the traveled distances of analytes during the formation of a
coffee ring stain. Eventually, this theoretical model will be used for estimating the
separation capability of the coffee ring-based approach: whether the developed method

would separate target molecules or not.

Possible structures of the arsenical ligands complexed on an Au(111) gold cluster
were modeled using Density Functional Theory (DFT). The B3LYP hybrid functional[188,
189] combined with the LANL2DZ-ECP basis set for Au[190], and the 6-31G™* basis set
for As, C, O, S and H atoms[191] was employed in the DFT calculations. The initial guess
of wave functions was obtained using Hartree-Fock (HF) calculations followed by the

stability check of a wave function. After the geometry optimization, the character of the
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optimized structures was checked by running frequency calculations to ensure absence of
imaginary frequencies. The gas phase free energy of species, including zero-point energy
(ZPE), was calculated at T = 298.15 K and p = 1 atm. All calculations including Raman
frequencies of the ligand — gold complexes were carried out using the Q-Chem 4 electronic
structure modeling package[192]. The pH effects on the arsenical-gold cluster interactions
were modeled by simulating adsorption of neutral and negatively charged arsenic ligands.
In the absence of the experimental structure, the starting geometry of the neutral (DMAY,
DMMTAY) and deprotonated arsenicals (DMAY, DMMTAY-, DMDTAV), and 28-gold
atoms two layers cluster[193] were created manually by placing the optimized ligand above
the gold surface in the vicinity of the gold surface binding sites. Experimentally, during the
adsorption of a ligand onto a gold surface, the distortion and deformation of the gold
surface occur; for this reason, in our calculations, the gold atoms in the cluster were not
frozen and upon optimization formed adatom-like structures[194]. The solvation
contribution to the free energy was estimated using the Self-Consistent Reaction Field
method (SCRF)[195] in Truhlar’s SMD implementation as a single point solvation free
energy of the gas-phase optimized structures. The water-cluster thermodynamic cycle[196]
was employed to improve SCRF calculations of the solvation free energy of ionic species.
Specifically, the charged centers of arsenicals were solvated by three water molecules to

saturate the lone pairs.
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4.5.2 Theoretical computation on Gibbs free energy of Au-arsenicals complexes

To calculate the adsorption isotherms of the arsenicals onto the AuNF surface by
the SERS method, the most intense SERS vibrational bands of individual species were
chosen. For the calculation of the Gibbs free energy of adsorption, the Langmuir isotherm
was employed[197], using the following equation[198]:

9= L _Kealdl
lo 1+ KoqglA]

(4.8)

where 9 is relative coverage of AuNF surface by arsenical, I is SERS intensity at the
concentration [A], I, is SERS intensity at the saturation of AuNF surface coverage,
K,, is adsorption constant, and [A] is the concentration of arsenical.

Adsorption of thiols onto the gold nanofilm is a diffusion-limited process in
comparison to the adsorption to the nanoparticles in colloidal suspension because of the
difference in the length between nanoparticles; in solution, the distance between
nanoparticles is on the micrometer scale while the flat nanofilm exhibits the nanometer
scale[182, 183]. The Gibbs free energies of complexation (DFT) of arsenical-Au clusters

were calculated as shown below[193].

AG,,.(gold-arsenical) = AG,.(gold-arsenical) — AG,,.(gold) — AG,.(arsenical)  (4.9)

46  Results and Discussion
4.6.1 Computational mechanism of arsenicals adsorption onto the AUNF surface.

As the adsorption of arsenicals onto the AuNF surface controls the mass transfer

from the bulk to the AuNF, we investigated the pH dependent arsenicals adsorption both
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theoretically and experimentally, allowing us to predict the pH influence on the traveled
distances of arsenicals. We employed the QChem 4 software for the geometry optimization
and energy calculations of arsenic-gold cluster complexes. Analyzing the gas phase
optimized structures of arsenicals, we observed that negatively charged DMAY,
DMMTAY- and DMDTAY" formed three bonds upon adsorbing onto the gold cluster in
contrast to the neutral species that coordinated through a single interaction. To mimic the
aqueous environment and to compensate for the solvation effects upon adsorption of
negatively charged species onto the gold cluster, three molecules of water were added to
each negatively charged arsenical. The energies of adsorption of neutrally charged arsenic
ligand (DMAY, DMMTAY, DMDTAY) were not affected by the solvation experiment with
three water molecules, whereas the adsorption energies of negatively charged ligands
(DMAY:, DMMTAY- and DMDTAY") were considerably decreased after the solvent
addition (Table 3). Thus, hydrogen bonding between the water and negatively charged

ligands lowers the complexation energies.

The adsorption mechanism of thioarsenicals (DMMTAY, DMMTAY" and
DMDTAY") is similar to the adsorption of thiols and disulfides onto the AuNF. It starts
with physisorption, with the H atom remaining within the hydroxyl group and is followed
by chemisorption leading to the breakage of the OH bond and formation of Au-O or Au-S
bonds[199]. The adsorption mechanism included the hybridization of p-like S orbitals with
d-like Au orbitals producing both bonding and antibonding occupied orbitals. The process
is well described by a model for the interaction of localized orbitals with narrow-band

dispersive electron states at the bridge site between two surface Au atoms[200]. The Au-S
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bond is van der Waals dominated with lesser coordination and smaller directional
input[201]. The neutral Au (0) d'%° state dominates the nanofilm surface and the Au — Au
bonding and reduces the covalent character of the Au — S bond. This is the cause of the
directional change and the gold super exchange[202] leading to the S — Au adatom binding

systems[203].

4.6.2 Chromatographic theory for the separation of small molecules by CRE-SERS

We have incorporated the theories of CRE and XDLVO into the general
chromatography theory (van Deemter equation) to develop the theoretical approach for the
separation of small molecules by CRE-SERS analysis. The velocity of radial outward flow
(mobile phase) was calculated through the CRE theory, while the mass transfer for the
arsenicals partition from the bulk to the nanofilm surface was characterized by the XDLVO
theory. We extrapolated the XDLVO approach from its original nanoparticle-nanoparticle
interaction forces to the small molecule-nanoparticle interactions. The mass transfer of
arsenicals from the bulk to the AuNF surface depends upon the adsorption constant (Kad),
which is determined by the Gibbs free energy of the interaction between the AuNF and
arsenicals, including the attractive interactions (van der Waals forces), the electrical double
layer repulsive energy (EL)[180], and the polar surface interaction energy (AB). The 2nd
Fick’s law was then applied for the adsorption of the arsenic ligand from the bulk to the
nanofilm surface, where the diffusion coefficient to the stationary phase (D) is related
to K,4 through the retardation factor (R)[186, 187]. By introducing the radial flow as the

mobile phase and the adsorption constants as mass transfer parameters and assuming the
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uniform porous distribution of the cavities (active sites) on the AuNF, we obtained the
following modified van Deemter equation.
2yD(m) wd? jdf2

Ug + D(m)+ 02C, 0t
aC 0x?

H = 2¢d, + Ug (4.10)

* (1 + Kad)

where H is the plate height, ¢ is the shape of the nanoparticles, d,, is the diameter of
AuNPs, D(m) is the diffusion coefficient of the mobile phase; y, w, j are constants, d is
AUNF thickness. Assuming that D(m) in liquid chromatography is relatively small in
contrast to the gas chromatography, d; is uniform, the equal speed of the arsenicals to be
adsorbed on the AuNF surface, and the equal diffusion length of their adsorption path, we
can simplify eq 4.10 into eq 4.11, realizing the adaption of classic chromatographic theory

to the CRE-driven separation process.

B
H= A+ —+Cn+Csug (4.11)
R

4.6.3 Theoretical and experimental Gibbs free energy of Au-arsenicals

complexation

The Langmuir isotherm was employed[197, 198] for the calculation of the Gibbs
free energy of arsenicals adsorption onto the AuNF surface. The structures of Au-arsenicals
complexes, their SERS spectra, corresponding adsorption isotherms, and the Gibbs free
energies of complexation (DFT) of arsenical-Au clusters were calculated as shown

below[193] and are summarized in Table 3.
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The adsorption of arsenicals onto the AuNF surface is pH dependent. The
negatively charged arsenic-Au complexes (DMAY-Au, DMMTAY-Au, DMDTA""-Au)
demonstrate the lower Gibbs free energy and, consequently, the higher binding affinity to

the AuNF in contrast to the neutral adsorbates (DMAV-Au, DMMTAVY-Au).

AGg¢(gold-arsenical) = AGg,¢(gold-arsenical) — AGg,:(gold) — AG,,¢(arsenical)  (4.12)

The calculated energies were lower than the literature data for the similar sulfur-containing
compounds mainly because of the computational limitations; only three molecules of water
were employed for the solvation simulation of the arsenicals-AuNF complexes. However,
even with the limited solvation, the experimental data correlate with the theoretical values.
Considering the experimental data, it is clear that the adsorption of the sulfur-containing
arsenicals (DMMTAVY-Au, DMMTAY-Au, DMDTA"-Au) regardless of the molecular
charge was a chemisorption process in agreement with the literature data for the thiols and
sulfides chemisorption adsorption onto the AuNF surface (6-14 kcal), whereas oxygen-
containing arsenicals (DMAV-Au, DMAY=-Au) demonstrated physisorption (with Gibbs
free energies less than 6 kcal)[184, 204]. The binding capacity of negatively charged
thiolates (DMDTAY") is generally higher than that of neutral thiones (DMMTAV)[199].
The general trend for the adsorption of arsenicals from the highest to the lowest adsorption
values is the following: DMDTAY-Au > DMMTAY"-Au > DMMTAV-Au > DMA""-Au >

DMAV-Au (Figure 16).
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Table 3. The adsorption energies of arsenicals onto the AuNF surface.

AGeoe (DFT) AGoe (DFT)  AGyo Kad
Arsenical (in vacuo) (water) (Experimental)  (Experimental)

(kcal/mol) (kcal/mol) (kcal/mol) (mol™?)
DMAV-Au -7.1 -7.1 -4.8 3.7x10°
DMAV"-Au -31.5 -24.5 -5.2 7.0x10°
DMMTAY-Au  -19 -19 -6.1 3.0x10%
DMMTAY-Au  -45 -30.4 -8.7 2.5x10°
DMDTAV-Au  -40.5 -44.2 -11.4 1.5x108
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Figure 16. The adsorption isotherms of arsenicals upon complexing with the AuNF and
the corresponding SERS spectra of A) DMAY, 600 cm™ and B) DMAY", 596 cm™ (the As
— C symmetric stretching); C) DMMTAY, 465 cm™ and D) DMMTAY", 457 cm™® (the As=S
stretching); E) DMDTAY, 412 cm™ (the As+S delocalized stretching).
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4.6.4 Travel distances of arsenicals under different pHs

The travel distances of arsenicals were estimated in the pH range from 3 to 7 as
shown in Table 4 (t,,4,=35 min), where a relative retention, tr (compound))/ tr (solvent),
was defined and used for describing the travel distances of each analyte. To trace DMAY
we have recorded the SERS signals for the As — C stretching at 600 cm™ for neutral, and
598 cm? for the deprotonated forms across the CRE stain. In the pH range from 3 to 5, the
neutral form of DMAY (pKa=6.20) traveled a long distance from the center to the edge
regions of the drying droplet, however, as the pH increases, the length of the movement
decreased, which can be attributed to the stronger interactions between DMAVY- and citrate
anions through the hydrogen bonding resembling As'"-AuNF complexation[205].
Similarly, DMMTAY (the As=S stretching, 469 cm™ for neutral — 457 cm™ for the
deprotonated forms) having pKa of 3.5 covered a longer distance in contrast to the
deprotonated compound. Once the pH increases, the DMMTAY becomes more ionic
decreasing its Gibbs free energy of adsorption (Table 3) and substituting the citrate onto
the AuNF surface. Considering DMDTAY’s (the As+S stretching, 412 cm™, pKa = 2.25)
traveled distance it was not considerably affected by the pH changes. Regarding the higher
adsorption energy of DMDTAY onto the AuNF surface than those of DMAY and DMMTAY,
this arsenical was immediately adsorbed onto the AuNF surface, representing the constant
SERS signal across all regions. Overall, it is implied that the higher attraction of the

arsenicals to the surface, the shorter migration distance, and the larger the Raman shift.
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Table 4. The dependence of arsenicals traveled distances on the AUNF upon pH.

tr (compound)

Relative retention, tR (solvent), MM

tr (solvent)

pH DMAV(As-C) DMMTAY(As=S) DMDTAY(As+S) H,O/buffer

3 0.81+0.09 0.40+0.03 0.46+0.04
4 0.81+0.07 0.39+0.03 0.47+0.03
5 0.65+0.08 0.37+0.03 0.47+0.05 6.20+0.74
6 0.57+0.08 0.36+0.02 0.47+0.03
7 0.50+0.08 0.35+0.02 0.48+0.02

4.6.5 Optimizing parameters for the derived van Deemter equation: pH and radial

flow velocity

We started the separation optimization by selectively tuning the pH of the mobile
phase to maximize the difference in traveled distances of each arsenical. Thus, the retention
factor (k) normalized by the mobile phase front and the selectivity factor (o)) were plotted
against the pH to obtain the pH windows for each pair of arsenicals as shown in Figure
17A and Figure 17B respectively. The highest selectivity for DMAY/DMMTAY and

DMAY/DMDTAY was achieved at pH=4.0.
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Figure 17. A) The retention factor (k) and B) the selectivity factor (a) for CRE-driven
separation of arsenicals under different pHs; C) HETP curves of individual arsenicals
obtained from the modified van Deemter equation to calculate the optimal mobile phase
velocity rate for DMAY, DMMTAY , and DMDTAY,
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The graph of the HETP vs the radial flow velocity was constructed in Figure 17C.
Analyzing the van Deemter curves of the individual arsenicals it is seen that the increase
of the mobile phase rate at the higher evaporation times significantly affects the HETP of
DMAY, in contrast to that of thioarsenicals DMMTAY and DMDTAY. This could be
because of the difference in the retention factors of DMAY and thioarsenicals. At lower
speeds of the mobile phase, DMAY is much more influenced by the radial movement
resulting in the minimum of the HETP at 23.5 min. Interestingly, that radial flow
considerably affects HETP’s of thioarsenicals, only at the fastest rates providing the
minimum of HETP at 15.2 and 7.4 for DMMTAY and DMDTAY, respectively. The optimal

velocity of the radial flow was computed to be 15.4 min.

The resolution calculation of each pair of compounds was summarized in Figure
18. For DMAY/DMMTAY and DMAY/DMDTAY the peak resolution was found to be 1.5
which is the minimum method resolution that allowed the proper peak identification.
However, for DMMTAY/DMDTAY the resolution accounted only for 0.6 at optimized
separation conditions. Even though the peak resolution was not enough to identify
components based on their retention time, SERS provides a unique advantage by providing
the unique fingerprint and allowing the identification of thioarsenicals based on their
arsenic sulfur vibrations: DMDTAY (As=S stretching at 412 cm™) and DMMTAY (As=S

stretching at 465 cm™) in Figure 19.
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Figure 19. The CRE of DMAY, DMMTAY, DMDTAY onto the AuNF at the optimized
separation conditions (pH=4.0, ui = 15.4 min).

4.6.6 General application of the developed theoretical framework to CRE-SERS of

small molecules.

The developed theory can be used to predict the traveled distances of analytes by
the pH and radial flow, expanding its applications for the CRE-driven separation of small
molecules in general. As pH plays a crucial role in mass transport of compounds to the
nanofilm surface, the pKa’s of analytes (if unknown) needs to be calculated, e.g., by
Marvin Sketch software that was deemed reliable here, followed by the optimization of pH
to adjust the retention time and selectivity factor. Normally, as pH increases exceeding the

pKa of an analyte, the adsorption constant of the species increases and the Gibbs free
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energy becomes more negative, resulting in the increased retardation factor that magnifies
the diffusion coefficient and sorption of analytes (diffusion flux) onto the surface, thus the
increased mass transfer from the bulk to the surface. The charged molecules usually travel
shorter distances than the neutral ones do. The radial flow can also be adjusted to guide the
molecule into the specific region of the coffee ring. This could be tuned by manipulating
the atmospheric pressure evaporation of the sessile droplet. The lower the atmospheric
pressure, the higher the evaporation rate, and thus the higher the radial outward flow,

increasing the traveled distances.

To selectively apply this theory to small molecules, the following questions need
to be considered: 1) What are the differences in molecular structures of target analytes that
may trigger different interactions of these analytes with the negatively charged gold
nanoparticles? and 2) What types of interactions do the target molecules have with the gold
nanofilm (electrostatic, van der Waals, or donor-acceptor)? The final locations of analytes
after the solvent evaporation could be expected in 1) the center region, where a molecule
of interest is not significantly affected by the radial outward flow because it is hydrophobic
or has a very high affinity to the AuNF surface through electrostatic attraction (positively
charged molecules) or donor-acceptor interactions (like DMDTAY- and DMMTAY- here);
2) the middle region, where a compound is affected by the radial flow as it could be a
neutral molecule that has relatively high AuNF surface attraction (like DMMTAY and
DMAYY); or 3) the edge region, where an analyte is considerably affected by the radial flow

as it might have the predominant neutral charge and a hydrophilic character (like DMAY).
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For the analytes that might not be completely separated by the CRE, SERS provides an

additional advantage to identify the species through fingerprint Raman shifts.

4.7 Conclusion

A theoretical approach based on the combination of the CRE-driven separation and
SERS detection on AuNFs has been developed for the speciation of small molecules.
Considering the major factors affecting the formation of the CRE deposit, i.e. radial
outward flow, analyte-AuNFs interactions, and Marangoni flow, the traditional
chromatographic theory was adapted to derive a modified van Deemter equation for the
CRE-driven separation, by combining the CRE theory for the radial flow and the XDLVO
theory for the analyte-surface interactions. Through manipulating pH and the radial flow
to find optimal conditions for the separation of DMAY, DMMTAY, and DMDTAY, we
demonstrated that the theoretical model could predict the travel distances of small
molecules during the formation of the CRE deposit based on the different affinity of
analytes with the AuNFs. This theoretical framework adopts a unified approach for both
the conventional chromatographic techniques (e.g., GC and HPLC) and the CRE-based
nanochromatography which employs a stationary phase on the nanometer scale to enable
the separation at a very short distance (~5 mm). CRE-SERS analysis requires minimal
sample pretreatment and allows for nondestructive and simultaneous detection of multiple
species, thus presenting an alternative approach for potential in situ detection of fragile

compounds.
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Chapter 5. Application of gold nanofilm —based coffee ring effect and surface-

enhanced Raman spectroscopy for speciation of Darinaparsin and its metabolite

Part of this chapter has been submitted to the Journal of Chromatography A for
publication, as the following manuscript: Liamtsau, V., Liu, G., Cai, Y., Application of
gold nanofilm-based coffee ring effect and surface-enhanced Raman spectroscopy for

speciation of Darinaparsin and its metabolite.
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5.1 Abstract

Darinaparsin (DMA'"'GSH, DAR) is a novel arsenic-based anticancer
drug consisting of dimethylated arsenic conjugated to glutathione (GSH) that found to be
effective against acute promyelocytic leukemia (APL) and exhibits less toxicity comparing
to commonly used arsenic trioxide (ATO). After exposure of DAR to the NB4 cancer cell
line, its major breakdown product, dimethylarsino-cysteine (DMA!''Cys, DMAC), enters
the cells and causes the therapeutic effect. The speciation of these S-conjugated arsenicals
is challenging due to the sample alteration occurring during the extensive sample
preparation and the speciation methods (LC/MS) that fail to provide the structural
molecular information of DAR and DMAC. To address these issues, we have applied the
nanochromatography method for the speciation of DAR and DMAC, which combines the
coffee ring effect (CRE) and surface-enhanced Raman spectroscopy (SERS). SERS
coupled with CRE requires minimal sample pretreatment and allows a nondestructive and
simultaneous detection of multiple species due to their distinct vibrational fingerprints, thus
presenting an alternative approach for the detection of fragile compounds. Once a sessile
droplet is placed onto the gold nanofilm surface (AuNF) and the solvent evaporation started,
the formation of a CRE stain begins. Two major factors that affect the formation of the
CRE deposit were the radial outward flow and analyte-AuNF interactions. In the final CRE
deposit, DAR was detected in the center and the middle regions, whereas DMAC traveled
longer distances across the CRE stain and was in the middle and the edge regions. Despite
the overlap of DAR and DMAC’s Raman spectra, we were able to identify each compound

due to their unique SERS fingerprint. Overall, the developed method was able not only to
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separate and identify the S-conjugated arsenicals, but at the same time preserve the DAR
and DMAC’s As'" oxidations state and the fragile As — S moiety, thus providing an
alternative speciation method for unstable thioarsenicals.

Keywords: Coffee ring effect, Gold nanofilm, Darinaparsin, SERS, Thioarsenicals

5.2 Introduction

Darinaparsin (S-dimethylarsino-glutathione, DMA""GSH, DAR) is a novel arsenic-
based anticancer drug consisting of dimethylated arsenic conjugated to glutathione[206].
This compound is more effective against acute promyelocytic leukemia (APL) than its
toxic analog, arsenic trioxide (ATO)[207], and currently in phase 2 clinical trial. The Dar’s
molecule was initially designed by linking dimethylarsenic to glutathione (GSH) conjugate
and demonstrated significant activity against cancers in mice providing that the Dar is less
toxic, with a tolerated dose of is 50-fold higher than ATO[208]. DAR’s possible
mechanisms of action include interruption of the mitochondrial life cycle, an increase in
reactive oxygen species (ROS), and disruptions of signal transduction resulting in cell
apoptosis[209, 210]. The cellular uptake is a critical step for DAR’s therapeutic efficacy.
It was initially speculated that the major metabolic pathway for the As-GSH complexes is
the hydrolysis of the fragile As — S bond leading to the formation of dimethylarsinous acid
(DMA") resulting in further oxidation to dimethylarsenate (DMAV)[211]. A recent study,
however, suggests that DAR is hydrolyzed by glutamyl transferase (g-GT) to cysteine S-
conjugates, then further cleaved by cysteinylglycine dipeptidase (DP) to its major

breakdown product, dimethylarsino-cysteine (DMA!"'Cys, DMAC), which enters the cells
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through cystine/cysteine cellular import system (Figure 20)[212]. Interestingly, other
potential DAR’s metabolites, DMA""' or DMAY, were not observed inside the NB4 cell line
after DAR’s uptake as they might not be generated or detected. The exposure of the NB4
cell lines to the extracellular GSH and thiols resulted in the decreased DAR uptake,
suggesting that thiols might compete for cystine transporters, which appeared to be critical
in DAR’s transport leading to the decrease of DAR-induced intracellular arsenic uptake

and the prevention of DMAC-induced intracellular accumulation of arsenic[213].

Figure 20. A) DAR and B) DMAC, and the proposed uptake pathway.

S-conjugated trivalent arsenicals sparked the interest in the chemistry of
metabolomics thanks to their ability to bind to proteins via complexing with Cys residues
resulting in the APL cell disfunctions[214]. Recently, DAR’s exposure to the NB4 cell line

leads to the disruption of histone H3.3 protein function resulting in nucleosomes
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destabilization. Interestingly, ATO was not detected in the cell’s nuclei neither bonded to
histone H3.3[215]. Thus, considering the high GSH cell levels (up to 10 mmol), As'"'-GSH
complexes are of key interest as they are omnipresent in the cell media and likely to bind
to nuclei proteins and cause the therapeutic effect. It is therefore critical to determine the
speciation of the S-arsenic conjugates, DAR and DMAC, to further investigate their
complexation with biologically active molecules, which may offer new insights into the

transformation and toxicity of arsenicals.

The speciation of arsenic compounds is commonly performed by high-performance
liquid chromatography (HPLC) coupled with inductively coupled plasma mass
spectrometry (ICP-MS) or electrospray mass spectrometry (ESI-MS), as exemplified by
the detection of thirteen common arsenic metabolites (including S-conjugated arsenicals)
present in humans[116]. These methods, however, require extensive sample preparation
including acid-based extraction that might result in the sample alteration due to the
hydrolysis and/or oxidation of unstable trivalent and thiolated arsenicals to pentavalent and
oxoarsenicals[216]. The active binding site of DAR and DMAC is the As-S moiety that
could be quickly decomposed during the extraction from the biological samples[57].
Furthermore, during the separation of As-GSH complexes by ion chromatography (IC),
analytes transformation could occur resulting in species misidentification[211]. ESI-MS
may have limited ability to detect S-conjugated arsenicals, as some As species do not have
high ionization efficiency and/or could get oxidized during the electrospray ionization, or
provide the exact structural information of the compounds, as exemplified by failing to

differentiate As""' and AsY sulfur bonded species[217]. Investigating the complexation of
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DAR to histone H3.3, arsenic-bonded protein, gel electrophoresis inductively coupled
plasma mass spectroscopy (GE-ICP-MS) failed to provide specific structural information
of the arsenic-protein complex neither determined the valence state of bonded to proteins
arsenicals[215]. Since As-GSH complexes might be essential intermediates for As
methylation[56], their explicit structural identification is critical to elucidate the potential

pathways of As metabolism.

Considering the aforementioned drawbacks of the commonly used methods in As
speciation, alternative methods that do not require rigorous sample treatment and offer
detailed structural information are needed for accurate analysis of As-GSH complexes. A
nanochromatography approach previously developed in our laboratory, employing surface-
enhanced Raman spectroscopy (SERS) coupled with the CRE, could be optimal for the
analysis of S-conjugated arsenicals, including DAR and DMAC, due to minimal sample
pretreatment, mild CRE based separation and unique fingerprint Raman identification.
CRE-SERS methods were previously employed for the separation of oxoarsenicals on
silver nanofilm (AgNF)[175] and thioarsenicals onto gold nanofilm (AuNF)[218] enabling
to preserve and detect a labile As-S moiety. CRE allows separating compounds by
exploiting their different migration distances due to distinct interactions of analytes with
the nanofilm during the formation of the CRE stain[21]. To the best of our knowledge, no
method has been developed for the speciation of DAR and DMAC, yet it is necessary to
identify individual DAR and DMAC and obtain their explicit structural molecular
information to further investigate the mechanism of DAR anticancer activity and

understand the protein binding efficiency of arsenic S-conjugates[123].
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In this work, we aimed to extrapolate the CRE-SERS nanochromatography
approach developed for the speciation of small arsenic-based molecules to more complex,
peptide conjugated arsenicals, specifically DAR and DMAC. We have applied this method
for the speciation of DAR and DMAC by selectively adjusting two major factors affecting
the formation of CRE deposit: the pH influencing the interactions of analytes with AuNF
and the radial outward flow governing speciation of DAR and DMAC. Due to the different
DAR/DMAC-AUNF interactions, the separation was achieved enabling identification of
each metabolite. The key advantage of the CRE-SERS is the preservation of the labile DAR
and DMAC’> As-S-Au moiety and As'' oxidation state, which is critical for the

identification of S-conjugated arsenicals.

5.3  Experimental

5.3.1 Materials and chemicals

Cacodylic acid sodium salt, 98% (DMAY), NaOH, HCI, Sulfuric acid, Citric acid,
Sodium citrate dihydrate (Granular certified), (3-Aminopropyl)trimethoxysilane (APTMS),
glass microscope slides, weighing boats, and 25 ml glass vials were purchased from Fisher
scientific Inc (Hampton, NH). The citrate buffer (pH = 3-7) was prepared 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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5.3.2 Instrumentation

The Raman spectrometer was obtained from Jasco (NRS-4100), which has a diode
laser at 785 nm with a maximum power of 33 mW. For optimizing resolving power, the
20 x optical lens focusing was acquired. A silicon wafer was employed to calibrate the
Raman system at 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 VVeeco 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. The AuNF was fabricated

based on the previous procedure[218].

5.3.3 Synthesis of S-conjugated arsenicals and determination of their respective

Raman spectra

DMAC complex was prepared by reduction using a mixture of DMAY (0.66 mmol)
with L-cysteine (0.33 mmol) in 10 ml of degassed DI water under nitrogen[129]. The
reaction was carried out at room temperature using magnetic stirring for three hours[19].
After the reaction, the solution was centrifuged, and the supernatant was collected. After
the supernatant evaporation, the white residue powder was carefully collected for further

analysis.
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DAR was synthesized according to previously published procedures with minor
modifications[219]. Briefly, DMAY (2 mmol) and GSH (6 mmol) were dissolved in 10 mL
deionized water, and the solution was stirred overnight under a nitrogen atmosphere. Then,
the water was evaporated under reduced pressure without heating using a centrifugal
concentrator. DAR was then extracted from the residue using ice-cold methanol. A white
powder was obtained after methanol evaporation, following the further drying and storage

into a desiccator.

5.3.4 Separation and identification of Dar and DMAC on the AuNF surface

The Dar and DMAC 100 ppm solutions were freshly prepared in the citrate buffer
(pH=3-7). Then, a 2ul drop of the individual DAR and DMAC citrate buffer solutions was
deposited onto the AuNF surface. After the droplet evaporation, the SERS signals of the
individual compounds were obtained across the CRE stain regions (center — middle — edge
regions). Similarly, with the speciation of individuals analytes, a 2ul drop of 100 ppm
citrate buffer DAR and DMAC mixture was placed on the AuNF surface and once solvent
evaporated, the SERS measurements were obtained from the center to the edge region of

the CRE.
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54  Results
5.4.1 Comparison of DAR and DMAC Raman spectra

Raman spectra of individual DAR and DMAC (solid/liquid) were acquired in the
range from 200 cm™ to 1000 cm™ providing the vibrational fingerprint of each molecule
(Figure 21). Both DAR and DMAC exhibits three major Raman peaks: symmetrical As —
S, As — C, and C — S vibrational stretchings corresponding to 370 cm™, 610 cm™ and 650
cm respectively. The Raman As — S and As — C vibrational modes were similar to recently
reported thioarsenicals[218]. The vibration at 220 cm™ is likely to be attributed to sulfur
crown vibrational stretching of Sg as of a synthesis biproduct[220], the peak at 825 cm™
might be originated from the As-OH symmetrical stretching due to the traces of nonreacted
DMAV[175]. The other less intensive Raman signals at 780 cm™, 450 cm™ , and 510 cm'?

are attributed to the impurities.

The major difference between Dar and DMAC’s Raman spectra is the ratio between
the As — S (370 cm™) and As — C (610 cm™) Raman vibrational intensities. Indeed, DAR
demonstrated a higher As-C / As-S ratio of about 7, whereas DMAC’s As-C / As-S was
found to be 1.1. The identification of individual DMAC and DAR by Raman spectroscopy
is hardly possible due to the overlap of their vibrational fingerprint (Figure 24), so it is

necessary to apply the separation step before detection.
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Figure 21. Raman spectra of DAR and DMAC.

5.4.2 Ildentification of individual DAR and DMAC using CRE-SERS

To track the formation of the CRE for DAR and DMAC separately, we have chosen
the most intense SERS signal corresponding to the As — C symmetrical vibrational
stretching at 594 cm™ and 598 cm™ for DAR and DMAC, respectively. DAR’s SERS signal
increased from the center to the middle regions following a slight decrease at the edge
region suggesting the nontypical CRE stain formation (Figure 25A), while DMAC (Figure
25B) was mostly detected at the edge region and was absent in the center and the middle

regions, demonstrating a typical CRE.

The differences between the Raman/SERS spectra of solid/liquid DAR and DMAC

(adsorbed onto AuNF) were observed after SERS measurements at optimized separation
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conditions: pH=4, vrag=20 min. Comparing the Raman and SERS spectra of DAR, the
Raman shift occurred for both fingerprint vibrational stretchings: As — C (610 cm™ — 594
cm™) and As — S (375 cm? — 370 cm™), which indicates the charge transfer effect
between the DAR molecule and the AuNF surface(Figure 22A)[148]. Similarly to DAR,
DMAC’s redshift was observed for the As — C (611 cm™ — 594 cm™) and the As — S (375

cm? — 370 em™) symmetrical stretchings (Figure 22B).

The broad signal at 245 cm™ is attributed to the background signal of AuNF (the
Au-OOC vibrational stretching) that is citrate bonded to AuNP onto the AuNF surface[149].
The SERS signal of the Au-S bond was pronounced at the ring region (265 cm™) which is
associated mainly with the interaction of As-S-Au moiety with Au atoms of AuNPs by

substituting citrate ligand onto the AuNF surface[161].
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Figure 22. The CRE-SERS of individual A) DAR and B) DMAC onto AuNF. pH=4,
Vrad=20 min.
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5.4.3 Application of CRE-SERS on AuNF surface for separation and identification

of DAR and DMAC

The CRE for the DAR and DMAC mixture was similar to that of the individual
compounds. Indeed, the SERS intensities of the As — S (365 cm™, 370 cm™) and As — C
(594 cm?, 598 cm™) symmetrical vibrational stretchings increase from the center to the
edge region of the CRE stain (Figure 23). Considering the Raman shift of the As — S
vibrations, it is clear that DAR demonstrated a larger red shift accounting for 10 cm™ (375
cmt — 365 em™), which was detected in the middle region, in contrast to 5 cm™ (375 cm-
! — 370 cm™) of DMAC’s, presented mostly in the edge region. The additional evidence
for DAR and DMAC final locations is the SERS peak at 265 cm™ (the Au — S vibrational
stretching), which increases from the center to the edge regions and might be originated
due to the adsorption of the DAR and DMAC onto the AuNF surface trough the
complexation of As — S moiety with Au surface atoms. As a result, only DAR was found
at the center region, following the mixture of analytes in the middle and mostly DMAC in

the edge region.

Raman shift variations of the major DAR and DMAC vibrations (the As — S and
the As — C symmetrical vibrational stretchings) appeared mainly due to the adsorption of
their molecules onto the AuNF surface providing high affinity of individual S-conjugates
to Au[221] atoms leading to the formation of the Au — S — As cluster, which might orient
the As — C bonds in out of plane direction (vertically) resulting in the relatively large
Raman shift of the As — C stretching (610 cm™® — 594 cm™®) for DAR and (610 cm™ —

598 cm?) for DMAC[222]. Interestingly, the Raman shift for DMAC’ As — S stretching
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was larger than that of DAR: 10 cm™ vs 5 cm™ suggesting that DMAC might interact

stronger with AuNF than DAR.
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Figure 23. The SERS-CRE of the 100 ppm mixture Dar and DMAC onto AuNF (pH=4).

55 Discussion

Previously, we have created the theoretical model for speciation of the small
molecules by the CRE-SERS method that enabled us to predict analytes’ traveled distances
and corresponding Raman shift. Using this method, we determined that the radial outward
flow and the AuNF-analytes interactions are two major factors affecting the mass transport
of arsenic compounds to AuNF during the formation of the CRE deposit. The radial flow
is generally manipulated by changing the atmospheric pressure, which influences the
solvent evaporation rate and, consequently, the magnitude of the radial outward flow
replenishing the evaporating liquid at the edge of the drying droplet. Considering the

arsenical-AuNF interactions, we have shown, that once the arsenicals are deprotonated
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(pH > pKa), the interactions between analytes and AuNF become stronger (Gibbs free
energy turn out to be more negative). This increases the retardation factor that enhances
the diffusion coefficient and sorption of analytes (diffusion flux) to the AuNF surface,
leading to the increase of mass transfer from the bulk to the surface and the decrease of the
traveled distance of the individual arsenic compounds. In this work we have applied this
theoretical approach for the DAR and DMAC speciation, thus providing the alternative

method for the successful identification of the arsenic-based S-conjugated peptides.

The capillary flow or the radial outward flow is the major factor affecting the CRE
deposit formation[1]. Once a droplet is placed onto the solid substrate and the solvent
evaporation started, the radial outward flow is generated to replenish the solvent loss at the
three-phase contact line[8]. This flow is linearly proportional to the evaporation rate of the
droplet solvent and inversely proportional to the density of the solution[17]. Generally, as
the evaporation time decreases, the radial flow rate increases, increasing the individual
compounds traveled distances across AuNF. Furthermore, we have investigated the
decrease of the evaporation time (30min — 2 min) onto the traveled distances of the
individual DAR and DMAC (Table 5). As expected, this led to the increase of both DAR
and DMAC traveled distances, even though the DAR’s rise was smaller than DMAC’s
suggesting that other factors might have influenced the final deposition of DAR and
DMAC as well. Then, to maximize the separation efficiency, we have determined the
optimal evaporation time, and, thus the radial flow velocity of the individual compounds.
The optimal radial flow rate was found at 20 min corresponding to the maxima of the

selectivity factor (Figure 24).
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Table 5. The influence of the evaporation time onto the traveled distances of DAR and
DMAC.

Radial flow (time of Distance traveled (from the center to the edge)

evaporation) DMAC, mm Dar, mm Solvent front, mm
35 min 4.20 3.20

30 min 4.30 3.50

25 min 4.30 3.60

20 min 4.70 3.70 5.00

15 min 4.80 4.50

10 min 4.90 4.80

5 min 4.90 4.80

The travel distances of DAR and DMAC depend upon the radial flow velocity,
which is linearly proportional to the evaporation rate of a droplet solvent. By reducing the
atmospheric and, in turn increasing the evaporation rate from 35 to 2 min, we have detected
the travelled distances increase for both DAR and DMAC: 1.60 mm (3.20-4.80 mm) and

0.70 mm (4.20-4.70 mm), respectively.
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Figure 24. The influence of the evaporation time onto the Dar and DMAC’s selectivity
factor.

After plotting a selectivity factor (alpha) against the evaporation time, we have
obtained the selectivity maxima (20 min) DMAC and DAR’ mixture. which corresponds
to the optimal radial velocity rate of the solvent across AuNF. The travel distances of DAR
and DMAC depend upon the radial flow velocity, which is linearly proportional to the
evaporation rate of a droplet solvent. By reducing the atmospheric and, in turn increasing
the evaporation rate from 35 to 2 min, we have detected the traveled distances increase for

both DAR and DMAC: 1.60 mm (3.20-4.80 mm) and 0.70 mm (4.20-4.70 mm),

respectively.
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Besides the radial outward flow, DAR/DMAC-AUNF interactions significantly
influence the DAR and DMAC’s migration distances. In the previous study, we have
shown that the Au — S donor-acceptor interactions considerably affect the adsorption of
thioarsenicals to the AuNF surface. Indeed, As — S can complex with the AuNF surface
through the formation of As — S — Au adsorbate as thiol and sulfur-containing compounds

readily adsorbed onto Au atoms forming a covalent Au — S conjugates.

Table 6. The pKa’s of DMAC and DAR.

pKa DMAC DAR
-COOH (1) 1.95 3.58
-NH; (1) 9.14 13.42
-COOH (2) - 1.47
-NH: (2) - 9.31

Both DAR and DMAC have shown the adsorption to the AuNF surface resulting in
the SERS peak at 265 cm™ associated with the Au — S symmetrical stretching. In addition
to covalent interactions, electrostatic repulsion/attraction between neutral/deprotonated
forms of DAR/DMAC and negatively charged AuNF surface might influence the analytes’
migration distances, thus, by calculating pKa’s of DAR and DMAC functional groups
(Figure 25) we explored the effect of pH (from 3 to 7) onto the traveled distances of

individual DAR and DMAC (Table 6).
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Figure 25. The structures of A) DMAC and B) DAR with calculated pKa’s.

Computed pKa’s of DMAC and DAR are summarized in the Table 6. pKa’s of

DMAC and DAR were calculated by the Marvin Sketch[223], a computational software

that was previously employed for the As¥, DMAY, MMAY: and As'!" pKa’s analysis. The

data reported are in agreement with the experimental values of the oxoarsenicals[128].

Table 6. The influence of the pH on the travel distances of DAR and DMAC.

Distance traveled (from the center to the edge)

P DMAC, mm DAR, mm Solvent front, mm
3 4.90 4.70

4 4.80 3.40

5 4.50 3.20 5.00

6 4.20 3.20

7 4.20 3.20
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The traveled distances of DMAC and DAR were evaluated in the pH range from 3
to 7. The traveled distance of the solvent (water) accounted for 5.00 mm. Once pH increases,
deprotonation of DAR and DMAC resulted in a decrease of their traveled distance, which

is in agreement with the previous data for thioarsenicals and oxoarsenicals[152].

In the previous studies we have determined that once pH increases and molecules
are deprotonated, the traveled distances become shorter. Considering DAR and DMAC
traveled behavior, this implies that as pH increases, the traveled distances of individual
molecules become shorter which night attributed to the electrostatic interactions between
the charged COO™/ NHz3" ionic pairs and the AuNF surface citrate molecules resulting in
the formation of the hydrogen bond conjugates[205]. We propose that the number of the
ionic COO™/ NH3" pairs might contribute to the adsorption of DMAC and DAR onto the
AuNF surface. Thus, Dar bears two COO"/ NHs" ionic pairs whereas DMAC has only one
group. By creating pH windows, we plotted the selectivity factor(alpha) against pH, and
we determined that pH=4 of the mobile phase corresponds to the max resolution of the

CRE-SERS chromatographic system (Figure 26).
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Figure 26. pH windows for Dar and DMAC for the optimal pH We have created the pH
windows for the optimization of the DMAC and DAR separation by plotting the
chromatographic selectivity factor (alpha) against pH.

We hypostasize that the discrepancy in the molecular size of DAR and DMAC
could contribute to the separation as well. Typically, the smaller the molecule, the longer
distance it would travel as it would be more affected by the radial outward flow[224]. Even
though in the previous studies we have not considered this factor due to the similarity and
minimality of small molecules, in the case of peptides (DAR and DMAC) separation,
however, the larger molecular size of DAR (10.484 A) might result in its shorter traveled
distance in contrast to smaller DMAC (6.696 A) that might have been more influenced by
the radial flow and be detected mostly in the edge region, while DAR was found mostly in

the center and the edge regions (Figure 27).
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Figure 27. The final positions of the DAR and DMAC. Once the droplet dried, the SERS
measurements were carried out from the center to the edge across the CRE stain.

Overall, we have successfully separated DAR and DMAC by exploiting their
distinct interactions with AuNF. We have determined the optimal conditions for the
separation of these analytes: pH=4, vrag = 20 min. Even though the SERS spectra of DAR
and DMAC overlapped to some extent, SERS allows us to selectively identify each
compound by comparing the Raman shift and the SERS intensities of the As — C and As —
S symmetrical stretchings. Also, we calculated the SERS ratio of the As — C /As — S
vibrational stretching of each compound: 12 and 0.9 for DAR and DMAC respectively.
Based on the unique Raman shift and the SERS intensity of As — C and As — S symmetrical

stretchings, we were able to identify each analyte in their mixture.
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5.6 Conclusion

DAR is a novel organic arsenic compound that is being developed to improve the
efficacy and therapeutic index of arsenic as an antineoplastic agent. DAR as an anticancer
drug was successfully applied in APL treatment. The speciation of sulfur-containing drugs,
DAR, and DMAC was investigated by the CRE— SERS method which comprises the coffee
ring effect (CRE) and surface-enhanced Raman spectroscopy (SERS). SERS coupled with
CRE requires minimal sample pretreatment and allows a nondestructive and simultaneous
detection of multiple species due to their distinct vibrational fingerprints, thus presenting
an alternative approach for the detection of fragile compounds. The application of the gold
nanofilm enabled us to preserve the As"' oxidation state providing insight into the
metabolism of unstable arsenicals. Once a sessile droplet is placed onto the gold nanofilm
surface (AuNF) and the solvent evaporation started, the formation of a CRE stain begins.
Two major factors affect the formation of the CRE deposit: the radial outward flow, the
analyte-gold nanofilm (AuNF) interactions. We believe that the more ionic DAR (pH=4)
interacted stronger with AuNF, resulting in the shorter traveled distance in comparison to
DMAC, which was less attracted to the AuNF surface. In the final CRE deposit, we have
found DAR in the center and the middle regions, whereas DMAC was detected primarily
in the middle and the edge regions the final CRE deposit, DAR was detected in the center
and the middle regions, whereas DMAC traveled longer distances across the CRE stain
and primarily was detected in the middle and the edge region. We were able to identify
individual DAR and DMAC despite the overlap of their Raman spectra due to the unique

Raman intensity of the individual compounds. For the analytes that might not be separated
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by the CRE, SERS provides an additional advantage to identify the species, by selectively
adjusting the pH of mobile phase to induce the SERS shift of the adsorbed species onto
AUNF allowing the detection of the species with a similar Raman shift and those that cannot
be separated by the CRE. The key advantage of the application of this method for the
peptide’s separation is the separation coupled with the mild detection providing the rich

structural information of each metabolite.
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Chapter 6. pH-dependent Raman shift: theory and experiment
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6.1 Abstract

Surface-enhanced Raman scattering (SERS) is a very sensitive technique that
reveals structural molecular information based on the unique vibrational fingerprint. While
the SERS sensitivity mostly relies on the plasmonic nanomaterials electromagnetic
enhancements, chemical enhancement mechanisms that are more sensitive to molecular
adsorption and intermolecular interactions have been less exploited for molecular detection.
The citrate coated gold nanoparticles are the mostly employed nanomaterials for the
development of the nano-based sensors. Raman shift is the key parameter for the evaluation
of the molecular adsorption onto the nanomaterial surface. Here | present the unified
approach to predict the Raman shift variations of the small molecules adsorbed onto a gold
nanofilm (AuNF). I have employed three common arsenic species: DMAY, DMMTAY, and
DMDTAY as a model for theory development. By theoretically calculated interactions
energies of species with Au cluster, | extrapolated this to the predictions of the pH
dependent Raman shift variations for the unknown arsenic species. Moreover, | have
classified the interactions of the various molecules with the citrate coated gold
nanoparticles. As pH increases and especially when it overcomes pKa, charge transfer
becomes more favorable leading to the stronger interactions of molecules with AuNF
surface. | also defined the interactions of molecules with AuNF surface, and experimentally
determined the molecule-AuNF covalent and electrostatic interactions, providing a model
for the prediction of the interactions based on the molecular charge and the variations of
the Raman shift.

Keywords: SERS, Raman shift, adsorption, spectroscopy
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6.2 Introduction

Surface-enhanced Raman spectroscopy (SERS) is a non-destructive and sensitive
method for the detection of biological compounds based on their distinct vibrational
fingerprint. Exploring the ultra-sensitive Raman capability, there is a growing interest in
the single-molecule detection in a complex biological matrix[225], design of the
immunoassays for disease monitoring[226], including the development of the analytical
applications for chemical warfare agents, small molecules, and pollutants sensing[227].
The unique SERS effect emergences from the ability of the metallic substrate to support
the propagation of surface plasmons electromagnetic waves[228]. These surface plasmons
enable amplification of the inherently weak Raman signal by providing an increased
electric field in the vicinity of the target molecule and the nanomaterial. SERS
enhancements result from excitation of these surface plasmons by the incident radiation: at
the plasmon frequency, the metal becomes highly polarizable, resulting in large field-
induced polarizations. The origin of the enhanced Raman signal related to the two major
mechanisms: (a) an electromagnetic enhancement (EE) originated in the vicinity of the
metal surfaces caused by electromagnetic resonances and (b) a chemical enhancement (CE)
involving a process related to the chemical or physical adsorptions between the molecule
and the metal surface. The major contribution to EE is associated with the surface plasmons
propagation by the collective oscillations of surface conductive electrons onto the metal
surface involving the localization and amplification of incident light fields by a surface
plasmon resonance enabling a single molecule detection with EF up to 1014[229]. That is,

a close interaction of two or more plasmonic objects provides the concentration of an
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incident electromagnetic field and effectively amplifies the near field between and around
the nanostructures[230]. The CE occurs by the charge transfer effect associated with the
overlap of metal and adsorbate electronic orbitals, which induces a light-dependent
electron density transfer process. In this model, an electron of the metal, excited by the
incident photon, transfers into an excited state of the adsorbed molecule resulting in the
distinct adsorbate geometry comparing to the of the neutral adsorbate molecule. Therefore,
the charge-transfer induces a nuclear relaxation in the adsorbate molecule which promotes

the emission of a Raman dependent eradiation[231].

The EE of the plasmonic nanomaterial has been extensively investigated and is well
understood. Other aspects, such as the contribution of CE, are less known and are currently
topics of intensive research. Previous single-molecule studies have provided important
understandings into the EE mechanism[232]; however, little is known about the practical
implementations of the Raman shift related to the chemical enhancement. It is widely
known that pH governs the red and the blue Raman shift of the SERS spectra[233],
providing insights into the specific interactions between the nanomaterial and the
adsorbates. However, the unified theoretical approach regarding the pH dependence of the
Raman shift is lacking. In most of the studies, the time-consuming approaches were
employed for the theoretical calculations of the geometrical constraints of the adsorbate-
molecule complexes before the experimental procedures[234, 235]. Also, the theoretical
models often fail to predict the exact molecular orientation of the analytes onto the surface
of the nanoparticles as in the computational studies they consider only the metal cluster

without the adsorbed stabilizers that might influence the interactions of analytes with
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nanoparticles surface[236]. For example, the citrate gold coated gold nanoparticles often
regarded as a bare gold cluster Au(111) omitting the negatively charged citrate molecules
due to the computational limitations, thus the information of how citrate influence the
adsorption, and what types of the interactions it is responsible for of the analytes onto the

AUNPs surface remain unknown[237].

Previously, we have determined the pH dependency of the Raman shift in arsenical-
AUNF interactions. We have shown that the traveled distance in nano chromatographical
separation dependent upon the molecular charge, guiding the adsorption of the analytes
onto the surface of the nanoparticles[238]. Typically, once pH overcomes pKa the analytes
traveled distances across the AuNF surface decreases, thus in contrast to the neutral ones,
deprotonated molecules adsorbed stronger onto the AuNF surface. We have shown that the
adsorption of the analyte is related to the Gibbs free energy of the analytes-AuNF
interactions providing the highest Raman shift values for charged molecules. We
hypostasize that pH dependent variations of the Raman shift might be the key components
to investigate the adsorption mechanisms of the analytes onto the nanoparticles surface and
to provide an understanding of the type of molecule-nanomaterials interactions (donor-
acceptor, covalent, electrostatic, hydrogen bonding) occurred near and onto the surface of

the nanoparticles.

In this paper, we have developed the theoretical approach that allows us to predict
the interactions between adsorbates and AuNF based solely on the experimental values of
the Raman shift. Firstly, we have calculated the energy of the adsorbate-AuNF complexes,

following the pH changes, then we have related the adsorption of the analytes and their
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Raman shift dependence. We have found that the adsorption of arsenicals depend upon the
nature of the atomic makeup which governs the donor-acceptor interactions if the molecule
is adsorbed directly to the AuNPs leading to the covalent bond formation, and the charge
that enables the charge transfer from the adsorbates to the gold surface, and the electrostatic
interactions in the case where a molecule does not directly bind tp the Au surface but is
placed in the vicinity of the bare Au cluster interacting primarily with the negatively
charged citrate molecules. That would allow us to recognize the binding energies and
predict the value of the analytes’ Raman shift based on the structure of the analyte in the
different environments understanding the metabolism of the specific compounds. Here we
propose to selectively tune the Raman shift variations to investigate and predict the
interactions between the AuNF and the arsenicals, based on those observations we can
predict the pKa of the individual compounds and their adsorption allowing us to assess
through what forces adsorption occurred providing insights upon the binding mechanisms
of analytes to the AuNF surface, without prior calculations and based solely onto the
experimental approach. The typical models were developed for the comparison between
the experimental and the theoretical values to support the experimental values of the Raman

shift.

6.3  Experimental procedures
6.3.1 Materials and chemical

Cacodylic acid sodium salt, 98% (DMAY), NaOH, HCI, Citric acid, Sodium citrate

dihydrate (Granular certified), (3-Aminopropyl)trimethoxysilane (APTMS), glass
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microscope slides, weighing boats, and 25 ml glass vials were purchased from Fisher
scientific Inc (Hampton, NH). The citrate buffer (pH=3-7) was fabricated by mixing Citric
acid and Sodium citrate. All solutions were prepared in deionized (DI) water (18.2 MQ,

Barnstead Nanopure Diamond).

6.3.2 Instrumentation

The Raman spectrometer was purchased from Jasko (NRS-4100), with a diode laser
at 785 nm and average power of 33 mW. For optimizing resolving power, the 100 x optical
lens focusing was used. A silicon wafer was employed to calibrate the Raman system at
daily use and the Raman signal intensity at 522 cm™ was monitored to check the
reproducibility of the instrument. The SERS measurement parameters include the laser
wavelength, 785 nm, exposure time, 4 seconds, and 1 time of exposure per measurement.
The synthesis of thioarsenicals and determination of their respective Raman spectra were

performed in the previous reports[130, 131].

The fabrication of AuNF was performed through the silanization of the glass
substrates, followed by the deposition of nanoparticles onto the silanized surface[143].
Immediately after the droplet contained 100 mg L™ of arsenic ligands deposition onto the
gold nanofilm, the droplet was freeze dried and the Raman spectra were collected. The
adsorption of arsenic species onto the AuNF was carried out at pH = 3 and pH =7, in the

concentration range from 107 to 10° mol L.
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6.3.3 Synthesis of thioarsenicals and determination of their respective Raman

spectra
6.3.3.1 Synthesis of Dimethylmonothioarsenious acid (DMMTAY)

DMMTAY was synthesized according to the method reported by Cullen et al[130].
Briefly, DMAY (2.76 g) and sodium Na2S * 9H,0 (7.60 g) was dissolved in 30 mL of water.
Concentrated H2SO4 (1.70 mL) was added dropwise to the solution to make the molar ratio
of Na,S/H2SO04/DMAY was 1.6:1.6:1. The reaction mixture was stirred for 1 hour and was
extracted with ether and was dried over anhydrous Na,SOs. The ether was evaporated
under N2 and colorless crystals were formed. Raman spectra determined of both solid and

liquid forms (citrate buffer solution, pH=3) of DMMTAY were identical.

6.3.3.2 Dimethyldithioarsenious acid (DMDTAY)

Dimethyldithioarsenious acid (DMDTAVY) was synthesized by the approach
reported by Fricke et al.[132] 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 DMDTAY (salt form) were identical.
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6.3.3.3 Synthesis of DMAC

DMAC complex was prepared by reduction using a mixture of DMAV (0.66 mmol)
with L-cysteine (0.33 mmol) in 10 ml of degassed DI water under nitrogen[129]. The
reaction was carried out at room temperature using magnetic stirring for three hours[19].
After the reaction, the solution was centrifuged, and the supernatant was collected. After
the supernatant evaporation, the white residue powder was carefully collected for further

analysis.

6.3.3.4 Synthesis of DAR

DAR was synthesized according to previously published procedures with minor
modifications[219]. Briefly, DMAY (2 mmol) and GSH (6 mmol) were dissolved in 10 mL
deionized water, and the solution was stirred overnight under a nitrogen atmosphere. Then,
the water was evaporated under reduced pressure without heating using a centrifugal
concentrator. DAR was then extracted from the residue using ice-cold methanol. A white
powder was obtained after methanol evaporation, following the further drying and storage

into a desiccator.

6.3.4 Adsorption of arsenicals

Once the 2uL arsenicals buffer solution of pH range from 2 to 7 was placed onto
the AuNF, the average SERS signal of arsenicals were acquired from the center to the edge
of the dried deposit (n=3). The SERS intensities for the quantitative analysis were

normalized by the background correction.
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6.4  The theory development

Typically, charged and neutral species differ in their adsorption process onto the
surface of the nanoparticles: this process involves the addition or removal of nonbonding
electrons contributing to the distinct structures of adsorbates. To quantify structure-change-
related CE rate effects, two parameters are required: the vibrational frequency, v, and the
unitless normal-coordinate displacement, A. Note that a displacement value of 1
corresponds to one standard deviation of the Gaussian probability distribution of the
ground-state vibrational wave function. Furthermore, we need this information for every
Franck-Condon active vibrational mode that is, every vibrational mode that experiences a
change in normal coordinates when an electron is transferred. In Figure 28, the normal-
coordinate displacement is represented as a displacement of reactant and product curves
along the horizontal axis, i.e., the traditional reaction-coordinate axis. For the metal-ligand

complexation, the energy barrier needed to be overcome is illustrated as follows[239]:
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Figure 28. Energy surface and its relationship to the free energy driving force (AGBL-g_Au),
classical activation energy (AGy;,_4,,) and vibrational mode displacement (A) for electron
transfer.

The frequency, on the other hand, is reflected in the degree of curvature of the
energy surfaces. To describe the charge transfer reactions, we need to determine the bond
reorganization that originates from the oxidation state changes during the adsorption
process. The charge transfer occurs when the displacement of the coordinates varies by
reduction or stretching of the bonds. The energy required to overcome the vibrational
barrier can be computed from the vibrational coordinate displacement (A;) of the

vibrational frequency (v) as

1
AG = £ ) M 6.1)
k

or by the bond displacement (Aa;) of the force constant (f;) as

1
AGy = Eij(Aajz)fj 6.2)
7
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the individual normal coordinate distribution is given[233] as

1
AG; = EAivk 6.3)

Thus, the free energy driving force of Gibbs free energy is proportional to the
corresponding to vibrational coordinate displacement ( A;) and the vibrational
frequency (vy,) or the adsorption Gibbs free energy, that defines the difference between the

ligand and the ligand-adsorbate Raman shift.

6.5 Results

6.5.1 Theoretical and experimental Gibbs free energy of Au-arsenicals

complexation.

The Gibbs free energy of arsenicals adsorption onto the AuNF surface was
calculated based on their adsorption Langmuir isotherms. To compare with the
experimental values of arsenical-Au complexes, we have computed (DFT) the theoretical
Gibbs free energy and summarized in Table 7. The negatively charged arsenic-Au
complexes (DMAY--Au, DMMTAVY"-Au, DMDTA""-Au) showed the lower Gibbs free
energy and, thus, the higher binding affinity to the AuNF in contrast to the neutral
adsorbates (DMAV-Au, DMMTAV-Au). The calculated energies were lower than the
literature data for the similar sulfur-containing compounds mainly because of the
computational constraints; only three molecules of water were added for the solvation
simulation of the arsenicals-AuNF complexes. However, even with the limited solvation,
the experimental data correlate with the theoretical values: the adsorption of the sulfur-

containing arsenicals (DMMTAV-Au, DMMTAV"-Au, DMDTAY"-Au) regardless of the
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molecular charge was chemisorption like the process in agreement with the literature data
for the thiols and sulfides chemisorption adsorption onto the AuNF surface (6-14 kcal),
whereas  oxygen-containing arsenicals (DMAVY-Au, DMAVY-Au) demonstrated

physisorption (with Gibbs free energies less than 6 kcal)[184, 204].

Table 7. pH dependent Raman shift.

AGeor (DF AGpoe (D AGyoe Raman shift, cm™

T) (in FT) (Experim  Kad

Arsenical vacuo) (water)  ental) (Experimen

(kcal/mol  (kcal/m  (kcal/mol tal) (mol™) As-C  As-S

) ol) )
DMAV-Au -7.1 -7.1 -4.8 3.7x10° 1+1.0 -
DMAY"-Au -31.5 -24.5 -5.2 7.0x103 -5%1.5 -
DMMTAV-Au  -19 -19 -6.1 3.0x10* 16+2.0 4+2.0
DMMTAY-Au -45 -30.4 -8.7 2.5x10° 20+2.0  14+2.0
DMDTAV-Au -40.5 -44.2 -11.4 1.5x108 27+2.0 18+2.0
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6.5.2 The regression model for the understanding of the correlation between the

charge transfer effect and the pH
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Figure 29. The relationship between the Gibbs free energy and the Raman shift variations
for the As — S and the As — C vibrational stretching’s of DMDTAV—Au, DMMTAV—Au,
DMMTAV-Au, DMAY—Au, and DMAV-Au.

According to the Heraberg-Teller selection rule, the charge transfer occurs only
when the excitation energy approaches the charge-transfer resonance[240]. The adsorption
of thiols onto the Au(111) cluster is very well studied, those HOMO/LUMO interactions
of the thiols and the substrate typically involve the charge transfer from the HOMO 3pz of
the sulfur and the Au 6s orbitals[241]. It is seen that the major contributions to energy
levels nearest the HOMO-LUMO gap arise from the gold cluster 5d and 6s bands. The

sulfur 3s contributions to the LUMO and HOMO-1 levels are small in comparison to the
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gold orbital contributions[242]. Besides, we have performed Mulliken population analysis
to examine the atomic charges of the arsenical-Au complexes. The charge variation on the
sulfur atom in the range of DMDTAY—Au, DMMTAY—Au, DMMTAVY-Au in
comparison to free thioarsenicals (DMDTAY", DMMTAY", DMMTAY) were found to be -
0.11e, -0.43e, -0.44e indicating the theoretically calculated charge transfer between the S
and Au atoms which is in correspondence with the Raman shift variation with Gibbs free
energy changes displayed in Figure 29. The charge transfer value on sulfur is in agreement
with previous studies of Sellers et al. who found a charge of 0.40 electron (MBPT2/DZ)
on sulfur[243] and Beardmore et al. who obtained a charge of 0.42 electron (B-LYP/6-
31G*) on the sulfur atom[244]. The potential discrepancies in the computed S atomic
charges on sulfur might be due to the various theoretical methods and the different basis

sets employed (Figure 30).
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Figure 30. Structure optimization Ligand-Au clusters by Q-Chem 4 with a hybrid
functional B3LYP, LANL2DZ-P), and their pH dependent adsorption onto the Au(111)
cluster at pH=3 and pH=7.
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Figure 31. Raman shift of DMAY, DMMTAY, and DMDTAV onto the AuNF at pH = 3,
and pH =7.
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The Raman shift indicates the magnitude of the charge transfer between the AuNF
surface and the adsorbates. The higher the Raman shift, the stronger interactions between
the analytes and the AuNF. We have ranged the pH from 3 to 7 and compared the SERS
spectra of DMAY, DMMTAY, and DMDTAY with the Raman spectra of the solid
compounds. The SERS signal for each compound was obtained from the CRE stain formed
after the deposition of the droplet contained 2 pl of the citrate buffer at pH ranging from 3
to 7, after the solvent evaporation the CRE deposit was stained across the center, middle,

and the edge region and the most intense signal very taken into consideration.

As seen from the Figure 31, Raman spectra of solid DMAY exhibit two major
bands, corresponding to As — C asymmetric stretching (602 cm™) and As — O stretching
(830 cm™) Regarding DMAV neutral form (pH=3), the Raman shift of the As — C
symmetrical stretching occurred at (602 cm™ to 600 cm™), however as the pH increases,
the shift changed significantly, increasing by up to 606 cm™ as shown in Table 3.
Interestingly, the As — O stretching (830 cm™) disappeared from the SERS spectra with
adsorption to AuNF, which might be because of the out of plane orientation of As — O
stretching on the AuNF or even because that DMAY could not bind to the surface of the
nanoparticles and remains located in the vicinity of the AuNF interacting with the AUNF

surface via citrate molecules through hydrogen bonding.

Considering the DMMTAY adsorption in the pH range from 3 to 7, the pH greatly
affects the Raman shift of the As=S stretching through the interaction with the AuNF. In
contrast to the solid form of DMMTAY having the As=S stretching at 469 cm™, at pH=3

the major vibration band was shifted to 465 cm™. As the pH increases, the Raman shift
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becomes larger (12 cm™) illustrating stronger adsorption of the deprotonated form than that
of the neutral DMMTAY. This is supported by the theoretical calculations of DMMTAY’s
neutral and negatively charged forms via adsorption onto the Au cluster (Table 7). The
binding energy of the deprotonated form of DMMTAV is considerably higher than that of
the neutral form, thus, binding to the gold surface via S — Au interactions influenced the
Raman shift. Similar to As=S stretching, the As — C stretching exhibited the Raman shift
of (17 cm™ — 20 cm™) as the pH increases from 3 to 7 indicating a stronger interaction of

DMMTAY with the AuNF surface.

DMDTAY did not exhibit any significant variation in the SERS adsorption behavior
throughout the pH range. The main reason for the Raman shift stability is the highest
binding energy among all arsenicals tested, which corresponds to the highest Raman shift
of the As+S bond from 429 cm™ as a solid to 412 cm™ as adsorbed onto AuNF. The
presence of two delocalized electronic structures of the S+As+S fragment greatly enhances
the binding capacity of DMDTAY to the AuNF surface. Even though the Raman shift of
As — C vibrational stretching was larger than those for DMAY and DMMTAY, it does not
change with increasing pH. In Figure 34, DMDTAY As — C stretching showed a mixed
Raman shift from As — C asymmetrical stretching at 625 cm™ and symmetrical stretching
at 604 cm™ to 591 cm, which is the largest Raman shift among all analytes due to the
highest affinity to the AuNF. In addition, the Raman shift of As — C asymmetrical
stretching of DMAY was much smaller (3 cm™) than that of thioarsenicals: DMMTAY (17

cm™) and DMDTAY (27 cm™).
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6.5.3 The prediction of the Raman shift or the DAR and DMAC. SERS spectra
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Figure 32. A) DMAC and DAR Raman and SERS spectra onto the AuNF surface at pH=2,
5.

Comparing the Raman and SERS spectra of DAR, the pH dependent red Raman
shift occurred for As — C fingerprint vibrational stretching’s: 10 cm™ (610 cm™ — 600 cm’
1)and 16 cm™? (610 cm™ — 594 cm™) at pH=2 and pH=5 respectively. Similarly to DAR,
DMAC’s As — C frequency change was 8 cm™ (610 cm™? — 602 cm™) at pH =2, and 12
cm™? (610 cm™ — 598 em™) at pH =2 and pH =5 respectively, which indicates the charge
transfer effect between the DAR molecule and the AuNF surface (Figure 32)[148].
Considering the As — S vibrational stretching’s, DAR’s the red shift accounted for 2 cm™

(375 cm™* — 373 em™) and 5 cm™ (375 cm™ — 370 cm™) at pH=2 and pH=5 respectively.
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DMAC’s As — S was shifted to the lower frequency as well: 5 cm™ (375 cm™ — 370 cm
1y and 10 cm™ (375 cm™ — 365 cm™) at pH=2 and pH=5 respectively. It is clear that the
DMAC’s As — S and As — C Raman vibrational shift was higher than that of DAR’s
indicating that DMAC might interact stronger with the AuNF. The final positions of the

arsenicals at pH=3 and pH = 7 are depicted in Figure 33.

O O bpma
: DMMTAY
 regions O O
£ A A owoma
O [ DbAR
Middle Ed_gf ﬂ ﬂ DMAC

Center e g

-
-
-
-
-
-
-
-
-

olvent deve\opment

S

Figure 33. SERS signal spectra obtained at the various spots across the CRE regions
corresponding to the maximum SERS intensity.
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6.6 Discussion

In this paper, we have presented the theory behind the pH driven Raman shift by
examining the various types of interactions driven by the charge transfer of the arsenic
ligands to the AuNF surface. Generally, once the analytes pKa’s were calculated, we have
manipulated solution pH to deprotonate arsenicals, which in turn induced their adsorption
onto the AuNF leading to pH dependent Raman shift. The specificity of the arsenical-
AUNF interactions governs the adsorption of molecules onto the AuNF surface and the
charge transfer between the molecules and the Au atoms through replacement of the citrate
or the electrostatic or hydrogen bonding interaction with negatively charged citrate
molecules. The Raman shift values allow us to identify each of the metabolites and to
determine the value of the Raman shift corresponding to the specific interaction types,
following the determination of the interactions of the unknown arsenicals (DAR and

DMAC).

According to the theoretical and the experimental values of Gibbs free energy, the
general trend for the adsorption of arsenicals from the highest to the lowest adsorption
values is the following: DMDTA V"- Au> DMMTAY" - Au > DMMTAY - Au > DMAY" >
DMAY - Au, which is in agreement with the charge transfer that maximizes at the most
charged species and the species that have the soft atoms thus providing the highest
adsorption to the AuNF surface. The major factors affecting the arsenicals adsorption to
the AuNF is the presence of the O or S atoms that directly interact with AuNF. It is well
known that S is a soft ligand having a higher affinity to the soft Au atomic cluster whereas

“harder” O does not display this affinity to the Au atoms, thus the species with S have
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higher binding energies and, consequently, higher Raman shift. Another factor is the
molecular charge that promoting the charge transfer and thus contributing to the increase
in the Raman shift. The charged species were found to have lower Gibbs free energies, and
thus higher adsorption constants, consequently DMDTAY:, DMMTAY", and DMAY
interact stronger with AuNF in comparison to the neutral compounds (DMMTAV ,
DMAY ). Interestingly, even though the atomic charge of DMAV is negative, it has the
positive Raman shift variation, which is not in agreement with the theoretical predictions
which indicates that DMA is not directly adsorbed onto the Au cluster. We reason that
there is no chemical shift of the As — O bond, and it mostly disappears from the SERS
spectra, thus we propose that DMAY is located in the vicinity of the citrate surface,
interacting mostly with negatively charged citrate’s COO- and COOH groups, forming the
hydrogen bonding to the stabilizing agent. Regarding DMMTAY and DMDTAY, we have
observed the Raman shift for the As — S vibrational stretching for DMDTAY", DMMTAY
and DMMTAVY of 4, 14, 18 cm™ respectively. The Raman shift of the charged arsenicals
that have S in their molecule provided the highest Raman shift for As — C vibrations which
correlates with the As— S Raman shift for the species. Interestingly, As— C DMAY Raman
shift accounted for the smallest value of 1 or -5 cm™ (608 cm™ from the 602 cm™),
indicating the possible electrostatic interaction of its molecule and the substrate giving that
its adsorption is not possible onto the AuNF surface because DMAY could not substitute
citrate molecule onto the Au atoms. For DMMTAY and DMDTAY we have identified their
spectra only upon the As — C shift. And the largest Raman shift of As — C accounted for

27 cm was found for DMDTAY, due to the strong covalent bond formation Au cluster.
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Based on the theoretical approach we have developed for DMDTAY, DMMTAY,
and DMAY we have applied this theory for the calculations of the unknown arsenicals
omitting the calculations step of the DAR and DMAC adsorption to the AUNF. We have
found the corresponding As — C and As — S Raman shift value for both DAR and DMAC:
The predicted As — C vibrational stretching Raman shift of DAR and DMAC: of 16 and 12
cm, The predicted As — S vibrational stretching Raman shift of DAR and DMAC: of 5
and 10 cmt. Raman shift of the major DAR and DMAC vibrations (the As—S and the As
— C symmetrical vibrational stretching’s appeared mainly due to the high affinity of S-
conjugated to Au atoms leading to the formation of the Au — S — As a cluster, which might
orient the As — C bonds in out of plane direction (vertically) resulting in the relatively large
Raman shift of the As — C stretching (610 cm™® — 594 cm™) for DAR and (610 cm™? —
598 cmt) for DMAC[222]. Interestingly, the Raman shift for DMAC’ As — S stretching
was larger than that of DAR: 10 cm™ vs 5 cm™ suggesting that DMAC might interact
stronger with AuNF than DAR, which is in agreement with the sterically constrains of the
DAR and DMAC, while DAR might not be adsorbed through the As — S moiety due to the
steric hindrance of its molecule, bearing three amino acids, while for DMAC it was easier
due to the less constrained molecular adsorbate. according to the pKa of DAR and DMAC,
at pH=2, DMAC has only one COO/NHz* however, at pH=5, two pairs become ionic.
Thus, DMAC’s COO/NHs" would interact greater with the COOH/COOQO" group of the

citrate providing the higher Raman shift.

This applicable model allows us to predict the Raman shift of the specific groups

providing the possibility to identify them later or to understand their adsorption onto AUNF
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and predict the interactions of the analytes with the AUNF by examining the Raman shift
values. We reason the behind the arsenicals adsorption onto AuNF stand the different
interaction of the species with AuNF surface: donor-acceptor (DA), electrostatic (EL) van
der Waals (LW). Depending on the presence in the arsenical molecule S atoms, it
influences the DA interaction via the covalent bonding between the Au atoms and the
arsenicals which are widely known. The molecular charge will also influence the
adsorption capacity of the AuNF, as an example is DMMTAY, which adsorption energy
changes significantly during the deprotonation. In the case of the larger molecules such as
DAR and DMAC, we need to consider the possible steric effect, which might hinder the
adsorption of the analytes onto the Au(111) sites. Thus, based upon the adsorption of
arsenicals onto the AuNF surface it is possible to predict the interactions of them with
AuUNF surface and vice versa. Identification of the analytes is the second advantage of this
approach especially for those molecules that might not be separated by the CRE, the

selective tuning of the Raman shift variations allows us to identify individual compounds.

6.6.2 The theoretical applications for the species adsorbed onto the citrate coated

AUNPs

In this section, we have summarized the major concepts of the adsorption of the
analyte onto the citrate coated gold nanoparticles, considering the various functional
groups, their ability to substitute citrate onto the AuNF surface and we provide analytes-
AUNF interaction types[245]. Most of the functional groups showed the pH dependent

Raman spectra, meaning that during the deprotonation the nonbonding electrons transfer
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their charge from the functional groups to the AuNPs, resulting in the Raman shift
variations. In general, by mixing the aromatic amines onto the AuNPs surface it was shown
that —NH> was found to be more efficiently substituting citrate than —COOH due to the
lower binding energy of =COOH (2 kcal) vs —~NH3" (8 kcal). Moreover, ~NH3" contributes
to the electrostatic attraction to negatively charged citrates promoting the adsorptive
overcoating of —NH3" to AuNF surface, increasing the adsorption, in contrast to negatively
charged —COO" that was mostly repelled by citrate molecules[246]. Also, typically the HS
having a very high affinity to the substrate easily substitute citrate onto the AuNPs surface.
Deprotonation of HS leads to the S” which have been extensively reported and proven in
our work promotes the charge transfer between the nonbonding electrons onto the S to the
AUNPs resulting in a very strong covalent bond. For =N-/=NH- it was reported the mix of
the covalent and the electrostatic interactions for the corresponding pair: = NH- s proton
would form the hydrogen bond between its moiety and the negatively charged COO" citrate
groups. = N- intern have the electronic pair that might interact be donated to them as a
charge transfer to the AuNPs[247]. The OH/O™ have a week electrostatic interaction
because of the negative surface charge of O, even though the OH was reported to forms
the hydrogen bonding with the citrate molecules. The Raman shift mainly classified as red
shift (to lower wavenumber, meaning that the electron density is transferred from the
molecule to the AuNPs) or the blue shift indicating that gold d-orbitals provided the
electrons and enriched the molecule by transferring the electrons from the Au atoms to the

molecule’s orbitals.
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The guest ligand efficiency of replacing citrate increasing as follows[248]:

SH/S™ > NH2/NHs* > =N-/=NH- > COOH/COO" > OH/O"

This trend might be used for the assessment of the ligand substituting power providing the

assessment of the covalent, electrostatic, or hydrogen bonding interactions with the

negatively charged citrate molecules as summarized in Table 8.

Table 8. The Interactions classifications of the functional group adsorbed onto the citrate
coated gold nanoparticles (Electrostatic : EO, Covalent: CO).

NH,/ COOH =N-
Functional groups SH/S OH/O
NHs+ /COO /=NH-
CO
Types of EO EO EO/CO
[254], EO
interactions with [249], [252], [258],
[255], [260],
AuNPs [250], [253], [259],
[256], [261]
[251] [246] [247]
[257]
Raman shift red/
red red red red/blue
observed blue

6.7 Conclusion

Surface-enhanced Raman scattering (SERS) is a sensitive technique that reveals

information regarding molecular adsorption driving forces at nanoparticle surfaces. While

the plasmonic properties of SERS substrates provide the largest signal enhancements,
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chemical enhancement mechanisms are more sensitive to molecular adsorption and
intermolecular interactions. Raman shift is the key parameter for the evaluation of the
molecular adsorption onto the AuNF surface. We present the unified quantified approach
for the relationship between the Raman shift of the adsorbed molecules and their
interactions with the AuNF surface. we have developed the theoretical approach that links
the theoretically calculated interactions energies of species with Au cluster, which
transposes to the predictions of the Raman shift and the Raman shift variations with pH.
As pH increases, and overcomes pKa, charge transfer becomes more favorable leading to
the stronger interactions of molecules with the AuNF surface. In this paper, we also defined
the interactions of molecules with AuNF surface, we have classified the covalent and
electrostatic interactions, providing the model for the prediction of the interactions based

on the molecular charge and the Raman shift.
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Chapter 7. Summary, Significance, and Future Research Directions
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7.1 Summary

Firstly, arsenic speciation was performed by the developed CRE-SERS method
focusing on the commonly existing oxoarsenical species, including As'"!, As¥, MMAY and
DMAV. The CRE separation platform was the AgNF, which was fabricated by depositing
silver nanoparticles colloidal solution onto glass substrate surface. Giving
adsorption/desorption interactions between arsenicals and the AgNF surface, arsenical was
separated during the species migration across the AgNF driven by the capillary flow
resulting in the preconcentration of arsenicals right at the edge of the coffee ring stain. To
further extend the traveled distances of oxoarsenicals, which would encourage the species
separation, surfactants were then applied into the sessile droplet, enabling the reduction of
the surface tension and leading to the solution permeation into the peripheral region of the
drying sessile droplet. This peripheral region of the CRE was named as the halo coffee ring,
because of two concentric-ring stain pattern formed after the complete sessile droplet
evaporation. The separation of oxoarsenicals As""', As¥, MMAY and DMAY using the halo
CRE was successfully demonstrated in the buffer system with 0.1 M phosphate (pH=7.5).
Then, scanning the CRE spot from the center to the edge of the droplet, SERS signals of
oxoarsenicals were recorded at the normal CRE stain, following the scans at the halo region,
demonstrating that arsenicals were separated along the halo region. This work provides a

novel approach using the coffee ring effect for chemicals separation.

Secondly, a method based on surface-enhanced Raman spectroscopy (SERS)
detection in combination with the CRE for separation was found to be particularly useful

for analysis of unstable species, thanks to minimal sample pretreatment and unique
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fingerprint Ramon identification. Thus, the CRE-SERS was applied for the speciation of
thioarsenicals: dimethylmonothioarsinic acid (DMMTAY) and dimethyldithioarsinic acid
(DMDTAY), unstable yet important arsenic metabolites the analysis of which remains a
challenging task. However, in the case of thioarsenicals, it was found that these labile
species were oxidized onto the AgNF surface, forming the oxygen silver oxides. Thus, the
more biocompatible and robust AUNF was fabricated and served as a the CRE substrate for
the speciation of thiolated arsenicals. This CRE substrate was employed not only as a SERS
substrate, but also as a platform for the separation of thioarsenicals. Once a drop of the
thioarsenicals solution was placed onto the AuNF and evaporation of the solvent and the
CRE 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 CRE.
Through calculating the pKa’s of DMMTAY and DMDTAY and accordingly manipulating
the chemical environment, separation of these thioarsenicals was achieved as they traveled
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 AuNF based the coffee
ring effect combined with SERS demonstrated a decent potential for the separation of

arsenic species.

Thirdly, a unified theoretical approach based on the combination of oxoarsenicals
and thioarsenicals speciation by the CRE-SERS has been developed for the analysis of
small molecules. Three arsenic containing species, DMAY, DMMTAY and DMDTAY were

chosen as standards for the theory development. Three major factors affect the formation
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of the CRE deposit: the radial outward flow, the analyte-AuNF interactions and the
reversed Marangoni flow, which is relatively weak in the aqueous solutions and, therefore,
was neglected. | provided the mathematical description of the radial outward flow,
followed by the introduction of the mass transfer equations for the arsenicals partition from
the bulk to the nanofilm surface. The radial flow velocity was calculated through the CRE
theory and the attraction forces between the AuNF and arsenicals were obtained from
XDLVO. | then modified the van Deemter equation by introducing the radial flow as the
mobile phase and the adsorption constants as mass transfer parameters to describe the CRE-
driven nanochromatographic separation. | manipulated pH and the velocity of the radial
flow to find optimal conditions for the separation of DMAY, DMMTAY, and DMDTAY.
The theoretical model enables a prediction of the travelled distances of small molecules
during the formation of the CRE deposit through the different affinity of analytes to the
AuUNF. In case of the Raman peak overlap, selectively adjusting the pH allows tuning the

Raman shift as the way to identify different species.

Fourthly, the developed theoretical approach and CRE-SERS method for small
molecules was extrapolated for the separation of arsenic containing peptides: a novel
arsenic-based anticancer Darinaparsin (DMA"GSH, DAR) and its major breakdown
product, dimethylarsino-cysteine (DMA""'Cys, DMAC). DAR was found to be effective
against acute promyelocytic leukemia (APL) and exhibited less toxicity comparing to
commonly used arsenic trioxide (ATO), and DMA!"'Cys was proposed to enter the cells
and cause the therapeutic effect. Two major factors that affect the formation of the CRE

deposit were the radial outward flow and analyte-AuNF interactions. In the final CRE
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deposit DAR was detected in the center and the middle regions, whereas DMAC traveled
longer distances across the CRE stain and was in the middle and the edge regions. Despite
the overlap of DAR and DMAC’s Raman spectra, we were able to identify each compound
due to their unique SERS fingerprint. Overall, the developed method was able not only to
separate and identify the S-conjugated arsenicals, but at the same time to preserve the DAR
and DMAC’s As'" oxidations state and the fragile As — S moiety, thus providing an

alternative speciation method for unstable thioarsenicals.

Fifthly, while the SERS sensitivity mostly rely on the plasmonic nanomaterials
electromagnetic enhancements, chemical enhancement mechanisms that are more sensitive
to molecular adsorption and intermolecular interactions were less exploited for the
molecular detection. Raman shift variations are the key parameters for the evaluation of
the molecular adsorption onto nanomaterial surface. Here | present the unified approach
combining the Raman shift of the adsorbed molecules and the classification of their
interactions with gold nanofilm (AuNF). I have employed three common arsenic species:
DMAY, DMMTAY and DMDTAY as a model for the theory development. By theoretically
calculated interactions energies of species with Au cluster, we extrapolated this to the
predictions of the the Raman shift variations with pH of the unknown arsenic species.
Moreover, we have classified the interactions of the various molecules with the citrate
coated gold nanoparticles. As pH increases, and overcomes pKa, charge transfer becomes
more favorable leading to the stronger interactions of molecules with AuNF surface.

Besides that, we defined the interactions of molecules with AuNF surface, classifying the
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covalent and electrostatic interactions, providing the model for the prediction of the

interactions based on the molecular charge and the Raman shift.

7.2 Significance of this study

In the first part of this work, a novel arsenic speciation method using the CRE was
developed. The CRE stain was formed by depositing 2 pL solution down onto the AgNF
and the strong radial outward flow moved away everything in the droplet to the edge region.
It was shown that the following two requirements would influence for CRE separation.
Firstly, the liquid in the droplet should be able to travel into outer region of the drying
droplet. Secondly, the arsenicals — AgNF surface interactions would govern the final CRE
depositions. The introduction of surfactants was aimed to minimize the surface tension, so
the droplet solution would be able to migrate into outer region by thanks to the reduction
of surface tension and strong radial outward flow. Depositing the nanoparticles onto the
glass surface would enhance the interaction between arsenicals and AgNF. The
introduction of surfactants would be considered as a novel method, which decreases the
surface tension enabling the liquid to travel into the peripheral region, due to the closely
packed Ag nanoparticles on the AgNF. This radial outward flow moved away solutes in
the sessile droplet, induced by the capillary action and decreased surface tension,
oxoarsenicals were separated thanks to different affinity to the AgNF surface. This work
ensures a unique and novel approach for the arsenic speciation by SERS, especially for a

small volume of biological and environmental samples.
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Secondly, the CRE-SERS was applied for the speciation of unstable thioarsenicals:
dimethylmonothioarsinic acid (DMMTAY) and dimethyldithioarsinic acid (DMDTAY)
onto AuNF surface providing an alternative method for the speciation of easily degradable
compounds. This CRE substrate was employed not only as a SERS substrate, but also as a
platform for the separation of thioarsenicals. Through calculating the pKa’s of DMMTAY
and DMDTAY and adjusting pH of buffer solution, the migration distances of analytes
across the AuNF surface were controlled and the species of interest were guided to the
specific locations in the CRE stain. 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 AuNF based the coffee ring effect combined

with SERS demonstrated a decent potential for the separation of unstable arsenic species.

Thirdly, | developed a theoretical framework for the CRE-driven
nanochromatography on AuNF in SERS analysis of small molecules, taking arsenicals as
an example. To do so, | adapted the classic chromatographic theory to derive a modified
van Deemter equation for the CRE-driven separation by combining the CRE theory for the
radial flow and the XDLVO theory for mass transfer between solution and AuNF surface.
To my best knowledge, this is the first theoretical description for CRE-driven separation,
which | believe is a major breakthrough in the field of CRE-driven nanochromatography.
The applications of CRE on nanofilm and nanoparticle surface, in particular coupled to
SERS, have been increasingly expanded from particles and macromolecules to small
molecules. This new type of CRE-driven separation technique appears to be promising as

a powerful nanochromatography for analysis of a broad range of compounds. Despite the
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theory behind the formation of CRE itself from a single drop evaporation onto the dry
surface is well established, theoretical approaches for CRE-driven separation, especially
the analyte-nanofilm surface interactions involving small molecules, have been lacking.
By developing and using this theoretical model, | was able to predict the travel distances
of arsenicals based on their different affinity to the AUNF and to manipulate pH and the
radial flow velocity to achieve optimal separations. The successful adaptation of classic
chromatographic theory to CRE-driven nanochromatography provides the ability of
predicting the travel distances of small molecules during the CRE formation and guiding
molecules to certain specific locations of the CRE stain through manipulating conditions

(e.g., pH), which is essential for expanding the CRE applications to unknown analytes.

Fourthly, the CRE-SERS previously developed theoretical approach for the small
molecule’s speciation was extrapolated for the separation of arsenic containing peptides: a
novel arsenic-based anticancer Darinaparsin (DMA!"'GSH, DAR) and its major breakdown
product, dimethylarsino-cysteine (DMA""'Cys, DMAC). DAR was found to be effective
against acute promyelocytic leukemia (APL) and exhibited less toxicity comparing to
commonly used arsenic trioxide (ATO). The significance of the work lies in the following:
the CRE-SERS method was able not only to separate, but also and identify the S-
conjugated peptides resulting in the successful application of chromatographical
framework for the speciation unstable S-conjugated peptides. In addition, the CRE-SERS
enabled the preservation of the native forms of DAR and DMAC’s molecules

demonstrating the detection of the As'"' oxidations states onto the AuNF surface and the
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identification of the fragile As — S moiety, thus providing an key insights into the active

binding domain of the APL targeting drugs.

Fifthly, the citrate coated gold nanoparticles are the mostly employed nanomaterial
for the development of the nano-based sensors. Raman shift appears to be the key
parameter for the evaluation of the molecular adsorption onto nanomaterial surface. In this
work | have developed the unified theoretical approach utilizing the pH dependent Raman
shift variations of the adsorbed molecules onto the AuNF surface. It is crucial to classify
the interactions of the various molecules with the citrate coated gold nanoparticles by this
experimental framework instead of utilizing the time-consuming quantum chemistry
approaches. Besides that, we provided the model for the prediction of the interactions

energeias based on the molecular charge and the Raman shift variations.

7.2.1. Limitations of the CRE-SERS

Firstly, the major limitation of the CRE-SERS method lies in the inherently poor
reproducibility of the SERS spectra. The great care must be taken during the nanofilms
fabrication as nanoparticles distribution onto a nanofilm surface plays a crucial role in the
overall reproducibility of SERS spectra. It is vital to apply the robust chemical vapor
deposition techniques or similar approaches that produce high quality substrates for SERS
diagnostics due to the controlled nanoparticles deposition leading to the homogeneous
distribution of hot spots across the nanofilm surface, and thus increasing reproducibility of
a SERS output signal. In addition, the homogeneous nanoparticles distribution will

improve the separation capacity of nanofilms through a decrease of the Eddy diffusion
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coefficient (van Deemter equation) resulting in the increase in the overall method

resolution capacity.

Secondly, the mobile phase for CRE-SERS separations should not contain organic
solvent but 100% water solution because the introduction of the organic phase would
decrease the surface tension of the lying droplet leading to the reversed Marangoni flow,
which might worsen the separation of analytes. Besides, the effect of the Marangoni flow
must be described and properly validated in the modified van Deemter equation, which
would make it even more difficult to control and predict the final travelled distances of the
individual analytes. Thus, the implementation of the gradient elution should be avoided

during the preparation of the mobile phase.

Thirdly, the CRE regions are subject to discussion and the unified metric must be
developed to verify the borders of each region of the CRE. In addition, the center, middle
and edge regions must be validated by the complementary techniques like SIMS or LA-

ICP-MS following the identification of the confidence intervals for each region.

7.3 Future research directions

Firstly, the oxoarsenicals speciation using the CRE could be expanded the
application to other arsenic species, especially for the halo coffee ring effect. For now,
some additional investigations about the halo CRE mechanism might be applied for the
comprehensive understanding of the CRE phenomenon and further bioanalytical
applications. For example, the influence of the AgNF surface charges upon the travelled

distances of the species across the edge and outer regions of the CRE needs to be studied.
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Also, it should be promising to investigate the influence of the surfactants onto the

uniformity of the CRE stain in the assigned regions.

Secondly, the arsenic speciation using the CRE could be expanded to the speciation
of the arsenic bonded proteins by the SERS approaches. As peptides speciation was
successfully carried out by tuning the solvent evaporation speed and pH environment, the
potential application of the developed method for the speciation of macromolecules
appears promising, especially giving the clear control of the travelled distances of the target

analytes.

Thirdly, the halo coffee ring has a significant potential for the application in the
separation science and the van Deemter equation for the CRE might be further modified to
adapt the influence of the Marangoni flow that is generated by the addition of surfactants.
That will shed light onto the further separation optimizations when the extension of the

standard CRE is needed.

Fourthly, the CRE promotes the partial separation of the complex mixture of the
biological species that is especially useful for metabolomics bioanalytical sensing. Indeed,
the cell lysates can be directly analyzed using the CRE substrate following the
nondestructive MALDI sensing to analyze the fragile compounds onto the nanofilm surface
without the sample preparation and protein purification. Overall, the CRE-driven direct
sensing detection processes play a crucial role in the acceleration of the analytical sensing

and preservation of the fragile biological compounds.

163



Fifthly, the ultimate objective of the presented study was to finally apply the
developed CRE-SERS method for the direct sensing of small molecules in the complex
biological matrices. We know that we can apply the CRE-SERS for the peptide’s
separation (Chapter 6), and even though some overlap of the DAR and DMAC SERS
spectra was present in the middle region, | was able to identify each arsenical by SERS
thanks to their unique vibrational fingerprints (Figure 22). To further extrapolate the
developed method for the speciation of the arsenic conjugated proteins, | have applied the
CRE-SERS method for the arsenical speciation in sheep red blood cell lysates aiming to
identify DMAY in the biological macromolecules. In short, the sheep cell lines were
cultured at a concentration of 2x107 cells/ml, centrifuged at 3000 rpm for 10 minutes,
washed with PBS twice, spun down again, and then stored at —30°C for future usage. Once
the cell lysates were prepared by the sonication (15 min), 20 ul of the cell lysates were
mixed with 5 pl of 1000 ppm individual DMAY standard solution and then 400 pl of PBS
buffer were added (pH=7). After the deposition of the freshly prepared mixture of cell
lysates and DMAY onto the AuNF and solvent evaporation, | have scanned the nanofilm
surface from the center to the edge and obtained the SERS output signal. Along with that |
employed the pure (1000 ppm) DMAY PBS buffer solution (pH = 7) as a control metric
standard and tracked DMA"’s SERS signal on the same AuNF. The traveled distance of
the DMAY was not significantly different from the reported previously at pH= 7 (Table 4).
In the resulting CRE deposit, | have found that DMAYV traveled a shorter distance and was
detected in the center and middle regions while the cell lysates were driven down to the
edge and situated mainly at the edge region. The DMAY SERS signal was detected despite

the formation of a protein’s corona onto the AuNF surface that commonly hindered the
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nanofilm electromagnetic enhancements due to the “deactivation” of AuNPs hot spots (data

not shown).

To validate the CRE-SERS method, | have opted for TOF-SIMS, which allows
tracking the mass spectrometry signal onto a flat surface enabling the sensing across the
CRE regions. The CRE-TOF-SIMS of DMAY (137 - 1) obtained in the negative selection
mode demonstrated the same distribution pattern of DMAY across the dried CRE deposit
as CRE-SERS. Overall, I have successfully identified the DMAY in the cell lysates thanks
to its distinct traveled distance proving that the identification of the arsenic species in a
complex biological sample is possible, however, the CRE ring stains for the detection of

small molecules require further validation and systematization.
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