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ABSTRACT OF THE DISSERTATION
IN SITU ARSENIC SPECIATION USING SURFACE-ENHANCED RAMAN
SPECTROSCOPY
by
Mingwei Yang
Florida International University, 2017
Miami, Florida
Professor Yong Cai, Major Professor
Arsenic (As) undergoes extensive metabolism in biological systems involving numerous
metabolites with varying toxicities. It is important to obtain reliable information on
arsenic speciation for understanding toxicity and relevant modes of action. Currently,
popular arsenic speciation techniques, such as chromatographic/electrophoretic
separation following extraction of biological samples, may induce the alternation of
arsenic species during sample preparation. The present study was aimed to develop novel
arsenic speciation methods for biological matrices using surface-enhanced Raman
spectroscopy (SERS), which, as a rapid and non-destructive photon scattering technique.
The use of silver nanoparticles with different surface coating molecules as SERS
substrates permits the measurement of four common arsenicals, including arsenite (As'),
arsenate (As'), monomethylarsonic acid (MMA") and dimethylarsinic acid (DMA).
This speciation was successfully carried out using positively charged nanoparticles, and
simultaneous detection of arsenicals was achieved. Secondly, arsenic speciation using
coffee ring effect-based separation and SERS detection was explored on a silver nanofilm

(AgNF), which was prepared by close packing of silver nanoparticles (AgNPs) on a glass



substrate surface. Although arsenic separation using the conventional coffee ring effect is
difficult because of the limited migration distance, a halo coffee ring was successfully
developed through addition of surfactants, and was shown to be capable of arsenicals
separation. The surfactants introduced in the sample solution reduce the surface tension
of the droplet and generate strong capillary action. Consequently, solvent in the droplet
migrated into the peripheral regions and the solvated arsenicals to migrated varying
distances due to their differential affinity to AgNF, resulting in a separation of arsenicals
in the peripheral region of the coffee ring. Finaly, a method combining experimental
Raman spectra measurements and theoretical Raman spectra simulations was developed
and employed to obtain Raman spectra of important and emerging arsenic metabolites.
These arsenicals include monomethylarsonous acid (MMA™), dimethylarsinous acid
(DMA™),  dimethylmonothioarinic acid (DMMTAY), dimethyldithioarsinic acid
(DMDTAY), S-(Dimethylarsenic) cysteine (DMA"Cys) and dimethylarsinous
glutathione (DMA"'GS). The fingerprint vibrational frequencies obtained here for various
arsenicals, some of which have not reported previously, provide valuable information for

future SERS detection of arsenicals.
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Chapter 1

Introduction, Problem Statement, Objectives and Hypotheses



1.1 Relationship between arsenic and human health
1.1.1  Arsenic source and distribution

Arsenic can be introduced into the environment through both natural and
anthropogenic sources. Arsenic is the 20™ most abundant element in crustal rock, with an
average concentration of 2—3 mg/kg. Inorganic arsenic compounds are the major

"™ “and arsenate (As"). Arsenic-

naturally existing arsenicals, including arsenite (As
containing minerals were widely found in the rocks presenting as orpiment (As,S3),
realgar (AsS), arsenopyrite (FeAsS), arsenolite (As;Os), olivenite (Cu,OHAsO,),
cobaltite (CoAsS) and proustite (Ag3zAsSs) [1, 2]. Two significant natural environmental
processes, including weathering ractions and volcanic emmissions, are responsible for the
universal introduction and distribution of arsenicals into ecosystem cycling (e.g.,
groundwater, sediment, soil etc [3, 4]). Globally, naturally existing arsenicals do not pose
substantial health hazard and risk towards human beings, because of the generally low
arsenic concentration in the environment. However, in some particular areas of world,
geological arsenic sources have caused severe public health issues. In Bangladesh and
West Bengal, alluvial Ganges aquifers used for public water supply are polluted with
naturally occurring arsenic. This has endangered the health of millions of people; arsenic
concentrations up to 1000 pg/l have been detected [5]. In Taiwan a condition known as
blackfoot disease is common due to well drinking water contamined by arsenic. In the
southwest regions of this island, high arsenic concentrations have been found in

groundwater originating from deep artesian wells in sediments which include fine sands,

muds and black shale [4].



Human activities introduce an extreme amount of arsenic into the ecosystem in
modern society. Mining [6, 7], application of pesticides and herbicides in agriculture [8,
9], burning of fossil fuels [10], and the poultry industry [11] contribute major arsenic
contamination to air, water and soil. Arsenic is released into the environment primarily
via mining, smelting and ore beneficiation processes, since arsenic is a natural component
of lead, zinc, copper and gold-bearing ores [12]. Coal burning usually does not pose any
health risks towards human beings, because the arsenic content in coals is less than 5 mg
kg' [13]. However certain sources of coal contain an extremely high concentration of
arsenic (up to 9600 mg kg™). This material can cause serious arsenic pollution issues if
used improperly. For example, when power plants have to use coal containing a high
concentration of arsenic in the developing countries, polluted water and air are common
[14]. Arsenic-containing pesticides were been widely used by American farmers before
1900, including lead arsenate, calcium arsenate. During this time there was no regulation
for the usage of arsenic pesticides, and they were applied widely in the U.S. agriculture.
White arsenic was extensively used for agricultural purposes in the US with 10,800 tons
of arsenic-containing insecticides consumed in 1995 [15]. During the early 2000s,
organic arsenicals were being added to animal feeds [16]. Recently the US FDA
rescinded approval for three arsenic drugs, which have been used as food additives for
chickens, turkeys and pigs to prevent disease, increase feed efficiency and promote
growth [17]. The use of arsenic in the preservation of timber has also led to
contamination of the environment. Chromated copper arsenate (CCA) is a wood
preservative that protects wood products from the decaying effects of fungi and insects

[18]. Large quantities of these timbers have been used in outdoor playground facilities.



With a long-term exposure to outdoor weathering conditions, arsenic compounds present
in the wood will leach out [19], and has great potential hazard towards human, especially
children who play in the playground because young children have a high frequency of
hand-to-mouth behavior which is a major pathway for arsenic ingestion [18].

1.1.2  Arsenic human exposure pathways

Drinking water is a significant source for human exposure to arsenic in many
areas in the world, because drinking water is consumed on a daily base. There are about
30 million of people in Bangladesh, 6 million in West Bengal, India and over 1 million in
Vietnam suffering from the poisoning due to arsenic contaminated groundwater [20]. The
majority of arsenic species found in groundwater are mainly inorganic arsenic forms,
including arsenite (As™) and arsenate (As") [21, 22].

Arsenic exposure from food sources has attracted much attention in the past
decade. Since humans are at the top of the food chain, human exposure to arsenic
depends on the surrounding environment. Many food contamination events may be
attributed to the arsenic, including, surface water and soil contaminated by arsenic, using
arsenic polluted water to irrigate crops, organic arsenicals used in food additives in
poultry industry, seafood dietary preference, etc. Major sources of arsenic contaminated
food include rice and rice related food products [23, 24] and seafood [25, 26]. Because of
daily consumption, these food products can pose a chronic health hazard to the human
body. Usually, rice grain contamination by arsenic occurs in areas close to mining fields
[27] or due to irrigation with contaminated underground water [28]. Contaminated

seafood often results from the food chain bioaccumulation [25, 29].



Inhalation of arsenic contaminated soil, dust and air can be a major pathway for
arsenic exposure for some groups in the population. Workers in the mining industry,
smelting industry and silicon factory tend to inhale a large quantity of inorganic arsenic
during their long-term working history [30-33]. Depending on the workplace, the blood
arsenic speciation and concentration varies. Workers in the glass industry and arsenic
manufacturing tend to have the highest concentration of arsenic in their blood [32].

Arsenic occupational exposure in copper factories has been reported to have a
positive relationship with the lung cancer cases. Furthermore, it was also revealed that
smoking has a significant contribution to arsenic exposure [34]. Burning coal with a high
concentration of arsenic could cause the exposure through coal fly ash [35]. Arsenicals
have been used as medication/poison for a very long time. For example, arsenic trioxide
obtained from smelting copper was used as a drug and as a poison as early as 2000 BC;
Fowler’s solution (1% potassium arsenite, KAsO;) was used as a tonic for anaemia and
rheumatism in the 1800s [36] and arsenic trioxide was used to treat granulocytic
leukemia in China [37].

1.1.3  Arsenic uptake in human body

Arsenicals are introduced into the human body via ingestion and inhalation, with
subsequent uptake by the gastrointestinal tract and lung. Once adsorbed by human
gastrointestinal tract and lung, it is eventually metabolized in certain human cells, such as
liver cells [38, 39]. The uptake of toxic inorganic arsenicals, such as arsenite and arsenate,
is well studied. These two arsenicals have significant difference in protonation ability in
the cellular matrix. Therefore, they have different mechanisms of transportation into cells.

Arsenite has a very high pKa value and thus it is usually neutralized in the cellular matrix,



on the other hand, arsenate has a very low pKa value and it is negatively-charged in the
cellular matrix. It is believed that arsenite transfers into cells via diffusion [38, 40],
because there is a linear relationship between arsenite cellular level and the arsenite
concentration in the extracellular matrix, This relationship was not affected by a
membrane sulthydryl modifiers or energy poisons [38, 40]. The energy poisons stops
cellular energy supply and disrupts carrier-mediated uptake systems. The arsenate uptake
is inhibited by high concentration of phosphate in the cells, which indicates that the
uptake of arsenate is assisted by a phosphate carrier protein [40].
1.1.4 Arsenic induced diseases/cancers

Arsenic has been recognized as a group 1 carcinogen to humans by the
International Agency for Research on Cancer. The adverse health effects of arsenic
strongly depend on dose, duration of exposure, and the nutrition status of the exposed
population. Generally, human exposure to arsenic can be categorized into two processes,
chronic exposure and acute/lethal exposure. Taking drinking water as an example, in
long-term chronic arsenic exposure, the arsenic concentration range may range from
136~1000 pg/l, which is significantly higher than the minimum recommended
concentration of 10 ppb proposed by the US Environmental Protection Agency. A lethal
dose for human beings was estimated to be 1 mg/kg/day [41], and it is less than 100 mg
for a adulate weigh less than 200 1b. While another study claimed the acute poisoning
ranges from 100 mg to 300 mg [42]. Exposures to arsenic at a low dose over a long term
can cause multisystem diseases, including cancer. Because of the high affinity between
arsenic and keratin, arsenic accumulates in scleroproteins such as the hair and nails [43].

The study of arsenic speciation in hair/nails has been employed as an effective biomarker



of arsenic intake in exposed populations [44, 45]. The initial symptom of arsenic
poisoning is hyperpigmentation palmar and solar keratosis, induced by the deposition of
arsenic on the skin [42]. With arsenic exposure over a long term, the human body can
suffer from a number of diseases, including respiratory/pulmonary system diseases,
cardiovascular failure, the hematological problems including anemia, leucopenia, and
thrombocytopenia, and hepatic system damage, causing cancer [46]. It is well known that
chronic arsenic exposure of highs concentration in drinking water has been associated
with a series of cardiovascular diseases, including hypertension, ischaemic heart disease
and carotidatherosclerosis. Epidemiological studies also have shown that chronic arsenic
exposure is associated with increased morbidity and mortality from cardiovascular
disease [47, 48]. The occurrence of diabetes mellitus was also found to be associated with
the inorganic arsenic exposure. For example, a survey of 163 subjects having keratosis
revealed that diabetes was prevalent among those subjects in western Bangladesh [49]. In
United States, urine arsenic determination in a cross-sectional study of 788 adults
indicated that type 2 diabetes has a positive correlation with the total urinal arsenic
concentration. In this study it was found that chronic, low to moderate concentrations of
arsenic may cause type 2 diabetes [50]. Acute arsenic exposure can cause early symptoms
such as abdominal pain, dysphagia, nausea, vomiting, diarrhea, headache, restlessness to
patients. As the poisoning progresses, patients may develop gastrointestinal irritation and
bleeding, which can lead to massive fluid and electrolyte losses potentially causing the
the death of patients [51, 52]. For the treatment of acute arsenic poisoning, dimercaprol

has been used used to chelate arsenic in the body fluids [51, 52].



1.2 Cellular stress from arsenic metabolism in human
1.2.1 Cellular redox system

Cells are the fundamental units of human beings; the health status of cells is
directly related to human health. A human cell consists of many organelles, including the
nucleus, Golgi body, ribosomes, mitochondria, and cytoplasm. These are enclosed by a
cellular membrane. The mitochondria plays a imperative role in cells, involving the
oxidation of glucose from the cytoplasm to produce adenosine triphosphate (ATP), which
is the carrier of energy for most cellular metabolism. During the mitochondrial
oxidization of organic compounds, a superoxide anion is generated by electron leakage
[53], which induces the generation of other reactive oxygen species (ROS), including
hydroxyl, peroxyl and alkoxyl radicals. Reactive oxygen species play important roles in
the regulation of cell survival [53]. In healthy cells, the redox balance is controlled
through generation and elimination of ROS/RNS in the physiologic environment. Usually,
the generation of ROS happens within the mitochondria in cells [54], and cells have an
antioxidant defense system to eliminate ROS stress. This includes the following
enzymatic scavengers such s superoxide dismutase (SOD), catalase, and glutathione
peroxidase [55]. Glutathione is the substrate of glutathione peroxidase which is active
during the elimination of ROS. The concentration of glutathione in the cellular
environment is usually maintained at millimolar concentration levels [56]. Thus it is

obvious that glutathione is critical for the proper concentration of ROS maintenance.



1.2.2  Arsenic inhibits glycolytic energy metabolism

The human body requires energy to meet its metabolic requirements, and glucose
is one of the major energy supplies for human beings. In human cells, the glycolytic
reaction breaks down glucose step by step and energy is generated during these processes
as ATP is formed in the cells. A glucose molecule chelates with a phosphate molecule at
the beginning reaction of the glucose oxidization in the cells. Owing to the structural
similarity between arsenate and phosphate, the presence of arsenate will greatly affect the
cellular glycolytic reaction by substituting phosphate in the oxidation of glucose
molecules [57]. Free phosphate ions are constantly required during glycolysis for the
generation of ATP; arsenic disturbs this biological reaction by complexation with ADP
into ADP-As, the reactant of the ATP. However, ADP-As is easier to hydrolyze when
compared to ATP, a disturbance occurs in cellular processes.
1.2.3  Arsenic deplete cellular glutathione

Inorganic arsenic has a very high affinity towards thiol-containing small
molecules in the cytoplasm, including glutathione, cysteine, and proteins. Once arsenic
enters the human bloodstream and is delivered to cells, it binds to thoil-containing
proteins, especially enzymes, and will depress enzymatic activities leading to cell
malfunction.It can form chelating complexes with glutathione and cysteine, which are the
antioxidants in the cellular plasma, thus imposing oxidative stress on targeted cells.
Under chronic arsenic exposure, the cellular glutathione will be depleted and thus cause
oxidative damage to various cell components. Studies of patients suffering from chronic

arsenic exposure indicate that long-term exposure causes significant oxidative stress on



cells, including protein oxidation, cellular membrane damage, and an increase in lipid
peroxides in blood serum [58, 59].
1.2.4 Arsenic suppress cellular enzymatic activities

The normal functioning of cells depends on enzymatic activities in the cellular
plasma. Enzymes play a critical role in cells, being the catalysts that increase the rate of
all biochemical reactions within cells [60]. Arsenic toxicity is believed to be related to the
binding of arsenite to enzyme thiols, because of its high affinity towards these
compounds. Consequentially, inorganic arsenic can induce enzymes malfunction once it
enters the cell. Pyruvate dehydrogenase (PDH), a mitochondrial multi enzyme complex
containing many sulfhydryl groups, catalyzes the oxidative decarboxylation of the end
product of glycolysis. It has been demonstrated that the presence of arsenic trioxide can
cause the inactivation of PDH, due to the generation of ROS [61]. Inorganic arsenic also
inhibits deoxyribonucleic acid (DNA) repair process, however, a detailed mechanism is
not yet available [62].

Arsenic metabolism causes DNA damage and disturbs DNA repair. Certain types
of damage to DNA result in structural changes that create issues when the DNA is
replicated [63]. Damage to DNA frequently happens in cells and can occur due to ROS
generation during cellular metabolism. In order to maintain accurate genetic information,
cells have enzymatic mechanisms to repair broken DNA sequences, involving a
collection of processes by which DNA damages are identified and later corrected. As
mentioned in the previous section, arsenic metabolism will escalate the ROS
concentration in the cellular environment and can worsen DNA damage [64-66]. As a

consequence of the high affinity of arsenic towards thiol-containing biomolecules,
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arsenic can inhibit enzymes during DNA repair, such as the bacterial Fpg protein and the
mammalian XPA protein [67]. In addition direct damage can occur through DNA nicking
by MMA™ and DMA™ [68-70].
1.3 Current analytical techniques for arsenic speciation
1.3.1 Chromatography-based methods

Arsenic speciation in biological matrices has been routinely conducted using
techniques coupling chromatography/electrophoresis separations and sensitive detectors.
The separation methods that have been explored in arsenic speciation include high
performance liquid chromatography (HPLC) [71-74], capillary electrophoresis (CE) [75-
77], and ion chromatography (IC) [78, 79]. Among these separation techniques, HPLC is
the most popular technique used in the arsenic speciation because of its ability to perform
separations in a wide range of research areas, using various sample matrixes. Depending
on the need to emphasize analytical sensitivity or structure determination of the arsenic
species, one could select different detection methods, such as inductively coupled plasma
mass spectrometer (ICP-MS) [80], electrospray mass spectrometry (ESI-MS) [72], or
time-of-flight mass spectrometry (TOF-MS) [81]. Sample preparation in all these
speciation methods involves the release of arsenicals from the biological matrix, followed
by clean-up of the sample matrix. Extraction using an organic solvent or strong acid/base
has the potential to change the integrity of many arsenic species. For instance, MMA™ or
DMA™ two important arsenic metabolites, are unstable and readily oxidized during
extraction [5]. Arsenate could be reduced to arsenite and form As(GS); in the cellular
environment because of the presence of high concentrations of glutathione [56]. The

As(GS); complex is not stable in the mice bile and it is only stable in the presence of 5
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mM of glutathione. It is understandable that As(GS); could be decomposed and oxidized
during the solvent extraction procedure. Additionally, recently observed thiolated
arsenicals, such as dimethylmonothioarsinic acid (DMMTA "), dimethyldithioarsinic acid
(DMDTAY) and trivalent arsenicals conjugate with thiol-containing molecules in
biological samples, and are sensitive to acidic/basic chemical environment and
temperature changes [82]. It has become clear that problems in sample preparation can
cause misleading results, consequently hindering the arsenic speciation studies in
biological matrices. Therefore, it is necessary to develop an arsenic speciation method in
biological matrices that can remain as much as possible the integrity of arsenic species or
to eliminate extraction steps during the sample preparation and analysis completely.
Beside potential degradation of the sample in chromatographic studies, identical retention
during chromatographic separation could also undermine our understanding of arsenic
metabolism. For example, recently dimethylarsinothioic acid was mistakenly determined
in wool extract as DMA™ [83], which brought lots of research attention towards thiol-
containing arsenicals and some sulfur-involved metabolic pathways were proposed[84,
85]. The case of wrong / inconclusive results owing to overlapped HPLC retention times
has not only happened in arsenic speciation, but also has occurred in certain protein
identification studies [86, 87].
1.3.2 X-ray absorption spectroscopy related methods

The technique of X-ray absorption spectroscopy (XAS) has also been employed
in arsenic speciation, including X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS). The XANES method involves the

near edge absorption structure which is the K-absorption edge (K-edge), which is defined
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as the energy required to remove an electron in the innermost orbit and eject it into the
continuum [88], while EXAFS deals with a relatively higher range of energy absorption.
Both near edge structure and fine structure are determined by the following factors,
interatomic distances, chemical valence, local coordination environmental, coordination
number, and oxidation state [89-93]. Both techniques were employed for arsenic
speciation in environmental samples, including arsenic species in samples collected from
mining field [94] and arsenic in plants (e.g., rice samples) [95, 96]. Application of these
techniques has also been used for arsenic speciation in in-sifu environments [97, 98].
Bacquart et al. [98] employed a micro-XANES to study the arsenic speciation inside of
frozen hydrated cells. The successful application of these methods for arsenic speciation
in many environmental and biological samples provides opportunities that the
chromatography-based techniques cannot offer, because X-ray based methods are non-
destructive to the sample and also simplify sample preparation. However the satisfactory
application of these techniques is highly dependent on the availability of arsenic
standards. As described by Foster et al. [94], data analysis was accomplished using the
EXAFSPAK programs. In this study, the XANES spectra of model compounds and
samples were background subtracted and normalized to the edge jump, and then the
second derivative of each XANES spectrum was then calculated using a 2eV smoothing
interval. Another data processing method employed in XANES involved a linear
combination fitting of the spectra, in which the XANES spectra of the samples were
fitted to these standards to further calculate the relative percentage of each species. In
these studies, the application of XAS was mostly restricted to environmental samples,

and samples in solid form were required during sample measurement. Although the non-
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destructive sample preparation would be promising for its application in arsenic
speciation in a biological matrix, the application in the biological matrix is rarely reported,
which could be the result of a requirement for solid or powder samples. Also, the
availability of the synchrotron radiation X-ray absorption is limited, generating a real
problem for routine analytical needs
1.4  Surface-enhanced Raman spectroscopy for arsenic detection
1.4.1 Surface-enhanced Raman spectroscopy for bioanalytical application

In comparison with other analytical techniques for analysis of biological samples,
SERS is a rapid and non-destructive photon scattering technique, which provides
fingerprint information regarding molecular vibrational energy levels [99]. With a
significant enhancement in the Raman signal via the interaction between the incident
light and the well-designed metallic surface of a substrate, SERS has emerged as a novel
technique for the analysis of a broad range of chemical substances in complex biological
matrices. Compared to infrared spectroscopy, Raman spectroscopy has minimal
interference from water molecules, which exists in most biological samples. Thus this
unique advantage allows Raman spectra to be obtained directly from biological matrices
[100]. Different strategies for SERS studies in biological matrices have been found in the
current literature. Firstly, biofluids, including saliva, urine, tear, blood, blood serum, were
directly placed on SERS-active substrates or mixed with metallic colloidal suspensions
[101-108]. The SERS signals were generated owing to the evaporation of solution
evaporation or the creation of hot spots from the aggregation of nanoparticles caused by
introducing aggregation agents. Overall, SERS signals obtained using this method was

not of high quality, and the possible reason for poor signal response could be the
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following: the SERS-active substrates were not optimized in the size and material and the
aggregation process is difficult to control. Secondly, statistical methods like the
chemometrics was employed for biofluids Raman spectra data analysis. Through
employing principal components analysis (PCA) and linear discriminant analysis (LDA)
in most cases, this methodology was successfully applied for cancer detection and disease
diagnosis with a high percentage of diagnosis accuracy [109-115]. Chemometrics might
not be applicable in arsenical’s speciation study due to a limited number of diagnostic
Raman vibrational bands. Thirdly, SERS metallic substrates of well-organized surface
morphology were employed for biomolecules measurement, such as nanofilm fabricated
by a self-assembled membrane, closely packed nanorods [116-119]. The well-organized
substrate surface ensured strong SERS signals upon the sample introduction. Fourthly,
the methodology of immunoassay, taking advantage of the binding reaction between
antigens and antibodies, was carried out by using SERS tags and surface modification of
antibodies [120-123]. Usually, magnetic materials were capsulated into nanoparticles for
further magnetic separation nanoparticles from matrices as soon as the equilibrium is
established between the interactions between nanoparticles with biological matrices using
this method. Furthermore, derivatization of targeted molecules was employed when the
molecule’s Raman activity was poor. Taking the glucose determination for example [124,
125], boric acid was employed in order to capture glucose in the sample matrix. Very few
molecules have a universal binding reaction or specific derivatization reaction with

arsenicals, thus the application of SERS tags and derivatization methods may be limited.
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1.4.2 Surface-enhanced Raman spectroscopy for arsenic detection

The very first application of SERS in arsenic analysis can be dated back to 1988,
when Greaves and Griffith obtained arsenate SERS signal response around 780 cm™ by
directly mixing arsenate with silver nanoparticles [126]. In the past several decades,
many studies have been carried out for the applications of SERS in arsenic analysis and
speciation with an emphasis on improvement of the substrates for strong SERS signal
production. Metallic colloidal suspensions [127-130] and metallic nanofilms [131-138]
are two common substrates for SERS measurement while some indirect SERS methods
employing nanoparticles for arsenite analysis [127, 129, 130] has also been reported.
Upon the introduction of arsenite into modified nanoparticle solutions, these aptamers
could release from the nanoparticles and bind with arsenite. The release of aptamers on
the nanoparticles causes a significant drop in the surface charge and thus the
nanoparticles aggregate and Raman report molecules’ signals are greatly enhanced. As a
consequence of its simplicity, metallic colloidal suspensions as SERS substrates are most
widely used. Modification in the shape of the nanoparticles has often been performed in
order to enhance the SERS signal, structures such as nanostar, nanorods, etc have been
used [139-141]. Metallic nanofilm is the other popular SERS substrate for arsenic
speciation, and it is easy to obtain arsenic SERS signals from nanofilms because of
evaporation of droplets or diffusion of arsenicals on the nanofilm. Currently, different
strategies are employed for nanofilm fabrication to study arsenic species, such as the
modified mirror reaction for silver nanofilm deposition [137, 138, 142], coffee-ring
evaporation [131], through the Langmuir-Blodgett assembly [132], electrothermal

deposition [134, 135]. Overall the surface morphology of the nanofilm is critical for the
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sensitivity and reproducibility of arsenic analysis. Until now, SERS application for
arsenic analysis has been mainly limited to inorganic arsenic species, such as As'" or As’
and environmental samples, such as well water or underground water. Comparing to
inorganic arsenic compounds, analysis of organic arsenicals using SERS was much less
reported [134, 135, 143]. Furthermore, the SERS application of arsenic speciation in
biological matrices has not been explored to the best of our knowledge. Performing SERS
for arsenic speciation in biological media is challenging because the presence of
complicated electrolytes and biomolecules. Previous studies have shown that
nanoparticles aggregate immediately upon mixing with a physiological buffer solution
[144, 145]. The uncontrolled aggregation of nanoparticles can hinder the SERS signal
response in the physiological matrix. Furthermore, nanoparticles can be coated with a
film of biological molecules in some biological matrices, such as proteins in blood and
cellular extracts. This is known as a protein corona and has been studied in drug delivery
systems using nanomaterials [146]. However, coating nanoparticle surfaces with proteins
can reduce the SERS active area on the surface and thus quench the SERS signal.
Therefore, minimal coating of biomolecules on nanoparticles surface with particle
aggregation is necessary for successful SERS applications in cellular matrices.
1.4.3 Current issues in surface-enhanced Raman spectroscopy for arsenic detection

The development of SERS application in arsenic speciation is still in its infancy,
and currently reports are mostly focused on environmental samples [126, 128, 132, 133,
136-138, 142, 147-149]. Studies of arsenic SERS responses in the presence of cellular
matrices or physiologic samples have scarcely been explored. Arsenic speciation studies

in cellular matrices are more important than the determination of total arsenic
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concentration, as these studies will yield the arsenical bioavailability and provide
necessary information for toxicological evaluation. Furthermore, most previous reports
were focused on inorganic arsenicals, such as As" and As". Arsenic metabolism in
cellular environments will convert inorganic arsenicals into various organoarsenicals.
However, Raman spectra of many potential arsenical metabolites were not available in
the literature or never studied, therefore, it is urgent to obtain this firsthand SERS
information prior to arsenic speciation for cellular or physiological samples.

Current arsenic speciation methods may not be capable of depicting correct
arsenical profiles in cellular matrices, since chromatographic-based methods require
sample preparation using strong acids or oxidative reagents, which may cause changes in
the integrity of arsenic species. XAS-based methods may be able to preserve the arsenic
species in the sample, however, the ideal sample state is solid, and cellular samples are
rarely reported in the XAS studies. Here, SERS is proposed for arsenic speciation in the
cellular matrix, because it has the following advantages high sensitivity because of the
great signal enhancement from the interaction of arsenicals with nano size metallic
surface and non-destructive sample preparation.

There are two SERS substrates employed mostly in current reports, metallic
colloidal suspension and metallic nanofilms. Both of these have high potential in the
SERS application of arsenic speciation. My dissertation studies are mostly related to
employment of these two SERS substrates to explore their potential in arsenic speciation.
1.5 Problem Statement

The application of SERS in arsenic speciation is still at the early research stage.

Currently, arsenic speciation using SERS is mainly restricted to inorganic arsenic species,
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such as As™ and As". Two common existing organarsenicals, e.g., monomethylarsonic
acid (MMA") and dimethylarsinic acid (DMA") found in human body were not studied
by SERS. Furthermore, arsenic speciation studies were mostly conducted for
environmental samples, while arsenic speciation in biological or physiological samples
was rarely reported in the literature. It is unknown if SERS is capable of simultaneous

detection of arsenic species in the presence of biological matrices.

Application of SERS in biological matrices holds promise because it is a non-
destructive analytical approach and it could have high sensitivity detection capabilities
because of the great enhancement factor which originates from surface plasmon
resonance (SPR) on the nanosize metal surface. However, to the best of our knowledge,
Raman spectra of some important arsenic metabolites have been rarely recorded and
reported. These important arsenic metabolites are mostly unstable, including the
following, monomethylarsonous acid (MMA™), and dimethylarsinous acid (DMA™),
dimethylmonothioarinic acid (DMMTA"), dimethyldithioarsinic acid (DMDTA"), S-
(Dimethylarsenic) cysteine (DMA"(Cys)) and dimethylarsinous glutathione (DMA"'GS).
It is therefore important to characterize these arsenicals’ Raman spectra or fingerprint
Raman frequencies prior to applying SERS analysis of arsenic speciation under the
influence of biological matrices. The availability of Raman spectra is the prerequisite
requirement for SERS studies and the Raman spectra will be helpful for the assignment
of SERS spectra.

1.6  Hypotheses

The established objectives were guided by the following hypotheses:
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1. Electrostatic interactions between arsenicals and the nanoparticle surface
in the colloidal suspension are critical for an optimal SERS response. To be more specific,
the adsorption of arsenic compounds onto the nanoparticles surface in the aqueous
solution will mostly be controlled by the electrostatic interactions. These adsorptive
effects will determine whether SERS signals are generated or not. Selected arsenicals
have different molecular structures and they should have specific fingerprint signal
responses, which will makes the simultaneous detection possible. Different molecular
surface coatings of these nanoparticles will be used in order to obtain nanoparticles with
variations in surface charge, permitting the impact of surface charge to be monitored.

2. Compared to hot spots generated by the aggregation of gold/silver
nanoparticles in the solution, hot spots on nanofilm is relatively easy to control, since
nanofilms are usually consisted of closely parking nanoparticles on solid surface. The
surface morphology is relatively controllable to obtain an organized surface with
nanoparticles during the fabrication procedure. This closely parking nanofilm should be
able to yield strong SERS signal for arsenic compounds SERS simultaneous detection.

3. Density functional theory (DFT) is capable of predicting molecular
properties, including vibrational profiles. The discrepancy between calculated and
experimental Raman frequencies of a standard molecule will determine whether the DFT
calculation is reliable or not and comparison methods will be adapted from previous work
[162-165]. Different empirical scaling factors will be employed to reduce the difference.
After optimization of this method, the DFT calculation will be employed to generate

theoretical Raman spectra of unknown arsenicals and detect specific vibrational modes of
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arsenicals. Using this data, the experimental Raman spectra of unknown arsenicals can be
identified by a combination of calculated and experimental Raman spectra.
1.7 Objectives

The present work involves a study of the applications of SERS in arsenic
speciation and the identification of Raman spectra of major potential arsenic metabolites.

1. Employing silver nanoparticles as the SERS substrate to explore the
possibility of arsenic speciation.

Silver nanoparticles of different surface charges will be used to study arsenic
speciation under the influence of a cellular matrix. The response of individual arsenic
species will be obtained in nanoparticles of different surface charge first and then arsenic
speciation in the presence of a cellular matrix will be carried out using the same
nanoparticles. To have a better understanding of the differences in SERS signal response,
adsorption of arsenicals on the silver nanoparticles colloidal suspensions and arsenicals in
the cellular matrice will be studied. Size and charge effects of nanoparticles in the
cellular matrice will be monitored to obtain an in-depth understanding of the SERS signal
response.

2. Study of arsenic speciation employing silver nanofilm

Arsenic speciation of four common existing arsenicals will be carried out on the
silver nanofilm (AgNF). Different approaches will be carried out to fabrication nanofilm
with relatively organized surface morphology, including a modified mirror reaction [142]
and a self-assembled metal colloid monolayers method [166]. Individual arsenic
fingerprint signals will be obtained first to see whether these signals are different from

signals in the colloidal suspensions. Furthermore, arsenic speciation uses nanofilm will
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be studied. The mixture will be prepared in different solution with different pH to
modulate the deprotonation states of these arsenicals. If this approach is not able to fulfill
the purpose of the simultaneous detection, the coffee ring effect will be employed.
Arsenic SERS signals from the center to the edge of the dry coffee ring will be measured.

3. Identification of sulfur-containing arsenicals’ Raman spectra

Raman spectra of potential arsenical metabolites will be studied to assign and
identify arsenicals’ fingerprint Raman frequencies. The combination of theoretical
calculation with experimental studies will be carried out in order to determine the
fingerprint Raman vibrations of different arsenicals, including, MMA"™, DMA™,
DMDTA", DMMTA", DMA"'Cys and DMA'"'GS. Most of these arsenicals will be
synthesized in the laboratory and their molecular structures will be identified with a
molecular mass spectrometer. Density functional theory will be employed for theoretical

Raman spectra simulation in order to assign experimental Raman spectra.
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Chapter 2

Potential Application of SERS for Arsenic Speciation in Biological Matrices

Part of this chapter was accepted for publication in the journal of Analytical and
Bioanalytical Chemistry. Adapted with permission from Yang, M., Matulis, S., Boise, L.
H., McGoron, A. J., & Cai, Y. (2017). Potential application of SERS for arsenic
speciation in biological matrices. Analytical and Bioanalytical Chemistry.
doi:10.1007/s00216-017-0434-3. Copyright (2017) Springer and Copyright Clearance

Center.
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2.1 Abstract

Speciation of arsenic is usually carried out using chromatography-based methods
coupled with spectroscopic determination; however, the inevitable procedures involving
sample preparation and separation could potentially alter the integrity of the arsenic
metabolites present in biological samples. Surface-enhanced Raman spectroscopy (SERS)
could be a promising alternative for providing a reliable arsenic analysis under the
influence of a cellular matrix. A method for arsenic speciation using SERS in cellular
matrix was developed in this study and four arsenicals were selected, including arsenite
(As™), arsenate (As'), monomethylarsonic acid (MMA") and dimethylarsinic acid
(DMAY). Silver nanoparticles in the form of colliodal suspension with different surface
charges, i.e. coated with citrate (AgNPs-Citrate) and spermine (AgNPs-Spermine) were
employed as SERS substrates. Adsorption of arsenicals on nanoparticles in colloidal
suspensions and the cellular matrix along with the pH, size and zeta potential of the
colloidal suspensions were investigated for better understanding of SERS signals
response of arsenicals in the colloidal suspensions or under the influence of cellular
matrix. Arsenicals showed substantially different SERS responses in the two colloidal
suspensions, mainly due to the distinct difference in the interaction between the
arsenicals and the nanoparticles. Arsenic speciation in cell lysate could be successfully
carried out in AgNPs-Spermine suspension, while AgNPs-Citrate could not yield
significant SERS signals under the experimental conditions. This study proved that
AgNPs-Spermine colloidal suspension could be a promising SERS substrate for studying
arsenic metabolism in a biological matrix, reducing the bias caused by traditional

techniques that involve sample extraction and pretreatment.
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2.2 Introduction

Millions of people around the world are suffering from arsenic-induced diseases,
including various types of cancers [132, 167-169]. Generally, human beings are exposed
to arsenicals via ingestion and inhalation. The metabolism of arsenicals in the human
body involves a multistep transformation in the arsenic species, including
reduction/oxidation, methylation, and thiolation reactions [170, 171], ending up with
methylated arsenic compounds such as monomethylarsonic acid (MMAY) and
dimethylarsinic acid (DMA") in urine and blood. Methylation of inorganic arsenic is
traditionally considered to be a detoxification process for harmful inorganic arsenicals,
since the toxicity of MMA" or DMA" is much lower than that of inorganic arsenicals [84,
172]. However, this view has been challenged because of the studies on
monomethylarsonous acid (MMA™) and dimethylarsinous acid (DMA™), two recently
found organic arsenicals from urine samples of patients chronically exposed to inorganic
arsenicals in drinking water [173, 174]. MMA™ and DMA™ are possible metabolic
products of arsenic in humans and their toxicity was found to be higher than the inorganic
As"" [175, 176]. The toxicity of arsenic is greatly related to its chemical forms, hence a
full investigation of arsenic speciation in biological samples, such as cell, tissue and
blood, becomes critical for a better understanding of arsenic toxicity and mode of action.

Arsenic speciation in biological matrices has been routinely conducted using
techniques coupling chromatographic/electrophoretic separation and sensitive detectors.
The separation methods that have been explored in arsenic speciation include high

performance liquid chromatography (HPLC) [33, 72, 73, 177], capillary electrophoresis
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(CE) [75-77], and ion chromatography (IC) [78, 79]. Based on either the analytical
sensitivity needed or the molecular information of the arsenic species desired, one could
select different detection methods, such as inductively coupled plasma mass spectrometer
(ICP-MS) [80], electrospray mass spectrometer (ESI-MS) [72], and time-of-flight mass
spectrometer (TOF-MS) [81]. Sample preparation in all these speciation methods is an
essential step for successful detection and involves the release of arsenicals from the
biological matrix and the cleanup of the matrix. Extraction using organic solvents or
strong acid/base has a great potential to alter the integrity of many arsenic species. For
instance, MMA™ or DMA'", two important arsenic metabolites are unstable and readily
oxidized during the course of extraction [178]. Arsenate could be reduced to arsenite and
form As(GS); in the cellular environment due to the presence of a high concentration of
glutathione (GSH) [56]. As(GS); could be decomposed and oxidized during the solvent
extraction process since the As(GS); complex is only stable in the present of certain
levels of GSH. Additionally, the recently observed thiolated arsenicals, such as
dimethylmonothioarsinic acid (DMMTA") and dimethyldithioarsinic acid (DMDTA") or
trivalent arsenicals conjugated with thiol-containing molecules in biological samples, are
only stable under a narrow range of pH and are sensitive to temperature changes [82]. It
becomes clear that sample preparation can cause misleading results, consequently
hindering the study of arsenic speciation in biological matrices. Therefore, it is necessary
to develop an arsenic speciation method in biological matrices that can retain as much as
possible the integrity of the arsenic species profile, or ideally to eliminate the extraction

steps during sample preparation and analysis completely.
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Surface-enhanced Raman spectroscopy (SERS) is a promising technique that can
be potentially used in arsenic speciation in biological samples. SERS is a rapid and non-
destructive photon scattering technique, providing fingerprint information regarding
molecular vibrational energy levels [99]. SERS has emerged as an important technique
for the analysis of a broad range of chemical substances in complex biological matrices.
For instance, metallic nanoparticles were employed to determine some chemical
substances present in various biological samples including saliva, urine, tear, blood,
blood serum, by directly introducing nanoparticles into these biological matrices [101-
108, 179]. However, SERS signals are usually not strong enough or suffer from
interference from components in biological matrices. In some cases, derivatization was
employed to enhance the SERS response if the Raman cross section of the molecule of
interest was poor [124, 125]. A useful derivatization reaction or binding agent has not
been reported for the arsenic species with biological interest, thus limiting the application
of SERS in arsenic speciation. In other cases, complicated SERS signals are interpreted
using the methods of chemometrics, such as principal components analysis and linear
discriminant analysis. This method was successfully applied for cancer detection and the
diagnosis of other diseases with a fairly high accuracy [109-115]. However, since
principal component analysis (PCA) and linear discriminant analysis (LDA) usually need
a lot of vibrational frequencies to perform the data analysis, this approach is not suitable
for studying arsenic owing to the limited number of Raman vibrational bands.

The very first application of SERS for arsenic analysis can be dated back to 1988
when Greaves and Griffith obtained an arsenate SERS signal response around 780 cm’

by directly mixing arsenate with silver nanoparticles [126]. In the past several decades,
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SERS has been applied in arsenic analysis and speciation in water with an emphasis on
improvement of the substrates for strong SERS signal production. Metallic colloidal
suspension [127-130] and metallic nanofilm [131-138] are two common substrates used
for SERS measurement while some indirect SERS methods employing nanoparticles for
arsenite analysis [127, 129, 130] have also been reported. Due to simplicity, metallic
colloidal suspensions are most widely used as SERS substrates. Modification of the shape
of the nanoparticles, such as nanostar and nanorods, has often been performed in order to
enhance the SERS signal [139-141]. Another popular SERS substrate is metallic
nanofilm since SERS signals can be readily obtained due to the evaporation of the droplet
sample which brings the analytes close to the nanofilm surface. Up to now, the
application of SERS for arsenic analysis has been mainly limited to inorganic arsenic

III V.
or As" in water samples, such as from wells or other underground

species, such as As
water sources [126, 128, 132, 133, 136-138, 147]. Comparing to inorganic arsenic
compounds, the analysis of organic arsenicals using SERS has been much less reported
[134, 135, 143]. Furthermore, the study of arsenic speciation in biological matrices using
SERS has not been explored to the best of our knowledge. Performing SERS for arsenic
speciation in biological media is challenging because of the presence of complicated
electrolytes and biomolecules [144, 145]. The uncontrolled aggregation of nanoparticles
could hinder SERS signal response in a physiological matrix. Nanoparticles could
become coated with a film of biological molecules in some biological matrices, such as
proteins present in blood and cellular extract. This phenomenon is named protein corona

and has been studied in drug delivery using nanomaterials [146]. The nanoparticle

surface coated with proteins could reduce the SERS active area on its surface and thus
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quench the SERS signal. Therefore, lessening the coating of biomolecules on the
nanoparticle’s surface and uncontrolled aggregation is necessary for the successful
application of SERS on arsenic speciation in biological matrices. In addition, SERS
technique as a promising analytical tool for detection of inorganic arsenic species in
water media is well discussed recently [180].

In this study, a method for arsenic speciation using SERS, based on silver
colloidal suspensions in the presence of cellular matrix, was explored. As the first step for
our research on arsenic speciation in biological samples using SERS, we decided to
provide a proof-of-concept study focusing mainly on the fundamentals that determine the
SERS measurement of selected arsenicals. We studied the electrostatic interactions
between arsenicals and nanoparticles in colloidal suspension and the controlling factors,
alterations of the nanoparticle surface through coating, and interferences of cell lysates to
arsenic measurement by SERS. Four arsenic species that are widely studied in biological
matrices, namely As™, AsY, MMA" and DMA" were included in this study. To the best
of our knowledge, this is the first study attempting to perform SERS arsenic speciation
under the influence of a biological matrix. The 8226/S multiple myeloma cell line was
selected to provide a cell lysate and arsenicals were added to the cell lysate for the
simulation of cellular environment. Special attention was given to controlling and
improving the electrostatic interactions between particles and arsenic in the colloidal
suspension as it is critical for successful SERS measurements in solution. Two silver
nanoparticles (AgNPs) with different surface charge were employed. The size, zeta

potential and pH of AgNPs colloidal suspensions under the influence of cell lysate were
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monitored to understand the impact of the cellular matrix on the arsenic SERS signal
response.
2.3 Material and Methods
2.3.1 Material and Chemicals

Sodium metaarsenite, 98% (Asm), sodium arsenate dibasic, 99% (Asv), cacodylic
acid sodium salt, 98% (DMA") were purchased from Sigma-Aldrich, USA. Monosodium
acid methane arsonate sesquihydrate, 99.5% (MMA") was purchased from Chem Service,
USA. Silver nitrate (99.99%) was purchased from STREM Chemicals, USA. Spermine
tetrahydrochloride (99%, powder) was purchased from Alfa Aesar, USA. Sodium citrate
dehydrate (Granular certified), NaOH, HCl, MgCl,, Na,SO4, NaCl, KNO3; were
purchased from Fisher Scientific Inc as certified A.C.S grade. The phosphate-buffered
saline (PBS), 1xPBS was prepared in the laboratory. All solutions were prepared in
deionized water (DI water, 18.2 MQ, Barnstead Nanopure Diamond).

The selected cell line was 8226/S multiple myeloma, which was purchased from
the American Type Culture collection (ATCC, Manassas, VA), maintained at 37 °C in a
humidified atmosphere with 5% CO; in RPMI-1640 media, supplemented with 100 U
ml™" of penicillin, 100 ug ml™" of streptomycin, 10% heat inactivated fetal bovine serum,
and 2 mM L-glutamine (all culture reagents from Cellgro, MediaTech, Herndon, VA).
The cells were cultured at a concentration of 2x10° cells/ml and then harvested by
centrifugation at 1000 rpm for 5 minutes, washed with PBS once, and spun down again,

and then the pellets were frozen in liquid nitrogen and stored at —20°C for future usage.
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2.3.2 Instrumentation

An Elan DRC-e (Perkin-Elmer) ICP-MS was employed for arsenic analysis. The
ICP-MS was equipped with an auto sampler, a cyclonic spray chamber, and a Meinhard
nebulizer. All arsenic samples were diluted in 2% nitric acid and spiked with 20 ppb
yttrium prior to ICP-MS quantification analysis. The following signals were monitored:
75 for arsenic, 89 for yttrium (as internal standard). A standard calibration curve was
obtained on a daily base.

The Raman spectrometer used was a Perkin-Elmer RamanStation 400F Raman
spectroscopy, employing a 785 nm diode laser with average power of 100 mW at the
sample and 100-micron spot size. This Raman station was equipped with a x-y-z sample
stage accepting standard 96-well plate with a glass bottom. The 96-well plates were
purchased from PerkinElmer (Waltham, MA) and were reused by cleaning with cotton
swabs and drying under a stream of nitrogen gas. Raman spectra were acquired by
transferring 200 pl of solution into wells of the 96-well plate. Typical sample
measurement was carried out for 1 second of exposure and 4 times of accumulation for
each measurement. This Perkin-Elmer Ramanstation was also equipped with a Perkin-
Elmer RamanMicro 300 system, which had three optical objectives 5%, 20x and 50x.
Usually, the 20x optical objective was used for better sample focus and lower
background signal. For SERS measurements using an optical objective, 40 ul of solution
was dropped onto a glass microscope slide and SERS signals were obtained under the
same conditions as using 96 well plates.

The size and zeta potential of nanoparticles were measured with a Malvern

Zetasizer Nano-ZS (Westborough, MA). The hydrodynamic diameters reported in this
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study represent the average particle diameter “z-average” intensity peak as a function of
size. UV-vis absorption spectra of silver nanoparticles were obtained using a Cary 300
UV-vis spectrometer. The pH measurements were normally carried out on a Fisher
Scientific Accumet Research AR15 pH/mV/°C Meter, while for pH measurement of low
volume solutions (<50 pl), pH testing paper with multiple pH ranges was used.

A Pall Microsep centrifugal device (centrifuge filters) (PALL Corporation, USA)
with 1K Da molecular weight cutoff was employed for the centrifugal filtration
experiments. This centrifugal device consisted of a sample reservoir and a filtrate
receiver separated by a semi-permeable membrane (Omega membrane), which has low
protein-binding. The filtration was carried out at room temperature using a Marathon
21000R benchtop centrifuge (Fisher Scientific, USA) for 25 minutes at a speed of 8000
rpm (over 5000 g).

2.4  Experimental Procedures
2.4.1 Synthesis and characterization of silver nanoparticles

AgNPs of different surface coating were synthesized in the laboratory. The
procedures for synthesizing citrate coated silver nanoparticles (AgNPs-Citrate) were
adopted from Lee & Meisel [181] with a minor modification. Briefly, all glassware were
cleaned by emerging in Aqua Regia solution (HCI/HNO; = 3:1, v/v) overnight and
rinsing with a large amount of tap water and DI water and finally dried in an oven at 80
°C prior to use. Fifty ml of 1x10~° mol/l of AgNOs was added to a 250 ml round bottom
flask and then heated to boil in an oil bath under vigorous stirring with a condenser
equipped to reflux. Sodium citrate dihydrate (1%, 2 ml) was introduced drop by drop and

then kept heating for one hour. Characteristics of the AgNPs-Citrate, such as
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hydrodynamic size, zeta potential (surface charge), pH and UV-vis absorption were
recorded soon after the colloids were synthesized.

The synthesis of spermine coated silver nanoparticles (AgNPs-Spermine) was
performed following Faulds & Graham [182] with a minor modification. Prior to reaction,
the glass flask was filled with 30 ml of 0.001 mol/l spermine stirring for 30 minutes to
form a positively charged glass surface to prevent the adhering of positively charged
nanoparticles, and then rinsed with a large amount of DI water multiple times and dried
under nitrogen gas. The glass flask was wrapped with aluminum foil to avoid exposure to
light. In brief, 20 ml of 1x10~ mol/l of AgNO; was mixed with 10 pl of 0.1 mol/l
spermine in a round bottom flask and then degassed with a flow of nitrogen for 30
minutes under vigorous stirring. Fresh prepared NaBH,4 (0.1 mol/l, 50 pl) was then added
and kept stirring for one hour. Upon introduction of NaBH4, the solution turned yellow in
seconds and the solution was stored in the refrigerator overnight prior to use in order to
let excess NaBH4 degrade. Characteristics of AgNPs-Spermine were obtained in the same
way as AgNPs-Citrate.

2.4.2 SERS measurement of arsenic species in different silver nanoparticle suspensions

AgNPs-Citrate or AgNPs-Spermine colloidal suspension (480 ul) was mixed with
20 pl of 100 ppm arsenic standards individually. Different amounts of Na;SO4 solutions
(0.5 M) were introduced to initiate the aggregation of AgNPs-Citrate and the solution was
vortexed for 30 seconds, while no salt-initiated aggregation was carried out for the
AgNPs-Spermine suspension. Within 3 minutes, 200 pl of the resulted AgNPs colloidal
suspension was transferred to the 96-well plate. Raman signals were obtained as

described in the Instrumental section.
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Experiments assessing the adsorption of arsenic species on nanoparticles were
conducted to provide a better understanding of arsenic SERS signal response from
different AgNPs colloidal suspensions. Adsorption experiments were carried out by
adding 60 pl of a 1000 ppm individual arsenic standard into 1440 pl of an AgNPs
colloidal suspension in a 1.5 ml centrifuge tube. The centrifuge tube was shaken for one
hour at a speed of 80 rpm on an orbital shaker. After shaking, the solution was split into
two parts, one of which was aggregated by introducing 30 pl of 0.5 mol/l Na,SO, and the
other was used as control (no Na,SO,4 added). Afterward, both solutions were centrifuged
at 8000 rpm (over 5000g) for 10 minutes and the supernatants were analyzed for arsenic
using ICP-MS. To calculate the mass balance during adsorption, experiments were also
carried out by substituting the AgNPs solution with deionized water. All experiments
were performed in triplicate. Results of arsenic concentrations in the supernatant were
expressed as the mean =+ standard deviation (SD) (n=3). Statistical analysis was
performed and one-way ANOVA was employed with a P < 0.05 being considered to be
significant.

2.4.3 Interactions between arsenic and cellular matrix

Interactions between arsenicals and biomolecules in the cell lysate, through
binding/adsorption, during the SERS measurement of arsenic were inevitable. Thiol-
containing molecules present in the cell lysate could complex directly with trivalent
arsenicals. Arsenicals might also interact with proteins in the cell lysate via electrostatic
forces. Centrifugal filtration was used to study the adsorption of arsenic in the cellular
matrix. The centrifugal filtration was able to let small arsenic compounds/complexes pass

through the molecular cutoff membrane (1K Da) and to retain arsenicals binding to
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proteins or biomolecules. A pellet of 2x10° cells was thawed and 900 pl DI water was
added. A sonication probe (Fisher Scientific Sonic Dismembrator Model 100, Waltham,
MA) was employed to break up the cells following a previously reported procedure [183].
The cell lysate (45 pl) was mixed with 25 pl of 100 ppm individual arsenic standard
solution and then 430 pl of 1x PBS buffer were added. Control experiments were carried
out by substituting the cell lysate with an equal volume of DI water in order to study the
distribution of arsenic in the sample reservoir and the filtrate receiver of the centrifugal
device. The PBS buffer and cell lysate were analyzed separately for arsenic background.
All solutions were incubated at 37 °C for 30 minutes and transferred into the centrifugal
device equipped with a membrane of molecular weight cut-off of 1K Da. Centrifugation
was carried out at 8000 rpm (over 5000 g) for 25 minutes. The volume of solutions in the
sample reservoir (upper) and the filtrate receiver (lower) were recorded approximately
according to the weight assuming the density of the solution is equal to water. Arsenic
concentrations in the sample reservoir and the filtrate receiver were measured by ICP-MS.
All adsorption experiments were performed in triplicate.
2.4.4 Effect of cell media on SERS measurement of arsenic species

The cell lysate solution (2x10° cells in 900 pl of DI water) was diluted with DI
water ten times in sequence in order to prepare cell lysate in 900 pl solutions with
different concentrations of 2x10*, 2x10°, and 2x107 cells, respectively. Individual arsenic
standard solutions (100 ppm, 2 ul of each standard) were added to 90 pul of the diluted
cell lysate solutions, followed by adding 2 pl of DI water. This procedure generated
diluted lysate solutions containing 2 ppm of each arsenic species. These solutions were

vortexed for 30 seconds and then placed on an orbital shaker at 80 rpm for 30 minutes
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prior to use. For measurement of arsenic using SERS, 90 ul of AgNPs was mixed with 10
ul of the diluted cell lysate containing 2 ppm of arsenic. For AgNPs-Citrate, 5 pl of 0.5
mol/l Na;SO4 was introduced in order to aggregate the nanoparticles. Finally, 40 pl of the
mixed solution was transferred onto a glass slide and SERS signals were obtained by
using the 20x optical objective.

In order to better understand the SERS signal from arsenic under the influence of
cell lysate, the colloidal suspensions properties including, particles size, surface charge
and pH value were measured upon interaction with different concentrations of cell lysate.
The AgNPs colloidal solution containing 2x10* cell/ml was prepared by adding 90 pl of
2x10° cell lysate solution (prepared in 900 pul DI water) into 910 pl of AgNPs colloidal
suspension and the solution was vortexed prior to properties measurements. The final
concentrations of cell lysate in the AgNPs colloidal suspension were 2% 10%, 2x10°, 2x10?
and 2x10 cell/ml by using different concentrations of cell lysate solution. The pH of
colloidal suspensions was measured using different pH test papers because of the small
volume of the samples. The size and zeta potential of the AgNPs were measured using
the Malvern Zetasizer Nano-ZS. All experiments were carried out in triplicate. Sizes and
zeta potentials for all samples were summarized as mean + SD (n = 3) and analyzed using

one-way ANOVA and the P < 0.05 was considered to be significant.
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2.5 Results and Discussions

2.5.1 SERS Measurement of Arsenic Species in Silver Nanoparticle Suspensions
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The four selected arsenic species have different pKa values and therefore show
different charges at a certain pH (Fig. 2.1). The characteristics of the synthesized AgNPs-
Citrate and AgNPs-Spermine are shown in Fig. 2.2. The sizes of the nanoparticles were
60 and 53 nm for AgNPs-Citrate and AgNPs-Spermine, respectively and the
polydispersity index (PDI) values were less than 0.2, indicating that their hydrodynamic
sizes were likely homogeneously distributed in the colloidal suspension. These two
AgNPs suspensions had significantly different solution pH, due to the different surface

capping agents. AgNPs-Citrate suspension was usually at approximately pH 9 as

prepared, while AgNPs-Spermine was about pH 4. The surface charges of the
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nanoparticles, described in zeta potential, were -50.1 and +50 mV in AgNPs-Citrate and

AgNPs-Spermine suspensions respectively.
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Figure 2.2 Typical zeta potential and size distribution of AgNPs-Citrate (A) and
AgNPs-Spermine (B). Both nanoparticles had PDI (polydispersity index) values less than
0.2, indicating that their hydrodynamic sizes were considered as homogeneous
distribution in the colloidal suspension. AgNPs-Citrate suspension was usually at pH 9 as
prepared. AgNPs-Spermine suspension was at pH 4. In AgNPs-Citrate suspension,
nanoparticles were coated by negatively charged citrate ions and the zeta potential is
negative, while in AgNPs-Spermine suspension, nanoparticles were coated by positively
charged spermine ions and the zeta potential is positive.
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Raman spectra of the four arsenicals in AgNPs-Citrate and AgNPs-Spermine
colloidal suspension are shown in Fig. 2.3A and B, respectively, and background SERS

signals from the colloidal suspensions are in red.
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Figure 2.3 SERS spectra of individual arsenic species obtained in colloidal
suspensions of AgNPs-Citrate (A) and AgNPs-Spermine (B). Colloidal suspension of 4
ppm of arsenic was prepared by mixing 480 ul of AgNPs-Citrate or AgNPs-Spermine
with 20 pl of 100 ppm individual arsenic solution. The AgNPs-Citrate suspension was
then aggregated with 20 pl of 0.5M Na,SO., while no such aggregation was performed
for AgNPs-Spermine.
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In the AgNPs-Citrate colloidal suspension, there were two characteristic

I

vibrational bands for As™ with 735 cm™! resulting from the As—O stretch mode [128, 142,
184]. The peak at 447 cm™ was not reported previously and could not be assigned in this
study. For As', one peak at 805 cm™, corresponding to the As—O symmetric vibration
[185, 186] was observed. For these two organoarsenicals, characteristic As—C stretching
vibrations, due to different numbers of methyl group, were identified at 625 and 605 cm’
as the fingerprint vibration for MMA" and DMA", respectively [135, 187-189]. The
SERS signals of organoarsenicals were much weaker, especially for DMA" in
comparison to the inorganic arsenic species. For SERS measurement in AgNPs-Spermine

. . . I1I
suspension, similar results were observed for As

with a slight shift in wavenumber for
both bands in comparison to that in AgNPs-Citrate, being likely attributed to the
difference in chemical environments (Fig. 2.3B). SERS spectra of As’ showed two
vibrational bands, 785 cm™ being attributed to the As—O symmetric stretch mode [128,
142] (including the shoulder at 827 cm™, which belonged to the As—O asymmetric
stretch mode [149, 189]) and 441 cm™ being the superposition stretch of v, and vs of the
arsenate molecule [132, 136]. The two organoarsenicals, MMA" and DMA" had very
similar vibrational profiles with a slight difference in the As—C vibrational frequency.
The As—O stretch mode at 785 cm™ was observed for both compounds and the As—C
vibration at 625 cm™” and 624 cm” were found in MMA" and DMAY, respectively.
Obviously, clear differences in SERS signal of arsenicals were observed between the two
AgNPs colloidal suspensions. Arsenicals had much stronger SERS responses in AgNPs-

Spermine than in AgNPs-Citrate. The superposition vibration of As—O in As" was found

in AgNPs-Spermine but not in AgNPs-Citrate. The As—O vibration at 785 cm™ was
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found for both organoarsenicals [135, 187, 188] in AgNPs-Spermine colloidals
suspension, which was based on the fact that both organoarsenicals have the As—O bond
and the SERS vibrational frequency of As—O of organoarsenicals was around 780 cm™
[135], while not in AgNPs-Citrate. Furthermore, the As—C vibrations of the two
organoarsenicals at approximately 625 cm™ were almost the same in AgNPs-Spermine,
however, a shift of 20 cm™ between the two compounds appeared in AgNPs-Citrate (Fig
2.3A and 2.3B).

The electrostatic interactions between arsenicals and nanoparticles in the colloidal
suspension plays an important role in arsenicals SERS sensing, making individual
arsenicals manifest SERS signals differently in these two colloidal suspensions. Silver
nanoparticles employed in this study were coated with different surface capping agents,
thus they had different surface charges. Upon introducing arsenic standards, there was no
significant pH change in the AgNPs colloidal suspensions. Arsenicals were in different
protonation states in these two suspensions, for instance, As"" being neutralized (H3AsO3)
in the AgNPs-Spermine colloidal suspension, however it was about 50 % negatively

charged (H,AsO5™") and about 50 % neutralized (H3AsOs) in AgNPs-Citrate (Table 2.1).

Table 2.1 Changes in deprotonation of arsenicals in different AgNPs colloidal
suspensions
AgNPs-Citrate, pH 9, AgNPs-Spermine, pH 4,
negatively charged positively charged
As™ | 50 % H3AsO3, 50% H,AsO5™! 100% H3AsOs
As¥ Almost 100% HAsO,” Almost 100% H,AsO,"
v o B 50% CH3As(OH),, 50%
MMA 100% CH3As(OH)O» CH;AS(OH)O,"
DMAY 100% (CH3),AsOH™ 100% (CH3),AsOH,
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The electrostatic attraction between arsenicals and nanoparticles promotes the
adsorption of arsenicals onto nanoparticles, thus greatly enhancing the SERS signals.
Individual arsenicals have different protonation status in these two colloidal suspensions.
For instance, As' and MMA" were negatively charged ions in both the positively
charged AgNPs-Spermine and in the negatively charged AgNPs-Citrate colloidal
suspensions. In the AgNps-Spermine suspension, As’ and MMA" are attached onto the
nanoparticle’s surface via electrostatic interaction, however, in the AgNPs-Citrate
suspension, they are repelled by the negatively charged nanoparticle’s surface. This could
explain why SERS signals in AgNPs-Spermine were stronger than in AgNPs-Citrate.
As" and DMAY were neutralized in AgNPs-Spermine and negatively charged in AgNPs-
Citrate. As"' and DMA" had poorer SERS signals in AgNPs-Citrate than in AgNPs-
Spermine, owing to a repulsive interaction between these two arsenicals and the
negatively charged AgNPs-Citrate nanoparticles. However, the strong SERS signal for
As"™ and DMAY in AgNPs-Spermine indicates that these arsenicals were brought to the
surface close enough for efficient SERS to occur.

In order to better understand the factors controlling the SERS signals of the four
arsenicals in AgNPs-Citrate and AgNPs-Spermine colloidal suspensions, the interactions
between arsenicals and nanoparticle were investigated using adsorption experiments (Fig.
2.4). For AgNPs-Citrate (Fig. 2.4A), adding salt (i.e. aggregation of nanoparticles) seems
to enhance the adsorption of arsenicals on nanoparticles. This is particularly true for As'".
Overall, the adsorption of arsenicals on the AgNPs-Citrate nanoparticles was less than
10%. A different pattern was observed in AgNPs-Spermine (Fig. 2.4B). The adsorption

of As™ and As" on the nanoparticles was about 23 and 15%, respectively in AgNPs-
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Spermine suspension without addition of salt. Additing salt to the suspension either
inhibited the adsorption of inorganic arsenicals or caused the release of adorbed
arsenicals from the surface of the nanoparticles. The adsorption of the two
organoarsenicals in the AgNPs-Spermine suspension was less than 5%. The adsorption of
arsenicals onto the nanoparticles surface is critical for SERS response because adsorption
is an efficient way to bring these arsenicals in the solution close to the surface of AgNPs,
ideally with a distance of less than 10 nm [190]. Adsorption of As™ and As' onto
nanoparticles in the AgNPs-Spermine suspension was larger than that in the AgNPs-
Citrate, being consistent with the fact that stronger SERS signals of As" and As" in
AgNPs-Spermine than in AgNPs-Citrate. However, the adsorption of MMA" and DMA"Y
on the AgNPs-Spermine was poor even though the SERS signals observed for MMAY
and DMA" were stronger compared to AgNPs-Citrate, suggesting that other factors, in
addition to adsorption of arsenicals on the surface of nanoparticles, contributed

significantly to the SERS measurement of organoarsenicals [135, 191].
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Figure 2.4 Adsorption of arsenic in colloidal suspensions of AgNPs-Citrate (A) and
AgNPs-Spermine (B). BG and NPs indicate that the arsenic remained in the solution for
controls (prepared in DI water only) and samples with nanoparticle, respectively. Salt
represents the results for trials with the addition of nanoparticles and salt. All arsenic
concentrations in the BG, NPs and NPs-Salt were significantly different according to
One-way ANOVA at P <0.05 level.

I and As¥ were reduced 7 and 20 cm™ when

Major vibrational frequencies of As
changing from AgNPs-Citrate to AgNPs-Spermine suspensions, respectively,
representing a red-shift in wavelength. A possible reason for this difference could be a
charge transfer effect [135, 192] induced by the stronger adsorption of these two
arsenicals onto nanoparticle’s surface in the AgNPs-Spermine, as shown in the

aforementioned adsorption experiments. Charge transfer excitations could significantly

reduce the intrinsic intramolecular excitation of the adsorbate, thus resulting in a red-shift
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[193]. For the two organoarsenicals, SERS signals were feeble in the AgNPs-Citrate
suspension, but their characteristic vibrational frequencies of the As—C were
distinguishable between MMA" (625 cm™) and DMAY (605 cm™). In the AgNPs-
Spermine suspension, the SERS signals of MMA" and DMA" were similar to each other.
Both organoarsenicals had a 785 cm™ vibrational band, which was attributed to the
symmetric As—O stretch [187, 188], and the stretch frequencies of As—C in MMA" and
DMA" were 625 and 624 cm™, respectively. The vibrational band at 785 cm™ was
present in As”, MMA" and DMA". These three pentavalent arsenicals had As—O single
bonds in their molecules despite their different deprotonation status in the AgNPs-
Spermine suspension (Table 3.1). Since there were two methyl groups in DMA", the
Raman spectra should have two vibrational modes of As—C [187], including symmetric
and asymmetric vibrations. The symmetric and asymmetric vibrational frequencies for
As—C in DMA"Y were reported to be different, being 651 and 605 cm™ respectively [187].
However, there was only one vibrational band found for the As—C vibration in the
AgNPs-Spermine for DMA". This 624 cm™ vibrational band was not reported previosuly
and it might belong to the symmetric vibrational of As—C in DMA" [70].
2.5.2 Measurement of Arsenicals using SERS in Cell Lysate

The potential interactions between arsenicals and cell lysate could inhibit the
adsorption of arsenicals onto the nanoparticles, and hence reduce the SERS signal.
Experiments were therefore conducted to investigate the interactions of arsenicals and
cell lysate using a centrifugal filtration technique. Arsenic concentrations in the sample
reservoir and filtrate receiver were monitored individually and arsenic concentration

ratios in the sample reservoir vs filtrate receivers are shown in Fig. 2.5. Significant
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differences in arsenic concentrations between the two reservoirs were not observed for
both control and samples with cell lysate for all arsenicals, indicating the lack of
significant adsorption of arsenicals on biomolecules larger than 1K Da. However, the

effect of biomolecules less than 1K Da could not be evaluated by this experiment.
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Figure 2.6 SERS spectra of arsenic species in the cell lysate.The SERS signals of
arsenic mixture obtained in AgNPs-Citrate (A) and AgNPs-Spermine colloidal
suspensions (B). The final concentration of individual arsenic in the AgNPs colloidal
suspension was 200 ppb. The background signals from AgNPs-Citrate and AgNPs-
Spermine colloidal suspensions were included for comparison. Figure B illustrates SERS
spectra obtained in AgNPs-Spermine suspension with sequential addition of 20 ul of 100
ppm individual arsenic species into 180 ul of AgNPs-Spermine.
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Substantial differences in SERS measurement of the four arsenicals were
observed between AgNPs-Citrate and AgNPs-Spermine suspensions (Fig. 2.6A). The cell
lysate at 2x10* cells/ml in both AgNPs-Citrate and AgNPs-Spermine suspensions did not
generate significant background signal in the range of 1000~300 cm™', making the SERS
measurement of arsenic possible. Intense SERS signals of arsenic were found in AgNPs-
Spermine in comparison with AgNPs-Citrate. Arsenic fingerprint vibrational bands under
the influence of cell lysate were confirmed by the method of sequential addition of
individual arsenic standards where charactristic bands associated with each arsenic
species appeared with the addition of As™, As", and MMA"/DMA" (Fig. 2.6B). The
vibrational bands 785, 726, and 627 cm™ that appeared in the AgNPs-Spermine
suspension were the characteristic vibrations of AsY, As"™, and MMAY/DMA",
respectively. The vibrational band at 430 cm’ was from both As™ and As", as the
sequential addition of As' into the solution increased its intensity. Among these
vibrational signals, the As' signal was the strongest, followed by As" and
MMA"/DMA". The relative standard deviations (RSD) for the intensities of these three
vibrational band were 11.4, 9.8, and 10.3 % (n=3), respectively. The RSD values were
less than 20 %, indicating a relatively reliable SERS measurement [194]. The limit of
detections (LOD) calculated based on three times of standard deviation of the blank
samples were 1.0, 2.8, and 9.9 ppb for AsY, As™ and MMAY/DMAY, respectively.

For a better understanding of the SERS response under the influence of cell lysate,
pH, size and zeta potential of the AgNPs were monitored under different concentrations
of cell lysate (Fig. 2.7). No obvious changes in pH were observed in the cell lysate at

different concentrations in both AgNPs suspensions (data not shown). The size of the
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nanoparticles increased with the amount of cell lysate introduced, especially in the
AgNPs-Spermine suspension (Fig. 2.7A), where the size increased from approximately
50 to 90 nm. The zeta potential of the nanoparticles in AgNPs-Spermine maintained a
positively charge, while that in AgNPs-Citrate was still negative at different
concentrations of cell lysate (Fig. 2.7B). In the AgNPs-Citrate suspension, no significant
change in zeta potential was observed with the increase in the concentrations of cell
lysate. Considering the fact that under the highest concentration of cell lysate used, the
size of AgNPs-Spermine increased sharply, while less of a change appeared for AgNPs-
Citrate, it was postulated that there were more negatively charged biomolecules than
positively charged ones in the cell lysate. The zeta potential of the 2x10* cell/ml cellular
matrix was about -18 mV, indiciating the presence of negatively charged biomolecules in
the cell lysate. The size of AgNPs-Spermine increased likely due to the electrostatic
attraction in AgNPs-Spermine and as opposed to a repulsive effect in AgNPs-Citrate.
This could also explain the changes in zeta potential in the AgNPs suspension, where the
zeta potential of AgNPs-Spermine dropped upon introduction of cell lysate due to
neutralization of positive charges on the AgNPs surface. The zeta potential remained
almost unchanged in the AgNPs-Citrate suspension owing to electrostatic repulsion

preventing biomolecules from getting close to the surface of nanoparticles.
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Figure 2.7 Changes in size (A) and zeta potential (B) of AgNPs upon interaction with
cell lysate. AgNPs-C and AgNPs-S stand for AgNPs-Citrate and AgNPs-Spermine
colloidal suspensions, respectively. For both DI controls, 910 pl of AgNPs colloidal
suspension was mixed with 90 pl of DI water. The AgNPs containing different
concentrations of cell lysate were prepared by mixing 910 pl of AgNPs colloidal
suspension and 90 pl of different concentrations of cell lysate. At P = 0.05 level, changes
in size and zeta potential were significant among different cell lysate introduced.

The size and zeta potential of AgNPs-Spermine changed upon exposure to cell

lysate, however these changes did not significantly alter the stability of AgNPs in the
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suspension, making the measurement of arsenic using SERS possible. The stability of
AgNPs upon interaction with cell lysate was mostly evaluated by the zeta potential, being
beyond the range of -30 to +30mV under most concentrations of cell lysate introduced.
The AgNPs-Spermine positive charge was the key to producing an intense SERS
response. In the presence of cell lysate, the AgNPs-Spermine surface could be coated
through the formation of a protein corona [144-146, 195], as indicated by the
hydrodynamic size of AgNPs-Spermine that increased from 50 to 90 nm. Arsenicals were
able to get close to the positively charged surface of AgNPs, despite the formation of a
protein corona on the AgNps surface. As’ was the only 100% negatively charged among
all arsenic species studied using AgNPs-Spermine in the presence of cell lysate (Table
S1), it therefore yielded the strongest SERS signal. Another possibility was the
aggregation of AgNPs-Spermine upon introduction of the cellular matrix, as the size of
AgNPs-Spermine in the presence of 2x10% cell/ml cellular matrix increased. The
aggregation could induce the generation of SERS hot spots, hence increasing the SERS
signals. The aggregation could be attributed to surface charge of AgNPs-Spermine being
neutralized during the process as evidenced by the dramatically drop in the zeta potential.
2.6 Conclusions

Arsenic speciation in a cellular matrix by SERS was studied by employing AgNPs
colloidal suspensions. Nanoparticle surface was manipulated by citrate and spermine to
form negatively or positively charged AgNPs. Arsenicals showed substantially different
SERS responses in the two colloidal suspensions, mainly due to the distinct difference in
the interaction between arsenicals and the nanoparticles. This study revealed that salt-

induced aggregation is not required for SERS measurement of arsenic in an AgNPs-
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Spermine suspension. However, AgNPs-Citrate required aggregation in order to generate
SERS signals. Arsenic speciation in cell lysate could be successfully carried out in an
AgNPs-Spermine suspension, while AgNPs-Citrate could not yield significant SERS
signals under the experimental conditions used. Both AgNPs colloidal suspensions
maintained their original surface charges in the presence of cell lysate. However, a
significant drawback of this method was that it was unable to distinguish MMA" from
DMA". This study proved that AgNPs-Spermine colloidal suspension could be a
promising SERS substrate for studying arsenic metabolism in a biological matrix,
reducing the bias caused by traditional techniques that involve sample extraction and

pretreatment.
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Chapter 3

Employing Coffee Ring Effect on Silver Nanofilm for Arsenic Speciation Study
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3.1 Abstract

In this study, an analytical method using a new coffee ring phenomenon was
developed and used for arsenic speciation. The coffee ring effect was created via
reducing the surface tension of the sessile droplet and enhancing the capillary action
generated by closed packing nanoparticles at the three-phase (air, solid and liquid)
contact line. For easy discussion, it was named halo coffee ring phenomenon since two
concentric circles of coffee ring stain were formed on the surface. The outwards flow
caused by the capillary action provides an alternative driving force for separation and the
separation mostly depends on the interaction between analyte and the nanofilm surface.
Arsenic speciation based on this halo coffee ring phenomenon was demonstrated on a
silver nanofilm, which was formed by coating with silver nanoparticles on the glass
substrate. Four arsenic species commonly occurred in biological and environmental
samples including arsenite, arsenate, monomethylarsonic acid and dimethylarsinic acid,
were selected for arsenic speciation analysis using this halo coffee ring effect coupled
with surface enhanced Raman Scattering (SERS) technique. Typically, 2 pL of arsenic
solution was dropped onto the silver nanofilm surface and SERS signals were obtained
from the center to edge after complete evaporation. Surfactants were employed to reduce
the surface tension and different buffer solutions were used to achieve separation. The
separation of arsenic species from the center to edge of halo coffee ring was promising,
although peak overlapping for some arsenicals were observed. The method using this
new halo coffee ring effect has a great potential to become an alternative and unique

technique for separation of arsenic in biological and environmental samples.
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3.2  Introduction

The coffee ring phenomenon is the ring-shaped coffee stain left on the solid
surface when one coffee drop is dried on a solid surface [150]. Deegan and colleagues
unveiled the mystery of coffee ring phenomenon and pointed out that when the contact
line was pinned everything in the solution will move to the edge with the process of
evaporation [150]. With the evaporation of liquid over the liquid drop surface, liquid
from the center region would move towards the edge to replenish to lose of liquid since
the evaporation rate is higher at the edge than the center. The movement of liquid from
the center to the edge is named capillary flow and Deegan pointed out that this capillary
flow is not stoppable since surface-tension gradients, solute diffusion, electrostatic and
gravity effects—are negligible in ring formation [150]. Currently, a majority of studies
involving the coffee ring effect in analytical chemical applications take advantage of the
procedure for signal enhancement. For example a drop coating deposition method was
employed to concentrate analytes on the coffee ring region and improve detection
sensitivity via Raman spectroscopy [151, 152]. Furthermore, the coffee ring effect can be
effectively coupled with surface-enhanced Raman spectroscopy (SERS), only requiring
introduction of metallic nanostructure, nanoparticles [131, 153-155] or nanofilms [156].
Because the capillary flow will push everything in the liquid drop towards the edge of the
droplet, the accumulated nanoparticles will create hotspots and facilitate SERS signal
enhancement [131, 154, 157]. Meanwhile, there are many other techniques developed to

enhance SERS signals, e.g., the coffee ring effect and improve the uniformity of
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deposition after the liquid is dried on the surface, including introduction of ellipsoids
particles [158] or introduction of hydrosoluble polymer additives into the solution [159].

Although Deegan’s paper demonstrated the mechanism of the coffee ring
phenomenon, there was a critical matter missing in the paper. The paper did not explain
how a liquid drop was pinned on the surface and only stated that it was a geometrical
constraint [150]. Later on Ball noted that Thomas Young’s famous condition for surface
wetting was the key for the coffee ring mechanism [196]. Thomas Young’s equation
defined the force balance when a liquid droplet forms a hemisphere shape on a solid
surface, as the following:

ysv =ysl + ycos O¢q

Where ysv, ysl and y stand for the solid/air, solid/liquid and liquid/air interfacial
tensions and O is the contact angle at equilibrium. Typically, when ysv <sl + ycos O,
the liquid drop will form a spherical cap on the solid surface and when ysv > ysl + ycos
0cq» the surface will be complete wetted and the liquid will form a thin film on the surface
known as a Van der Waals pancake [197]. In Deegan’s experiments, the coffee ring
phenomenon was observed by placing drops of deionized water (DI) water containing
polystyrene microspheres on a surface. These microspheres head towards the contact line
during the evaporation [150]. Due to the strong surface tension of water and no surfactant
existing in the solution, the liquid drop was held on the surface as a hemisphere cap
(pinned on the surface.) This kind of liquid drop on a surface is termed a sessile droplet,
which is characterized with a defined wetted area and a contact line [198].

The dynamics of a sessile drop have been extensively studied in order to

understand different solute deposition patterns, particle self-assemble during evaporation,
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inkjet printing applications, internal flow directionality, etc [199-202]. Until now it is still
considered as a complicated process, and it is suggested that more universal models
should be considered for the better understanding of droplet evaporation [203]. However,
due to the simplicity, one of the potential applications of sessile drop is the separation
capability, which is intriguing. The coffee ring effect has been employed for the
successful separation of different sized particles. Owing to geometrical constraints,
particles were arranged according to their size at the coffee ring edge [160, 161].
However, these particles were extremely close to each other along a narrow strip less
than 100 pm at the edge of the coffee ring as capillary flow drove all solution toward the
edge [160]. This study was exciting because it demonstrated the separation capability of
coffee ring effect (albeit for particles only) and the sizes of droplets were very small
(ranging 0.5~2.0 puL). By dropping such a small volume of liquid onto the surface, the
simplicity of coffee ring-based separation was demonstrated as the separation was merely
driven by the capillary flow under the evaporation of the droplet. Again, the strong
capillary flow is capable of driving all solutes in the droplet towards the edge of the
droplet, regardless of surface-tension gradients, solute diffusion, electrostatic and gravity
effects [150]. However, separation based on size might not be applicable towards small
molecules, since there is no significant difference in sizes for small molecules.

Currently, there are no reports of applications of the coffee ring effect for the
separation of small molecules in the literature. This is probably because potential
separation applications based on the coffee ring effect are extremely challenging for the
following reasons: 1) The size of the droplet is very small (usually the volume is less than

10 pL); and 2) The capillary flow is too strong to drive all solutes towards the edge. It
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seems that in order to achieve a useful separation using the coffee ring effect, the
following requirements should be fulfilled. The liquid in the droplet should be able to
overcome the constraint of the droplet and migrate into the peripheral region, otherwise
the solute will accumulate at the edge of the droplet. Furthermore, the interaction of small
molecules in the droplet with the surface should be strong enough to retain small
molecules during the migration. Considering that previous work has found that solution
in the droplet could be induced to migrate into the peripheral region via the reduction of
surface tension [197, 204] and that enhanced interaction of solutes with the surface
should be achievable by replacing the surface with nanoparticles (which would increase
the surface area significantly), we reason that it may be possible to realize the separation
of small molecules using the coffee ring effect.

Here, we propose to explore the separation capability of the coffee ring effect on
the silver nanofilm (AgNF) which is composed of closely packed silver nanoparticles.
Surfactants will be introduced into the sessile droplet in order to reduce the surface
tension. The strong capillary action, resulting from the closely packed nanoparticles at the
droplet edge, should be able to facilitate the migration of solution in the droplet into the
peripheral region. The solution migration provides a method for mobilizing analytes in
the sessile droplet. This proposed method will be employed to study arsenic speciation of
four common existing arsenicals were chosen in order to demonstrate the separation

" arsenate (As"), monomethylarsonic acid (MMA")

capability, including arsenite (As
and dimethylarsinic acid (DMA"). SERS will be employed to detect the arsenicals, since

the closely packed silver nanoparitcles are capable of enhancing the signals of arsenicals

by surface plasmon resonance.
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33 Material and Methods
3.3.1. Materials and Chemicals

Sodium metaarsenite, 98% (As""), sodium arsenate dibasic, 99% (As"), cacodylic
acid sodium salt, 98% (DMA") were purchased from Sigma-Aldrich (St. Louis, MO).
Monosodium acid methane arsonate, 99.5% (MMA") was purchased from Chem Service,
USA. Silver nitrate (99.99%) was obtained from STREM chemicals (Newburyport, MA).
Sodium citrate dihydrate (Granular -certified), NaOH, HCl, K,HPO4, KH;PO,,
ammonium formate, glacial acid were certified A.C.S grade or higher and purchased
from Fisher scientific Inc. The phosphate buffer was prepared by mixing equal volume of
0.2 M of K;HPO,4 and KH,PO,4. Sodium dodecyl sulfate (SDS, 99.0%) and cetrimonium
bromide (CTAB, 99.0%) were purchased from Sigma-Aldrich (St. Louis, MO). (3-
Aminopropyl)trimethoxysilane (APTMS), was obtained 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 1000 ppm (as arsenic). Glass microscope slides, purchased from
Fisher Scientific (Pittsburgh, PA), were cut into 1x1 cm?” pieces as glass substrates. Small
size weighing boats were purchased from Cole-Parmer instrument (Vernon Hills, IL) and
25ml clear glass vials with caps were purchased from Fishersci (Hampton, NH).
3.3.2. Instrumentation

Malvern Zetasizer Nano-ZS (Westborough, MA) was employed to obtain the size
and zeta potential of nanoparticles synthesized in the laboratory. The average diameters
of hydrodynamic nanoparticles were obtained from the “Z-average” intensity peak as a

function of size. UV-vis absorption spectra of silver nanoparticles were obtained from a

59



Cary 300 UV-vis spectrometer. All pH measurements were carried out on a Fisher
scientific accumet research AR15 pH/mV/°C meter.

A Veeco multimode nanoscope III D atomic force microscopy (AFM) was
employed to obtained surface morphology of the prepared silver nanofilm (AgNF) and to
monitor the changes of surface morphology during the cleaning and salinization
procedures.

The Raman spectrometer used was the Perkin-Elmer Raman station (Model 400F),
which employed 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 one
Perkin-Elmer microscopy 300, which had a movable stage and a build-in camera
monitoring the sample surface. The laser source was focused on the sample on the stage
through fiber optics cable connecting from 400F to microscopy 300. Usually, a 20 x
optical lens was employed in order to improve sample focus and Raman signal response.
One piece of silicon wafer was employed to calibrate the Raman system at a daily basis,
and the Raman signal intensity at 522 cm™ was monitored for calibration purposes. The
following SERS measurement parameters used: laser wavelength, 785 nm; exposure time,
1 second; and 4 spectra were averaged per measurement.

3.3.3. Experimental Procedures

3.3.3.1 Fabrication and characterization of AgNF

The fabrication of AgNF is consisted of two major steps, first, synthesis of citrate-
coated silver nanoparticles colloidal suspension (AgNPs-Citrate) and second,
immobilization of AgNPs-Citrate onto glass substrates. Silver nanoparticles (AgNPs)

were synthesized by reducing silver nitrate with sodium citrate [181]. Briefly, all
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glassware were emerged in the Aqua Regia solution (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 1x10° M
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 one hour to yield the greenish yellow AgNPs-Citrate
colloidal suspension. The following properties of the colloidal suspension were obtained
after the solution cooled down, including size, surface charge and pH.

The immobilization of AgNPs-Citrate onto glass substrates began with the silanol
formation on glass substrates. All glass substrates (about 1x1 cm?) were soaked in Aqua
Regia solution overnight, and then sonicated successively in concentrated NaOH solution
(2 M) and HCI solution (2 M) for 2 hours. These glass substrates were thoroughly rinsed
with large amount of tap water and DI water to wash away excess acid or base. Finally
these glass substrates were dried in an 80 °C oven prior to use. Then, the AgNF was
fabricated following a two-step procedure [166]. The first step was the silanization
reaction on glass substrates surface to attach APTMS molecules catalyzed by a diluted
acid [205]. APTMS solutions with different concentrations (0.5, 1.0, 2.5, 5.0 and 10.0%
(v/v)) in anhydrous ethanol were first prepared. Then five pieces of glass substrates were
soaked in a 25 ml glass vial containing 10 ml of APTMS solution and 100 pL of 1 M 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 four times of
3-minutes period in order to remove loosely attached APTMS molecules on the glass

surface. These treated glass substrates were then dried by nitrogen and heated in an oven
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at 80 °C for 30 minutes before the next step. The second step was to immobilize AgNPs-
Citrate onto the treated glass substrates. AgNPs-Citrate were immobilized by electrostatic
interaction with the glass surface, since the amine groups were facing outwards and
positively charged in the solution. The high affinity interaction between silver
nanoparticles and amine groups shoud further enhance the attachment [166, 206, 207].
Briefly, five pieces of glass substrates prepared from the first step were placed in a small
weighing boat with no overlapping among the slides. Next, 5 ml of AgNPs solution was
carefully transferred into a weighing boat and the glass slides were submerged in the
solution for different time periods (4, 8, and 24 hours) on an orbital shaker (50 rpm). In
order to see the importance of the silinization procedure, a control experiment was carried
by soaking untreated glass substrates in the colloidal suspension for the same period of
time. DI water was introduced to make up the evaporation. The resulting glass substrates
were then cleaned with DI water for three times, dried under N, gas, and stored in freezer
prior to use.

A UV-vis spectrometer was employed to study surface plasmon resonance of the
AgNF with the glass substrate background signal subtracted. Atomic force microscopy
(AFM) was used to obtain the surface topology properties of the AgNF, including surface
morphology and the AgNF thickness. Two pL of 100 ppm As™ was dropped onto the
AgNF surface, and SERS signals were immediately collected four times at the center
region of the droplet by the Raman spectrometer. For comparison, As" solution was
dropped onto a bare glass slide and Raman measurement was carried out. Preparation
parameters of AgNF were optimized including the concentration of APTMS and the

soaking period in AgNPs-Citrate solution on the basis of the resulting SERS signals.
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3.33.2 Arsenicals SERS fingerprint signals on the AgNF

Stock solutions of arsenic compounds (1000 ppm) were diluted to 100 ppm with
DI water or different buffers, including 0.1 M acetic acid (pH=2.9), 0.1 M phosphate
buffer (potassium salt, pH=7.5), and 0.1 M ammonium formate buffer (pH=6.9) as sub-
stock solutions. Typically, 2 pL of arsenic solution from sub-stocks were 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 complete dry and a ring
shaped stain was formed on the AgNF. The SERS signals were collected at the edge
region of the ring stain.

3333 Coffee ring formation on the AgNF

As"™ was chosen as the arsenic species to explore the coffee ring effect on the
AgNF for arsenic determination by using SERS. Two approaches were used to study this
phenomenon, including signals changing with time lapse and signals changing with the
distance from the center to edge of coffee ring. To study the change of arsenic SERS
signal with time lapse, 2 pL of 100 ppm As™ in DI water was dropped onto the AgNF
and SERS signals were collected every 2 minutes under ambient conditions. Meanwhile,
the signals changing with distance was carried out by collecting signals from the center to
edge with 100 um increment 5, 10, and 15 minutes after the sessile droplet dropped onto
the AgNF. The SERS signal response of As'' on the dry film was poor even at the edge
of the coffee ring, thus MMA" was employed to study the coffee ring effect from the
center to the edge. A complementary experiment was carried out by dropping 2 pL of

100 ppm MMA" in 0.1 M ammonium formate buffer on the AgNF, and SERS
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measurements were carried out along the radius from the center to the edge of the ring
stain with 100 pm increments after the complete evaporation.

3334 Arsenicals speciation on the AgNF

Mixed arsenic standard solutions containing As™, AsY, MMA" and DMA"Y of 100
ppm for each species, were prepared in different buffer solutions, including 0.1 M acetic
acid (pH=2.9), 0.1 M phosphate buffer (pH=7.5) and 0.1 M ammonium formate (pH=6.9),
with or without 0.05% of surfactants, including SDS or CTAB. One drop (2 pL) of the
solution was dropped onto the AgNF surface and the sessile droplet was allowed to dry
on a flat bench under ambient conditions. Different stain patterns were found depending
on whether surfactants were applied. The typical coffee ring stain, only having one ring
shaped stain, was found for the arsenic solution without surfactants, while the two
concentric-ring shaped stain pattern was formed after adding surfactants. Inspired by the
previous work of Brochard-Wyart et al. [197, 204], this phenomenon of depositing two
concentric-ring shaped stains is named halo coffee ring effect. It is necessary to point out
that the three-phase contact line did not move during the evaporation of sessile droplet
containing surfactants, only liquid in the sessile droplet permeating into the peripheral
region of the sessile droplet. There was a clear boundary between these two concentric
rings, named the inner ring (IR) and the outer ring (OR). Typically, SERS measurements
on all coffee ring stains were carried out from the center all the way to the OR edge along
the radius of the ring and the sampling spots were 100 um increments. For the two
concentric-ring SERS measurements around the boundary region, sampling spots at 10

um inside and outside the boundary were taken as well.
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3.4  Results and Discussions
3.4.1 Optimization of parameters for fabrication and characterization of AgNF

Monolayer fabrication is a well stuided technique [166, 208, 209] to coat with
functional end groups, such as —NH, and —SH, on a glass surface. The resulting
functionalized glass surface provides a strong binding affinity to gold/silver nanoparticles
by electrostatic interaction or metal sulfur bond [210] and thus, uniform nanoparticle film
could be prepared. In this study, the glass substrate was modified with APTMS for
attaching AgNPs-Citrate onto the surface to prepare AgNF. The pH of the freshly
prepared AgNPs-Citrate colloidal solution was 9.0, and the surface of AgNPs-Citrate was
negatively charged according to the zeta potential measurement. Because the —NH,
group of APTMS has a very high pKa value (pKa > 10) [211], the lone pair electrons on
the nitrogen atom should be able to capture a proton in the pH 9.0 solution to form a
positively charged —NH;" group [206]. The positively charged surface would facilitate
the adsorption of negatively charged AgNPs, and the strong binding between APTMS
and AgNPs [206, 207] will further enhance the immobilization of AgNPs-Citrate onto the
glass surface.

To optimize the immobilization time of AgNPs-Citrate, glass substrates treated
with 2.5% of APTMS were soaked in the AgNPs-Citrate solution for different period of

time (Fig. 3.1A).
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Figure 3.1 Optimization the usage of APTMS. In A, 2uL 100ppm As"" SERS signals
obtained on AgNF, including two controls (inset), control #1 was 2uL As™ on bare glass
slides, control #2 was 2uL As'"™ on glass slide without salinization procedure. B, SERS

intensity of vibrational band at 732 cm™, the average intensity was calculated from 4
individual measurements.

It was found that 24 hours of immobilization yields the strongest signal response
for 2 uL of 100 ppm As™ in DI water, and less strong signal was obtained after

immobilization of 8 hours and the weakest signal was obtained for the reaction of 4 hours.
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The time of immobilization was selected as 8 hours in the further experiments for the
sake of saving time. The amounts of APTMS needed were optimized (Fig. 3.1B). No
SERS signals were observed from the two control experiments, including the bare glass
slide and the glass slide without APTMS treatment and only minimum signals were
obtained by using 0.1% of APTMS. Strong signals were yielded by using 0.5 to 10.0% of
APTMS. These results indicated that modification of the glass surface using APTMS was
the key factor for the successful fabrication of the AgNF. In addition, it seems that 0.5%
of APTMS would be sufficient for the treatment of glass substrates. Eventually, 1% of

APTMS was employed for the following experiments.
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Figure 3.2 Properties of the AgNF. A, UV-vis absorbance of AgNF fabricated using
different concentration of APTMS; B, the typical AgNF surface morphology using AFM
depth imagine; C, the cross-section profile of the AgNF and the vertical distance was the
distance between the valley and the peak as the two dash lines indicated.
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UV-vis spectrum was obtained to compare the surface plasmon resonance of the
AgNF fabricated using different amount of APTMS (Fig. 3.2A), and the AgNF surface
morphology was studied using AFM (Fig. 3.2B). The intensity of surface plasmon
resonance should be in positive correlation with the density of AgNPs immobilized on
the AgNF. As shown in Fig. 3.2A, the surface plasmon resonance of AgNF increased
with higher concentration of APTMS in general with an absorbance exception of the
AgNF fabricated using 2.5% APTMS, which was the greatest among all AgNF. This
observation of decline in AgNF surface plsmon resonance with APTMS more than 2.5%
could be attributed to the limited area of glass substrates. When occupation of
alkylsilanes on the glass substrates reached the threshold, excessive APTMS could no
longer improve the attachment of AgNPs-Citrate. Once the amount of APTMS was over
the threshold, excessive APTMS molecules could react with the amine groups on the
surface and thus reduce the binding capacity of AgNPs. As shown in Fig. 3.2B, the AgNF
surface was coated thoroughly with AgNPs as bright dots, however, the AgNPs
arrangement was not well organized. AFM cross-section of the sample is shown in Fig.
3.2C. Ten random sections were selected in order to calculate the mean vertical distance
of the AgNF thickness, which was found to be 48.7 + 6.7 nm. The average size of AgNPs
was about 50 nm according to the z-average measurement by Zetasizer suggesting that
the AgNF formed a monolayer film.
3.4.2 SERS response of arsenicals on the AgNF

The typical fingerprint SERS signals of different arsenicals including As™, As",

MMA" and DMA" in different solutions are shown in Fig. 3.3, as well as background
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signals of different AgNF surface were studied in the fingerprint signals range (1000~300

cm™) in Fig. 3.4.
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and at the edge of dry film (as red curves). All signals were obtained from 2 pL of
100ppm arsenic solutions in different buffers, A—0.1 M acetic acid (pH=2.9), B—0.1 M
phosphate buffer (pH=7.5), C—0.1 M ammonium formate buffer (pH=6.9).
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Figure 3.4 Typical SERS background signals from different buffer system with or
without SDS including. A—0.1 M acetic acid; B— 0.1 M phosphate buffer (potassium
salt, pH=7.5); C—0.1 M ammonium formate.

Signals were collected at the center of droplet once 2 puL of 100 ppm arsenic
solution was placed on the AgNF. Because of the coffee ring effect, signals were
collected close to the edge region of coffee ring stain after complete evaporation of the

sessile droplets. There was no significant interference in the Raman shift range 1000~300
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cm’' from these three buffers employed here (Fig. 3.4). In 0.1 M acetic acid (Fig. 3.3A), a

11T .
was observed, which was resulted

characteristic vibrational band at 726 cm™ for As
from As—O stretch mode [184]. The band at 445 cm™ was not reported in literature, and
no attempt was made to identify and assign this band. In addition, it was observed that the
band at 445 cm™ was always present along with the band at 726 cm™ for As" and usually
with stronger intensity. After the sessile droplet dried completely, signal intensities of
both bands reduced significantly but were still distinguishable with the unassigned
vibrational band shifting to a low vibrational number at 424 cm™. When As™ was present

" could get really close to the AgNF surface due to diffusion and

in the sessile droplet, As
thus the signal intensity was very strong. Although the evaporation of solution should be
able to bring As" molecules significantly close to the AgNF, the SERS signal dropped
dramatically unexpectedly. The dramatic changes in SERS signals between in the droplet

or on the dry film could be due to the fact that As™

has a pKa value of 9.2 and it is
always protonated in the acetic acid buffer. The fully protonated As™ can prevent the
complexation of As"' with the AgNF surface. For As", it had a fingerprint signal at 800
cm™ in the sessile droplet or on the dry film and this could be assigned to the As—O
symmetric vibration [186]. The superposition stretch of v2 and v5 of the arsenate
molecule was not distinguishable in this buffer solution, which usually appears around
410 cm™ [132]. Due to the similarity in structure for the two organoarsneicals, MMA"
and DMA", being different by one methyl group, their SERS signal profiles were highly
resemble. MMA" showed one sharp vibrational band at 622 cm™ due to the As—C stretch

(Fig. 3.3C) and one board vibrational band at 820 cm™, which should be assigned to the

vibrational of As—O [188]. For DMA", the symmetric stretching of As—C was at 602
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cm™ since DMA" has two As—C bonds, while the asymmetric As—O stretching was
found at 830 cm™ [135]. Being the only trivalent arsenic compound among these four

" had a poor signal response on the dry film, while the rest had strong

arsenicals, As
signal responses in both conditions. As mentioned previously, the possible reason could
be that As"' could not form complexation with the AgNF surface while the others could.
Arsenicals SERS signals behaviors were highly similar between phosphate and
ammonium formate buffers, since there is minor difference in their pH. In the phosphate
buffer (Fig. 3.3B), a slightly different in signal for As" was found with very small
changing in vibrational frequency and the signal intensity dropped significantly on the
dry film in comparison with that in droplet, while the vibrational frequency of As’
changed much more than As™, from 800 to 782 cm™ in the droplet and to 792 cm™ on the
dry film. For the two organoarsenicals, they had poor signal response in the droplet but
relatively strong signals on the dry film, being different from their signals in the acetic
acid buffer. In the ammonium formate buffer (Fig. 3.3C), these four arsenicals had
similar signal response as in the phosphate buffer with minor differences in vibrational
frequency with an exception for MMA". MMAY had very strong vibrational intensity on
the dry film, but only distinguishable signals in the droplet. When comparing the SERS
signal of these two organoarsenicals in acetic acid with the rest two buffers, it was
observed that they all have strong signal responses on the dry film, however, the SERS
signal responses in the sessile droplet were completely different. In the acetic acid buffer,

they have strong signals in the sessile droplet, which was almost the same as on the dry

film. However, the signals were fairly poor or barely distinguishable with the pH increase
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in other two buffers. The possible reason could be the deprotonation of organoarsenicals
and the negatively charged AgNF surface in buffers with high pH.
3.4.3 Changes in arsenic SERS signals during evaporation of solvent

The essential of the coffee ring effect is the enrich capability during the
evaporation of the sessile droplet. According to Deegan’s work in 1997 [150], all solution
will be driven to the edge of the sessile droplet as long as the contact line is pinned. Here
two approaches were employed to validate this statement for arsenic analysis by SERS.
First, the time lapse for signal changes of As"" was obtained (Fig. 3.5A). SERS signals of
As"™ were decreasing with the time at the center of the droplet, indicating that the

concentration of As™

at the center region reduced with time. This observation should be
due to the migration of As™ outwards from the center of the sessile droplet during the
evaporation. The second approach was to collect SERS signals along the center to edge

I

of the dry coffee ring. However, As " had a poor SERS signal response on the dry film as

II1 .
SERS measurements were carried out

mentioned in the previous section. Therefore, As
before the sessile droplet dried completely and the SERS signals were collected from the
center to the edge of the droplet with 100 um increment in 5, 10 and 15 minutes after the

As" solution being dropped onto the AgNF surface. Similar results were obtained with 5,

10 and 15 minutes of drying.
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Figure 3.5 The typical coffee ring signal profile of aresnicals on the AgNF. A—Time
lapse SERS signals of 2 pL 100ppm As™ (prepared in DI water) droplet on AgNF;
B-As" SERS signal from the center to edge after 2 L 100ppm As'' was dropped onto
the AgNF for 5 minutes. Note, it took around 35 minutes for a 2 uL droplet to evaporate
totally on the AgNF.

The results of 5S—minute of drying are shown in Fig 4.5B as an example. It was

found that there was no significant difference in signal intensity along the radius of the
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droplet, except a dramatic change in the signal profile at the edge where As" fingerprint
signals were observed. Also, we noticed that the droplet was dried faster during the SERS
measurement than that in the air. Therefore, heat generated from laser irradiation could

I

cause the oxidation of As" to As". Although the signals maintained almost the same

" should be higher near the

along the radius of the sessile droplet, the concentration of As
edge than that of in the center. The reason for the lacking in the signal increase with
distance from the center is unknown. Another experiment using MMA" in ammonium
formate buffer was carried out to observe the migration of arsenic during the evaporation
(Fig. 3.5C). It was found that the SERS signal intensity was increased with the sampling
spot moving outwards and the outmost sampling spot has the strongest signal intensity. It
was clear that the coffee ring effect drives all solute towards the edge of the sessile
droplet during the evaporation.
3.4.4 Arsenic speciation on the AgNF employing the coffee ring effects

3.4.4.1 Arsenic speciation on the AgNF without using surfactants

It was hypothesized that arsenic speciation could be carried out using the
outwards capillary flow as a mobile phase and the AgNF area covered by the sessile
droplet covering as the stationary phase. Nano-size particles were coated and packed
closely on the surface of glass substrate and this property of the AgNF provided the
adsorption/desorption interactions with the arsenicals. During the migration of the
arsenicals in the droplet toward the edge driven by the capillary flow, different arsenic
species might be separated because of different affinities to the AgNF surface. By

monitoring the SERS signals from the center to the edge, the separation of arsenic species

could be detected, as the fingerprint SERS signals representative of different arsenicals
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should appear in the different regions on the AgNF surface. In order to examine the
possibility of using this coffee-ring effect for arsenic speciation, arsenic species were
prepared in different buffers, including 0.1 M acetic acid (pH=2.9), 0.1 M phosphate
buffer (pH=7.5), 0.1 M ammonium formate buffer (pH=6.9), which have shown to have
insignficant background signals in the 1000~300 cm™ range. SERS signals were obtained
along the radius from the center to the edge of coffee ring after the sessile droplet was dry,

and the results are shown in Fig. 3.6.
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Figure 3.6 Arsenic speciation based on regular coffee ring phenomenon in different
buffer solutions.

A—0.1 M acetic acid (pH=2.9), B—0.1 M phosphate buffer (pH=7.5), C—0.1 M
ammonium formate buffer (pH=6.9). Note in C, the scale bar of upper section (starts with
the yellow curve) is different from lower section.

There were significant differences in arsenic fingerprint signal profiles by using
different buffers. For the acetic acid buffer (Fig. 3.6A), the center region had low

intensity of fingerprint SERS signals of 603, 735 and 801 cm™, standing for the As—C
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stretching from DMAY, As—O stretching from As™
g g

and As—O symmetric stretching
from As', respectively. On the contrary, the SERS signals intensity increased
dramatically toward the edge, with the strongest signals found at the outmost edge. At the
edge region, the As—C vibrational frequency shifted to 615 cm™ which was originated
from 603 cm™ at the center. This vibrational band of 615 cm™ might be due to the overlap
of the two organoarsenicals (MMA" and DMA"), because this vibrational frequency was
between the As—C vibrational frequencies of MMA"Y and DMAY. Despite the
discrepancies in the SERS signals between the center and the edge, the separation of
arsenic species was not observed in the acetic acid buffer, instead the arsenicals were
stacked at the edge region, as multiple arsenicals fingerprint signals (and the strongest
signals) were found at the edge.

For the phosphate buffer (Fig. 3.6B), three arsenic fingerprint signals were found,
including 607, 730 and 820 cm™’, indicative of As—C vibration, As—O stretching from
As™ and As—O stretching from MMA", respectively. Compared to the results using the
acetic acid buffer, the signal intensity at 820 cm™ was higher for the organoarsenical
using phosphate buffer. No As" fingerprint signals were found at any spot on the dry film
due to possible overlap with the strong organoarsenic signals. It is worth noting that the
signal intensity in phosphate buffer maintained stable along the radius with some minor
decreasing at the edge, which was against the coffee ring effect. One of possible reasons
could be the binding reactions between AgNPs on the AgNF and arsenicals, which
occurred because of the high pH of phosphate buffer resulting in the deprotonation of

arsenicals. At this pH, the binding of arsenicals with AgNPs could be strong enough to

retain arsenicals at the center region.
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For the ammonium formate buffer, the SERS signal intensity in the center region
was stronger than that in the edge region, as shown by the scale bar changing in Fig. 3.6C.
Before the yellow curve, there were two fingerprint signals (820 and 606 cm™) found
close to the center, indicating that both organoarsenicals were present in this region, since
neither of these two signals could be solely from MMA" or DMA". After moving
outwards, three vibrational bands were detected, including 808, 730 and 620 cm’'. The

" and the signal at 620 cm™ should be assigned to

peak at 730 cm™ can be assigned to As
As—C in MMA". The clear red shift for the As—C vibrational band from 606 in the
center to 620 cm™ at the edge of the coffee ring suggests that separation of the
organoarsenicals happened. No As" fingerprint signals found in this buffer, but there was
a band at 808 cm™ at the edge region. It was believed that this 808 cm™ band was not
from As" or organoarsenicals, instead was the result of vibrational frequency resonance.
Probably due to the presence of this 808 cm™ band in ammonium formate buffer, As"
was not detected successfully.

Overall, the results using these three buffers suggest that, without further
modifications on the experimental conditions, it was extremely difficult to accomplish
arsenic speciation by evaporating a 2 pL sessile droplet on the AgNF. According to the
observations, the capillary flow generated during the evaporation could be strong enough
that drove all solutes in the sessile droplet towards the edge of coffee ring and thus all
arsenicals were stacked at the edge of coffee ring. Although fingerprint signals of
multiple arsenicals were observed at the edge, no separation was achieved under this

condition. Strong interactions between arsenicals and the AgNF surface were also

observed, resulting in that arsenicals SERS intensities are stronger at the center region
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than the edge region. The ideal arsenic speciation requires the redistribution of arsenic
species of interest along the coffee ring radius through modifying experimental
conditions, e.g., addition of surfactants (see below).

3442 Arsenic speciation on the AgNF using coffee ring effect under the

influence of surfactants

In Deegan’s paper about coffee ring mechanism, it was pointed out that surface-
tension gradients, solute diffusion, electrostatic and gravity effects are negligible in ring
formation [150]. This statement indicates that it could not be effective trying to separate
arsenic species during the formation of coffee ring without reshaping the ring. Inspired by
previous work [197, 204], the coffee ring phenomenon under the influence of surfactants
was explored for potential separation of arsenic species. A small amount of surfactant
was introduced into the solution in order to reduce the surface tension, and the liquid in
the sessile droplet would be migrated into the peripheral area with the reduced surface
tension and strong capillary action from the AgNF surface. The strong capillary action
was resulted from the closely packed AgNPs on the AgNF surface. When the liquid in the
sessile droplet started permeating into the peripheral region outside the sessile droplet,
different arsenicals should be able to move with the capillary flow and migrate different
distances on the AgNF surface because of the varying strengths in the interactions of
different arsenicals with the AgNPs. As the contact line of the droplet did not move
during the evaporation of the droplet, two concentric rings stains were left on the AgNF

surface, as shown in Fig. 3.7.
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Halo coffee ring

Figure 3.7 Typical halo coffee ring phenomenon as droplet and as dry film using the
phosphate buffer system containing 0.05% SDS.

The selection of buffers would play an important role for the potential arsenic
separation using this halo coffee ring effect, since the buffer would determine the pH of
the sessile droplet and at the meantime affect the adsorption of arsenicals on the AgNF
during the evaporation. The key to choose an effective buffer and a surfactant for this
halo coffee ring effect mainly depends on the background signals and the SERS signals
of individual arsenicals in the buffer after the evaporation. Three buffer systems were
tested due to their low background interferences with arsenicals, including 0.1 M acetic
acid (pH=2.9), 0.1 M phosphate buffer (potassium salt, pH=7.5) and 0.1 M ammonium
formate (pH=6.9). Regarding the surfactants, CTAB strongly adsorbed onto the AgNF
and caused strong background signal, and therefore CTAB was not suitable for the

generation of halo coffee ring (see details in Fig. 3.8).
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Figure 3.8 SERS signals along the radius of the sessile droplet containing 0.05%
CTAB.

On the other hand, SDS was compatible with these three buffer systems and had
no interference with arsenic species sensing, especially in the range of 1000 ~ 300 cm™
(Fig. 3.4). Halo coffee ring was observed in these three buffer systems with the addition
of 0.05% SDS, and an example using phosphate buffer was shown in Fig. 3.7. This
unique halo coffee ring phenomenon featured the following characteristics, including the
pinned contact line before the complete evaporation of the sessile droplet (same as the
typical coffee ring phenomenon) and the outwards flow driven by capillary action. After
the sessile droplet was completely evaporated, the signature halo coffee ring was left on
the AgNF surface, which had a darker colored inner ring and a lighter colored halo
symmetrically. After carefully controlling the buffer composition and the concentrations
of surfactants, liquid from the sessile droplet would overcome the constraint from the

surface tension and permeate into the peripheral region of the droplet. This concept
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serves as the same principles of circular TLC, but circular TLC typically uses organic
solvent as the developing solution. Nano-size AgNPs provided varying retention abilities
towards different arsenic compounds during the migration outside the sessile droplet,
resulting in different migration distances and thus separation of different arsenicals.

The separation of arsenic species based on the halo coffee ring phenomenon was

demonstrated as follows.
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Figure 3.9 Halo coffee ring SERS signal profile of 4 arsenic species in acetic acid.
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Figure 3.10  Halo coffee ring SERS signal profile of 4 arsenic species in phosphate
buffer.

In acetic acid buffer (see Fig. 3.9), only one vibrational band at 606 cm™ was
found in the inner ring area, presumably representing DMA". When the sampling spots
moved into the halo ring region, significant changes in SERS profiles were found. Firstly,
an obvious red-shift of As—C vibrational band was found, which, together with the

appearance of 822 cm™ band (slight blue-shift from original 827 ¢cm™ obtained from
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MMA" coffee ring edge), should indicate that MMA" dominated in the halo region. A
series of weak signals at 732 cm™ were found along the halo region, probably indicative

At the outmost of the halo region, a 783 cm™ band was found,

of the presence of As
which should suggest the presence of As". In the pH=7.5 phosphate buffer (see Fig. 3.10),
only 611 and 812 cm™ vibrational bands were found in the inner ring region. Where it
moved outwards, the dominant SERS signal was the band at 616 cm™. With the sampling
spots moving outwards, As™ (the band at 732 cm™) and As" (the band at 778 cm™)
signals were found subsequently and the As" intensity was fairly weak while the As"
intensity was acceptable. In the ammonium formate buffer (see Fig. 3.11), a similar
phenomenon was observed as in previous two buffer systems, in the inner ring region,
only one band at 609 cm™ was found. When it moved outwards, the As—C vibrational
band shifted to 619 cm™. Associated with 619 cm™ band, there was s 819 cm™ appearing
on the spectra, which indicated the existing of MMA". The band at 730 cm™ represented
As" showed up earlier than the one at 780 cm™, indicating As".

Generally, the arsenic separation in these three buffer systems is summarized as
the following. Only one arsenic compound was left in the inner ring region, which was
DMA" despite there was minor difference in As—C vibrational frequencies in these three
buffer systems. In the halo ring region, fingerprint signals of As™, As', MMA" were

found with MMA" dominated in large area and As’ migrated further than As™

. Secondly,
the signals intensity in the halo region had a universal trend, the signals decreased with
the distance heading the halo ring edge, however, this might not be application for As"

since it appeared on the way to the edge. Thirdly, there was significant SERS signals

profiles changing between inner ring and halo ring, usually started at the first sampling
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sport of the halo ring, sometimes even including the outer ring boundary. Fourthly, these
two organoarsenicals might not be separated totally in certain buffer systems, such as
phosphate buffer (potassium salt) and ammonium formate, because the AsC fingerprint
frequencies were deviated from according solo organoarsenicals. In the phosphate buffer
(potassium salt) , the As—C vibrational frequency were found 611 and 616 cm-1 in inner
ring and halo respectively. It was believed in the inner ring region some MMA" was not
able to migrate into halo ring and elevated the frequency, while some DMA" was
migrated into the halo ring and reduced the frequency. In the ammonium formate buffer,

only some MMA" left in the inner ring.
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Figure 3.11  Halo coffee ring SERS signal profile of 4 arsenic species in ammonium
formate.
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The AgNF surface played a significant role for the arsenic separation, and the
charge status was the most critical factor. There was no direct method to determine the
surface charge of the AgNF, thus, AgNPs from the surface were washed off using
NaBH4 under sonication and re-suspend into these three buffer systems used respectively
[142]. Zeta potential data obtained from these solutions were all negatively charged. Even
through the AgNPs were attached to the surface via amine groups on the surface and the
amine groups should have an unneglectable effect on the AgNF surface charge. However,
the potential positively charged resulted from the amine groups on the glass substrate is
ignored owing to the following reasons. Firstly, the glass surface was coating with close-
pack nanoparticles and thus it was believed there is very few free amine groups exposed
because they are all binding to the silver nanoparticles. Furthermore, the surface of
AgNPs on the AgNF was assumed to be surrounded by buffer solution during the arsenic
migration. Therefore, the zeta potential data were used as an alternative for a better
understanding of arsenic migration behavior.

DMA" was mostly left in the inner ring region, and the possible reason could be
partially due to the relatively high pKa value (pKa=6.2). It maintained neutral in acetic
acid and ammonium formate buffer systems, and as a result it was not migrated into the
halo ring region. In the halo ring As" was usually found in the foremost area despited the
prevalent distribution of MMA", the strong deprotonation ability could contribute to this.
It was negatively charged under these buffer systems and the surface was also negatively
charged. Therefore, there was no significant attraction from the AgNF during its
migration outwards and it was pushed to front. For the prevalent distribution of MMAYV,

the possible reason could be loose binding with the AgNPs on the AgNF.
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In the capillary electrophoresis separation., arsenic species were separated by their

M eluted first and As" the last. The reason

deprotonation status in the buffer [77] and As
was that As™ was neutral and As’ was highly deprotonated in the NaH,PO4-Na,;B4O-
buffer (pH=6.5). Similar to the CE technique, As’ was eluted the last in the ion
chromatography separation due to low pKa value [212]. However, As' was barely
migrated in TLC using cellulose as the migration plate [213, 214]. It was reasonable since
the migration solution was in high pH and there were lots of hydroxyl grounds existing
on the cellulose plate surface, which ensure the active binding of As" onto the surface via
chelating complexation. In this study, the electrostatic interactions between arsenicals and
the AgNPs on the AgNF plays a critical separation role during the migration along the
radius from the center to the edge. At the same time there was non-specific binding found
for MMAY, however, the detail reason was not clear.
3.5  Conclusion

In this study, arsenic speciation based on the coffee ring effect was explored and
it seems promising to achieve the arsenic separation by using the coffee ring effect under
the regulation of surfactants. Due to the strong capillary flow generated by the coffee ring
effect, arsenicals accumulated at the edge of the coffee ring and the separation was hard
to achieve. In the presence of surfactants, a new ring phenomenon—halo coffee ring effect
occurred; solution in the droplet was able to migrate into peripheral region. During the
migration into the peripheral region, arsenicals had different interactions with the surface
and thus partial separation was achieved. This halo coffee ring effect was demonstrated in
different solutions, including 0.1 M acetic acid, phosphate buffer (potassium salt) and

ammonium formate. Partial separation of common arsenic species was observed in these
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three solutions of different pHs, and the phosphate buffer had the relatively better
separation effect. Charge status of individual arsenicals played an important role during
the migration and eventually caused the separation, since the interaction between
arsenicals and the AgNF surface was mostly depending on the electrostatic interaction.
However, there are other factors participate in the arsenic migration and separation

during the formation of halo coffee ring.
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Chapter 4

Raman Spectra of Thiolated Arsenicals with Biological Importance
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4.1 Abstract

Surface enhanced Raman scattering (SERS) has great potential as an alternative
tool for arsenic speciation in biological matrices. The SERS measurements have
advantages over other techniques because of its ability to maintain the integrity of arsenic
species and its minimal requirements for sample preparation. Up to now, very few Raman
spectra of arsenic compounds have been reported. This observation in current literature is
particularly true for thiolated arsenicals, which have recently been found to be widely
present in humans. The lack of data for Raman spectra in arsenic speciation hampers the
development of new tools using SERS. Herein, we report the results of a study combining
the analysis of experimental Raman spectra with that obtained from computational
calculations for some important arsenic metabolites. The results were obtained with a
hybrid functional B3LYP approach using different basis sets to calculate Raman spectra
of the selected arsenicals. By comparing experimental and calculated spectra of
dimethylarsinic acid (DMA"), the basis set 6-311++G** was found to provide
computational efficiency and precision in vibrational frequency prediction. The Raman
frequencies of a set of six organoarsenicals were studied using this basis set, including
monomethylarsonous acid (MMA™), dimethylarsinous acid (DMA™),
dimethylmonothioarinic acid (DMMTA"), dimethyldithioarsinic acid (DMDTA"), S-
(Dimethylarsenic) cysteine (DMA"'Cys) and dimethylarsinous glutathione (DMA'"'GS).
The results were compared with fingerprint Raman frequencies from As—O, As—C, and
As—S obtained under different chemical environments. These fingerprint vibrational
frequencies should prove useful in future measurements of different species of arsenic

using SERS.
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Key words: Arsenic metabolism ¢ Density functional theory * Raman spectra
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4.2 Introduction

Arsenic as a notoriously toxic pollutant exists widely in the environment.
Extensive arsenic contamination of groundwater has led to widespread poisoning in many
regions [30-33]. On the other hand, certain arsenic compounds have been used as
medicines for treatment of cancers such as acute promyelocytic leukemia, and lymphoma
[215, 216]. Chronic exposure or direct ingestion of arsenicals can result in extensive
metabolism and transformation in biological systems, resulting in a wide variety of
arsenicals with drastically different chemical properties and toxicities [217-219].
Methylated arsenicals including monomehtylarsonic acid (MMA"), dimethylarsinic acid
(DMA"), monomethylarsonous acid (MMA™), and dimethylarsinous acid (DMA™) are
generally believed to be the major arsenic metabolites [220-222]. However, thiolated
arsenicals have been recently identified in various biological samples.
Dimethylarsinothioyl glutathione complex (DMMTAY(GS)) was first detected in
cabbages following exposure to DMA" [223] and also identified in human cell lines after
darinaparsin (S-dimethylarsino-glutathione) exposure [183, 224, 225].
Monomethylmonothioarsonic acid (MMMTAY) was found in urine of hamsters, rats,
human [226-229], and in human gut microbiota [230]. Dimethylmonothioarinic acid
(DMMTA") was also detected in many biological samples [227, 229, 231-235], such as
urine, liver and kidney homogenates, plasma, and red blood cells. It is now recognized

that more arsenic metabolites may exist in human than previously believed. Identification
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of arsenic species in different biological matrices is of great importance in the study and
assessment of metabolites of arsenic in vivo.

Generally, speciation of arsenic has been carried out by a combination of
chromatographic separation and spectroscopic detection. High-performance liquid
chromatography (HPLC) [176, 183, 224, 225], ion chromatography (IC) [78, 79] and
capillary electrophoresis (CE) [236-238] have been popular separation techniques for
these species. Following chromatographic separation, inductively coupled plasma mass
spectrometry (ICP-MS) [176, 183, 224, 225], electrospray ionization mass spectrometry
(ESI-MS) [72], and time-of-flight mass spectrometry (TOF-MS) [81] have been used for
detection, of which ICP-MS and ESI-MS are most widely used. Before analysis can be
conducted, extraction of specific arsenicals from different sample matrices usually has to
be performed. However, extraction steps employing acid/base or organic solvents may
cause alterations in arsenic speciation. For example, it was reported in one sample
preparation method that only 55 % of DMA™ remained following extraction and cleanup
[239]. Speciation analysis of arsenic in biological samples remains a challenging task
because of the diversity of arsenic metabolites and their instability. Therefore the
development of a method for arsenic speciation that does not require extensive sample
preparation would be ideal. Raman spectroscopy provides molecular fingerprint
information and should be a good choice for elemental speciation analysis. Raman
spectroscopy provides great structural information using vibrational spectra, and unlike
infrared methods, water is not an interferent [100], which makes Raman spectroscopy
readily adapted to in vivo studies [240, 241]. Surface-enhanced Raman spectroscopy

(SERS) employs metallic nanostructured substrates to improve the signal sensitivity
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using localized surface plasmon resonant field enhancements. In recent years, the use of
SERS in bioanalytical fields has increased exponentially as a result of advances in the
preparation of nanomaterials [242-245]. It is potentially possible to employ SERS for
arsenic speciation analysis in vivo. However, reports related to the application of SERS in
this area are limited because of the lack of reported Raman spectra and vibrational
assignments for most arsenic metabolites. In previous work, the Raman spectra of
mixtures of arsenic and sulfur vapors were investigated using high-temperature laser.
Complicated interactions between arsenic and sulfur were observed various Raman
vibrational bands as shown on the Raman spectra. Unfortunately, potential As—S
vibrational movements were not assigned in the paper [246]. The Raman spectra of
Na3zAsS4+8(D,H),0 and Na3SbS4°9(D,H),O were measured in salt hydrates, providing
valuable information of As—S bonds despite lacking spectrum unfolding [247]. However,
with the discovery of new arsenic metabolites, particularly the thiolated organoarsenicals,
the information on the Raman spectra of these arsenic compounds is very much needed.
Quantum chemical calculation is an essential method for interpretation of
experimental vibrational spectra [248]. Previously, ab initio Hartree-Fock molecular
orbital theory was employed to interpret EXAFS and Raman spectral properties of
various inorganic sulfur-containing arsenicals [249]. Compared with Hartree-Fock
calculations, density functional theory (DFT) including the Becke, 3-parameter, Lee-
Yang-Parr (B3LYP) method [162-165], has been demonstrated to yield good
performance when used to predict IR and Raman spectra. The Raman spectra of the
As(HCys); complex was calculated using the DFT method and was compared with

Raman frequencies for this same complex observed experimentally. The calculated As—S
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frequencies for As(Hcys); were approximately 368-402 cm™, which provides the
important structural information as well as the mechanism of arsenite complexation at a
molecular level [250]. The As—0O, As—OH, As—S, and As—SH vibrational frequencies
for some inorganic oxoarsenicals and thioarsenicals have also been calculated using the
CBSB7 B3LYP method [251]. Nevertheless, many organic arsenic metabolites and
thiolated arsenicals still lack spectral analysis. Previously, most theoretical computations
were calculated roughly by low-precision methods [249] and focused mainly on
inorganic arsenic compounds [251]. The recent discovery of an extensive variety of
arsenic metabolites including new thioarsenicals has resulted in an urgent need for these
compounds to be characterized by computational and experimental methods. Raman
spectroscopy and especially SERS has great potential in the study of arsenic metabolism,
but there is currently a lack of data for these studies.

The objective of the present work was to study the Raman spectra of some key
organoarsenicals that have been identified in biological samples or could potentially be
important in arsenic metabolism by comparison of computational and experimental
results. The selected arsenicals included thiolated arsenicals which were either purchased
or synthesized in the laboratory. Raman spectra of the selected compounds were
measured experimentally with protection from air oxidation for certain oxygen sensitive
species (MMA"™, DMA™, DMMTA", DMDTA", DMA"Cys, DMA"™GS. Quantum
chemistry methods were employed to simulate molecular vibrations associated with the
Raman spectra in order to assist in the assignment of vibrational bands of the arsenicals.

Overall this research provides important information on Raman spectra for some
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potentially important arsenic metabolites and sheds light on future analysis of arsenic
metabolites in vivo using SERS.
4.3 Materials and Chemicals

Cacodylic acid sodium salt, 98% (DMA "-Salt) and cacodylic acid, 98% (DMA")
were purchased from Sigma-Aldrich, USA. Monosodium acid methane arsonate
sesquihydrate, 98% (MMA") was purchased from Chem Service, USA. L-Cysteine (cell
culture reagent) was purchased from Acros Organics, USA. L-Cystine (Sigma grade) was
purchased from Sigma-Aldrich, USA. NaOH, HCI, H,SO,, P,Os, KI, Na,S*9H,0 were
certified ACS grade and purchased from Fisher Scientific, USA. Sulfur dioxide (SO,) gas
and nitrogen (N,) gas were purchased from Specialty Gases of America, USA and Airgas,
USA, respectively. Anhydrous ethyl alcohol (ACS/USP grade) was purchased from
Pharmco-Aaper, USA. Ethyl ether anhydrous (ACS certified) was purchased from Fisher
Scientific, USA. DI water (18.2 MQ) was produced in the laboratory using a Barnstead
Nanopure Diamond, USA.
4.4  Experimental procedures
4.4.1 Synthesis of arsenicals in the laboratory

44.1.1 MMA" and DMA™

The MMA™ and DMA™ were prepared from their corresponding iodine forms
according to the procedures reported previously [176]. Briefly, MMA" or DMA" was
mixed with KI in DI water, and then concentrated HC] was added to the solution. The
solution was placed on a magnetic stirring plate and a flow of SO, was used for reduction
of the arsenic compound. For MMA™L,, a yellow precipitate was formed in the aqueous

solution as reduction proceded. The yellow precipitate was collected and dissolved in
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diethyl ether and dried under a stream of N, gas. For DMA"1, a yellow oil product was
found at bottom of the reaction vial at the end of the reaction. The yellow oil was
collected and dried over P,Os. The drying in P,Os must be performed cautiously since
heat is released when P,Os reacts with water. The dry yellow oil was extracted using
diethyl ether and dried under a stream of N, gas. Saturated solutions of MMAM"L, and
DMA™I were prepared and hydrolyzed in 0.1 M NaOH prior to Raman spectral
measurement.

44.1.2 DMMTA" and DMDTA"

The anhydride form of DMMTA" was prepared by dissolving DMA" (6.52 g or
47.2 mmol) in 70 ml of 30 % (wt/wt) aqueous ethanol [252]. Dilute H,SO4 (2 M) solution
was added dropwise onto Na,S¢9H,0 crystals to produce H,S in a gas generator and the
gas was bubbled into the 70 ml of DMA" solution prepared upon for 15 minutes under
stirring without heating. After reaction, the solution was dried using a rotary evaporator
and the resultant sample was hydrolyzed in degassed DI water. The hydrolysis product
was dried again in a rotary evaporator and the dried powder was collected for further
analysis.

Dimethyldithioarsinic acid (DMDTA") was prepared from sodium
dimethyldithioarsinic salt (Sodium-DMDTA) [253]. Sodium-DMDTA was prepared by
passing hydrogen sulfide (H,S) through a boiling ethanol solution of dimethylarsinic
(DMA"-Salt, 0.584 mol/L, 25 ml) for half hour. The H,S gas was generated by dropping
diluted H,SO, into Na,S*9H,0 crystals and the gas was collected and bubbled into the
solution using a gas generator. After the reaction flask cooled down, a large amount of

precipitate was found at bottom of the flask. Cold ethanol was used to wash the
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precipitate three times and then the precipitate was dried under a stream of N, gas. The
precipitate (sodium salt form) was dissolved in hot ethanol and 2 M HCI solution was
introduced drop by drop in order to yield the product DMDTAY (acid form) and
byproduct NaCl as precipitate. Because NaCl had relatively low solubility in the ethanol
solution and it was easily removed by decanting and the organic phase was dried under a
stream of N, gas.

44123 DMA"Cys

The S-(Dimethylarsenic) cysteine (DMA"Cys) complex was prepared by
reduction using a mixture of DMA" (0.66 mmol) with L-cysteine (0.33 mmol) in 10 ml
of degassed DI water under nitrogen. Our synthesis of DMA"'Cys used a larger quantity
of L-cysteine than DMAY than described in previous reports [235, 254], however, it was
found that the cystine byproduct in the precipitate affects the DMA''Cys Raman spectra
(See Figure S5A). Because DMA"'Cys hydrolyzed and turned into DMA™ during
chromatographic separation and ICP-MS detection of "*As in these two previous reports,
the co-existing byproduct cystine had no influence on their study. Therefore, a two-fold
molar of DMA" against L-cysteine was employed to reduce the formation of
byproduct—cystine. The reaction was carried out at room temperature using magnetic
stirring for three hours [225]. After the reaction, the solution was centrifuged and the
supernatant was collected. Then the supernatant was evaporated, the white residue

powder was carefully collected for further analysis.
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4.4.2 Instrumentation

4.42.1 High performance liquid chromatography coupling inductively

coupled plasma mass spectrometry (HPLC/ICP-MS) for arsenic speciation

The high-performance liquid chromatography (HPLC) (PerkinElmer series 2000)
using a C18 reversed-phase column and a mobile phase consisting of 3 mM malonic acid,
5 mM tetrabutylammonium hydroxide, and 5% (v/v) methanol (pH=5.9) with a flow rate
of 1 mL/min. Arsenic content was detected by an ELAN DRC-e inductively coupled
plasma mass spectrometry (ICP-MS) (PerkinElmer). The concentrations of all standard

arsenic standards were 1pM, including As™, MMA"™, DMA" and MMA".

4422 Mass spectrometers
A. Bruker fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR-MS)

The DMMTA" sample was analyzed on a Bruker Solarix FT-ICR-MS equipped
with a 7 T superconducting magnet in the Advanced Mass Spectrometry Facility at
Florida International University (Florida, USA). The samples were infused using a
Bruker API electrospray source at 6 uL/min by a syringe pump. The instrument
parameters were set at 4.6 kV for the capillary column front end voltage, and 200 V
capillary end voltage. Ions accumulated for 0.5 s in hexapole with 6.0 V direct-current
voltage and 180 Vp-p ratio frequency (RF) amplitude. The optimized mass for
quadrupole 1 was set to 100.0 Da. Hexapoles of the Qh interface were operated at SMHz
and 300 Vp-p amplitude, in which ions accumulated for 0.1 s. Ions were transferred to an

ICR cell by electrostatic focusing of the transfer optics. The ICR was operated at 100.4-
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4000.0 mass range, and 4 MW data size. The time domain data sets were co-added from
50 data acquisitions.

B. Thermo Finnigan LCQ Deca XP MAX LC-MS/MS mass spectrometer

The DMDTA" powder sample was dissolved in 1 mL methanol (50.0 mg/mL)
and diluted ten times in 0.1 % ammonium hydroxide in acetonitrile. The sample was
analyzed by directed infusion negative ESI mode on the Thermo Finnigan LCQ Deca XP
MAX mass spectrometer, and the full scan from 100-1000 Da and the product ion scan
from 50-175 Da modes were performed.

C. QTRAP 5500 LC-MS/MS mass spectrometer

The DMA"'Cys powder sample was dissolved in 0.3 mL of 66 % ACN and 34 %
DI water. An aliquot (50 uL) of the obtained solution was transferred to a glass vial and
mixed with 450 pL of ACN. A blank was prepared similarly, substituting the volume of
diluted sample with 34 % water in ACN. Using a syringe pump (5 pL/min), the obtained
solutions were combined with the output of an LC system (Thermo Surveyor LC pump),
which delivered 50 pL/min of 0.1 % FA in ACN (Optima LC/MS grade). The combined
flow was infused into the Turbo VIM ESI source of an AB SCIEX QTRAP 5500 triple
quadrupole mass spectrometer, operated in the positively mode under full scan (100-500
Da) and the product ion scan (50-300 Da) modes.

4423 Proton NMR spectrometer

Proton NMR spectra were recorded at 25 °C on a Bruker 400 FT NMR

spectrometer operating at a proton frequency of 400 MHz.
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4424 Raman spectroscopy measurement

The Raman spectrometer used in this study was a Perkin-Elmer Raman
spectroscopy (Raman station 400F), employing a diode laser operating system at 785 nm
with an average power of 100mW at the sample and a 100-micron spot size. This Raman
station was equipped with a Perkin-Elmer 300 microscope, which has a movable stage.
The laser beam was focused on the sample stage through a fiber optic cable connecting
the 400F instrument to the microscope. Typically, a 20X optical lens was employed for
better sample focusing and response. Raman spectra (3300~200 cm™) were recorded
using a 785 nm laser with 1 second of exposure time, and 4 exposures per measurement.
Redox-sensitive arsenicals were sealed in melting point capillary tubes to prevent
oxidation during measurement, while for stable arsenicals, the Raman spectra were
obtained by placing powder samples directly onto microscopy slides. Most arsenical
Raman spectra prepared in this study were obtained using this Perkin-Elmer Raman
station 400 F.

Another Raman spectrometer used in this work was a Thermo Scientific
FirstDefender RM portable handheld Raman spectroscopy. The portable handheld system
was equipped with one 785 nm diode laser and a CCD spectrometer. The Raman shift
measurement range for this instrument was 250~2875 cm™. It had three levels of output
power, low, medium and high, corresponding to 75, 125, and 250 mW, respectively. For
Raman spectra obtained from the Thermo Scientific portable handheld Raman
spectroscopy, samples in glass vials were directly placed in front of the laser output probe,
exposure time was set to 50 seconds and high output power was employed during sample

measurement.
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4.4.3 Theoretical calculation

The B3LYP functional hybrid software with five different basis sets was
employed for arsenic molecular geometry optimization. Subsequently, Raman spectra
were calculated at the same level of theory using the optimized molecular structures. Two
of Pople’s split valence basis sets with different dispersion and polarization levels were
first used, including 6-31G* and 6-311++G**. Considering that arsenic is an element
belonging to the fourth period, the scalar relativistic effects might have important
influences on the chemical properties of arsenic compounds [255]. The Stuttgart/Dresden
double-C (SDD) basis set was employed to describe the arsenic atom in these arsenic
compounds, while other atoms were described using 6-31G* or 6-311++G** basis sets.
The resultant mixed basis sets were denoted as SDD/6-31G* and SDD/6-311++G**,
which were examined to evaluate whether considering relativistic effects would increase
the accuracy of computational results. Lastly, a high resource-demanding and all electron
basis set of triple-C valence quality, def2-TZVPP [256, 257] was also employed in
comparison of basis sets.

All calculations were performed using Gaussian 09 (Revision B.01) running on
Florida International University’s HPC facility usually using two processors. The
MOLDEN program [258] was employed to visualize individual arsenic molecular
vibrations at specific vibrational frequencies, while the Multiwfn program was used to
convert the Raman activities from Gaussian output files into Raman intensities in order to
plot the simulated Raman spectra for arsenicals [259]. The vibrational modes in the DFT
Raman spectra were assigned via MOLDEN molecular simulation, while assignments

from crystal Raman spectra were employed to verify MOLDEN assignments [187].
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Raman frequencies of the same vibrational modes from experimental and calculated
Raman spectra were extracted for further comparisons. Different empirical scaling factors
for Raman frequencies were used in order to reduce the disagreement between calculated
and experimental Raman frequencies: 0.9614 for 6-31G* and SDD/6-31G* [260], and
0.9679 for 6-311++G** and SDD/ 6-311++G** [165]. Corrected Raman frequencies
were obtained once the scaling factors were applied. However, the empirical scaling
factor for the def2-TZVPP basis set was not available. Usually, two sets of errors ratios
were calculated, which were between the experimental and calculated Raman frequencies
with or without scaling factors. For example, the error ratio between an experimental and
a calculated Raman frequency was determined by dividing absolute difference between
the calculated and e experimental Raman frequencies by the experimental frequencies
accordingly. A root mean square error (RMS) [165, 260] was adopted to evaluate the

performance of basis sets.
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4.5  Results
4.5.1 Comparison of theoretical and experimental Raman spectra
The molecular structures of DMAY, DMA", MMA", DMMTA", DMDTA",

DMA"'GS, and DMA"'Cys are shown in Fig.4.1.
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Figure 4.1 3D structures of arsenicals optimized by DFT
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Table 4.1 Comparison of experimental and calculated Raman frequencies for DMA" using all basis set

A 6-311++G** No scaling factor With scaling factor
Error ratio Difference Difference
between between between Error
Reported | Experimental reported and 6- experimental ' Scaled experimental raFlo
. Raman Raman . and Error ratio and scalled with
Assignment experimental | 311++G** . o frequency . .
frequency frequency Raman (em™) theoretical (%) (cm') theoretical scaling
(cm™) (cm™) Raman Raman factor
frequency f f o
(%) requelllcy reque?cy (%)
(cm™) (cm™)
V(AsC,) 616 611 0.8 573 38 6.2 555 56 9.2
Vis(AsCy) 655 636 3.1 611 25 3.9 591 45 7.0
V(As—0) 754 752 0.3 634 118 15.7 614 138 18.4
V(As=0) 822 820 0.3 932 112 13.7 902 82 10.0
84(CHs3) 1282 1279 0.5 1301 22 1.7 1259 20 1.5
8,(CH3) 1423 1420 0.5 1453 33 2.3 1406 14 1.0
V(CH;) 2920 2915 0.8 3054 139 4.8 2956 41 1.4
Vus(CH3) 2997 2995 0.3 3148 153 5.1 3047 52 1.7
V(H—0) NA NA NA 3815 NA NA 3693 NA NA
B 6-31G* No scaling factor With scaling factor
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Difference Difference
) Error ratio between between EI‘I‘.OI‘
Reported | Experimental between experimental Scaled experimental ratio
Assi i Raman Raman reported and 6-31G* and Error ratio & and scaled with
ssignmen frequency frequency experimental (cm'l) theoretical (%) eque_{lcy theoretical scaling
(cm™) (cm™) Raman Raman (cm™) Raman factor
frequency (%) frequency frequency (%)
(em™) (em™)
V(AsCy) 616 611 0.8 578 33 54 556 55 9.1
Vus(AsCy) 655 636 3.1 611 25 3.9 587 49 7.6
V(As—0) 754 752 0.3 698 54 7.2 671 81 10.8
V(As=0) 822 820 0.3 986 166 20.2 948 128 15.6
34(CHs3) 1282 1279 0.5 1331 52 4.1 1280 1 0.0
3.(CH3) 1423 1420 0.5 1492 72 5.1 1434 14 1.0
V(CH3) 2920 2915 0.8 3081 166 5.7 2962 47 1.6
Vus(CH3) 2997 2995 0.3 3178 183 6.1 3055 60 2.0
V(H—0) NA NA NA 3744 NA NA 3599 NA NA
C SDD/6-31G* No scaling factor With scaling factor
Difference . Difference
) Error ratio between Error ratio between Errpr
Reported | Experimental between SDD/ experimental between Scaled experimental ratio
. Raman Raman reported and and experimental and scaled with
Assignment . 6-31G* . frequency . .
frequency frequency experimental 1 theoretical and 2 theoretical scaling
(cm™) (ecm™) Raman (em™) Raman theoretical (cm™) Raman factor
frequency (%) frequency (%) frequency (%)
(em™) (em™)
V(AsCy) 616 611 0.8 569 42 6.9 547 64 10.5
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Vas(AsC,) 655 636 3.1 611 25 3.9 587 49 7.6
V(As—0) 754 752 0.3 659 93 12.4 634 118 15.7
V(As=0) 822 820 0.3 932 112 13.7 896 76 9.3
8,(CHs) 1282 1279 0.5 1342 63 4.9 1290 11 0.9
3.(CHs) 1423 1420 0.5 1484 64 4.5 1427 7 0.5
V(CH3) 2920 2915 0.8 3083 168 5.8 2964 49 1.7
V.s(CH;) 2997 2995 0.3 3179 184 6.1 3056 61 2.0
V(H-0) NA NA NA 3737 NA NA 3593 NA NA
D SDD/6-311++G** No scaling factor With scaling factor
Difference . Difference
Error ratio between Error ratio between Error
Reported | Experimental between SDD/ experimental between Scaled experimental ratio
Assi t Raman Raman reported and 6- and experimental f and scaled with
ssighmen frequency frequency experimental | 31 1++1G** theoretical and r?giﬁ?)cy theoretical scaling
(cm™) (cm™) Raman (em™) Raman theoretical Raman factor
frequency (%) frequency (%) frequency (%)
(em™) (em™)
V(AsC,) 616 611 0.8 559 52 8.5 541 70 114
V.s(AsCy) 655 636 3.1 606 30 4.7 587 49 7.8
V(As—0) 754 752 0.3 613 139 18.5 593 159 21.1
V(As=0) 822 820 0.3 859 39 4.8 831 11 1.4
8,(CH3) 1282 1279 0.5 1313 34 2.7 1271 8 0.6
3.(CH3) 1423 1420 0.5 1452 32 2.3 1405 15 1.0
V(CH3;) 2920 2915 0.8 3060 145 5.0 2962 47 1.6
V.as(CH3) 2997 2995 0.3 3156 161 54 3055 60 2.0
V(H—0) NA NA NA 3823 NA NA 3700 NA NA
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E def2-TZVPP No scaling factor With scaling factor
Difference . Difference
Error ratio between Error ratio between Errpr
Reported Experimental between def2- experimental between Scaled experimental ratio
. Raman P reported and and experimental and scaled with
Assignment Raman . TZVPP . frequency . .
frequency frequenc experimental (em™) theoretical and (Cm'l) theoretical scaling
(cm™) quency Raman Raman theoretical Raman factor
frequency (%) frequency (%) frequency (%)
(™) ' (™) '
V(AsCy) 616 611 0.8 580 31 5.1
Vus(AsCy) 655 636 3.1 615 21 33
V(As—0) 754 752 0.3 674 78 10.4
V(As=0) 822 820 0.3 961 141 17.2
84(CHs3) 1282 1279 0.5 1298 19 1.5 NA
3.(CHj3) 1423 1420 0.5 1454 34 24
V(CH;) 2920 2915 0.8 2915 0.0
V.(CHj) 2997 2995 0.3 2995 0.0
V(H—0) NA NA NA 3811 NA NA
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Table 4.2

Comparisons of computational performance of all basis sets

Scaled Scaled
. Scaled Scaled SDD/ SDD/ SDD/ SDD/6- | def2-
Basis Set 6-31G* 6-31G* 6-311++G** | 6-311++G** 6-
(0.9614) (09679) | 0316 | 631G% gy s | STIHFGTE ) TZVPP
’ ’ (0.9614) (0.9679)
RMS (cm’l) 112.4 65.6 90.9 594 108.2 63.8 95.9 69.5 60.1
Number of error
ratios over 10% ! 2 2 ! 2 2 1 2 1
computational cost 2m, 24s 2m, 24s 11m, 29s 11m, 29s 1m, 37s 11m, 29s 4m, 58s 11m, 29s 43m, 5s
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The representative arsenic compound DMA" was employed to explore the discrepancy
between the DFT Raman spectra, and the experimental Raman spectra using its crystalline
Raman spectra [187] as well as to determine which basis set was best for the DFT Raman spectra
simulation. The DMA" was selected because it is relatively stable and literature results on its
Raman frequency were available for comparison. The experimental and calculated Raman
frequencies obtained in current study, as well as those reported in the literature for Raman
frequencies of DMA" [187] along with error ratios using all basis sets are shown in Table 4.1.
The employed basis sets were compared and evaluated by the RMS, number of error ratios over
10% between experimental and calculated Raman frequencies in DMA", and the computational
cost (in term of time consumption) (Table 4.2). It was obvious that using scaling factors greatly
reduced the RMS values and improved the precision of the theoretical result, mainly because of
the scaling factors being smaller than 1.0. Among all basis sets tested, the basis set 6-311++G**
yielded the smallest RMS values after applying the scaling factor, other basis sets yielded
comparable results. On the other hand, it was found that basis sets 6-31G* and SDD/6-31G*
were not able to correctly predict the intensity of CHj vibrations from 1600~1200 cm’! (Fig. 4.2)
as a result of systematic errors, and the basis set def2-TVZPP was not cost effective (Table 4.2).
The Raman spectra of DMA" measured in this study was in good agreement with that previously
reported, having an error ratio of the reported vs. the experimental being less than 3.1% (Table
4.1). The error ratios of the experimentally obtained vs the calculated Raman frequencies of
DMA" were generally less than 10%, which is acceptable according to previous studies [260-
262]. However, an over 10% deviation was observed for the Raman frequencies of As—O and
As=0. The Raman frequencies obtained from experimental measurement and theoretical

calculations were 752 and 667 cm™ for As—O, and 820 and 932 cm™ for As=0, respectively
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(Table 4.1). The large discrepancy could be attributed to the systematic error occurring during
theoretical computation. These types of errors were also found in a series of arsenicals with
similar structure (Table 4.3). Furthermore, while application of the scaling factor substantially
reduced the RMS, there was a fairly limited impact on error ratios, with the average error ratio

being only reduced by 6.1 to 5.8% following the application of scaling factors (Table 4.2).
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Figure 4.2 Theoretical DMA" Raman spectra calculated from different basis sets. It was found two basis sets, including 6-31G and
SDD/6-31G, had a significant bias in prediction the intensities of bands from 1600~1200 cm™ (with red frame marks in upon spectra),
however, these two bands had almost identical intensity in the Raman spectra. It is the major reason that these two basis sets were not

chosen.
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Table 4.3 Comparison of all As—O bonds Raman frequencies between experimental
and calculated Raman spectra

Experimental 6-
Arsenical | Assignment Raman 311++G**,
frequency -1
(cm™) (cm™)
AsY 842 965
DMAY As=0 838 932
MMAY 811 940
665 sym,
AsY As—O 730 685, 705
asym
DMAY As—O 748 634
v | As—O(Va, 661 sym,
MMA Vs) 710 664 asym

Note, sym stands for symmetric stretch, asym stands for asymmetric stretch.
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Figure 4.3 Raman spectra of DMA" obtained via experimental measurement and
calculation

Judging from the number of frequency error ratios over 10%, the medium-sized

basis set 6-311++G** (Table 4.1A) yielded the best results, while the use of mixed basis

113



sets that included relativistic effects did not improve the outcome. Although the all
electron basis set def2-TZVPP consumed the most computational resources, high
demanding basis sets are affordable these days with advances in computational
technology. Furthermore, the basis set def2-TZVPP also offers highly comparable RMS
results (Table 4.2) without a scaling factor; however, it is difficult to evaluate the results
without the scaling factor. Overall, Raman frequencies calculated by the B3LYP with
basis set 6-311++G** gave the optimal result for the identification of DMA" Raman
spectra. A superimposed Raman spectra of the experimental and the calculated result is
shown in Fig. 4.3.

For the Raman vibrational band assignment of the rest of the arsenicals, only
following molecular fingerprint vibrational modes were calculated and interpreted in
order to characterize arsenicals: As—C stretch (including symmetry and asymmetry),
As=0 stretch, As—O stretch, and the As—S stretch (including single and double bonds).
The omission of general molecular vibrational bonds was determined by the following
reasons: First, most of these arsenicals were synthesized in the laboratory and used
without further purification. Therefore, impurities could generate many unknown
vibrational bands, creating interpretational issues. Second, many vibrations in these
molecules are weak and difficult to identify. Focusing on these molecular fingerprint
vibrational modes will greatly reduce problems with the identification of molecules since
these fingerprint vibrations usually yield strong bands for easy identification. Most of the
arsenicals studied contain the following bonds, As—O, As=0, As—C, As—S, As=S, thus
according to previous studies, the Raman shifts of interest would range from 1000~300

cm™' [186-188, 263-265]. Frequencies less than 300 cm™ were omitted because of the
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complexity of the vibrational modes. Therefore, in the following discussion, only
frequencies in the range of 1000~300 cm™ are utilized for Raman spectra interpretation.

4.5.2 Raman spectra interpretation of MMA™ and DMA™

The fingerprint vibrational frequencies and corresponding vibrational mode
assignments for MMA'" and DMA™ are summarized in Table 4.4 and their DFT Raman

spectra and experimental Raman spectra are illustrated in Fig. 4.4.
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Figure 4.4 Experimental and calculated Raman spectra of MMA™ (A) and DMA™
(B). (Note Raman spectra was obtained using Thermo FirstDefender RM)
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Table 4.4 Vibrational frequencies assignment for MMA™ and DMA™

Experimental | Calculated | Corrected Fre
. MOLDEN Raman Raman Raman requency Error
Arsenical . difference o
assignment frequency frequency | frequency (cm™) ratio (%)
(cm™) (cm™) (cm™)
As—C 599 572 554 454 7.6
stretch
MMA | OTASTO i, 596 577 NA NA
asym stretch
O—As=0 | 66) 623 603 59.0 8.9
sym stretch
CmAS—C 613 565 547 66.1 10.8
sym stretch
DMAT | CTASTC A 571 553 NA NA
asym stretch
As=O 670 597 578 92.2 13.8
stretch

The purity of MMA™ was confirmed by comparing its retention time to that of an
arsenic standard (Fig. 4.5). The DMA™ characterization was carried out by using the

proton NMR (Fig. 4.6).

Figure 4.5 HPLC-ICP-MS chromatograms of arsenic standards and MMA™
synthesized in the laboratory showing the identity and purity

The purity of MMA™ accoring to the peak area in Fig. 4.5 was about 84%. Small

amounts of MMA" and DMA" were found in the MMA™ synthesized possibly due to the
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impurity of MMA" used as starting material and the incomplete reduction during

synthesis.

Figure 4.6 Proton NMR spectra for the confirmation of DMAIII synthesized in the
laboratory

The chemical shift values in Fig. 4.6 were referenced to the HDO signal at 4.70
ppm. The appearance of DMA" was confirmed by the chemical shift of the methyl
protons at 1.25 ppm, which was consistent with the value in the previous report [201].

Both MMA™ (Fig. 4.4A) and DMA" (Fig. 4.4B) have characteristic As—C
vibration. The DMA™ produced characteristic asymmetric and symmetric vibrational
modes of As—C because of the presence of two methyl groups, while MMA™ did not
show these bands. Experimental Raman spectra were measured in water using a portable
Raman spectrometer. While the Raman signal intensities were weak all vibrational bands

were distinguishable from the baseline. In the experimental spectra of MMA™, the
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vibrational band at 599 cm™ was assigned to the As—C stretch, while the band at 662 cm™
! was assigned to the symmetric vibration of As—O. The corresponding calculated As—C
and As—O vibrational frequencies were 572 and 623 cm™, respectively. No asymmetric
vibrational modes of As—O were found in the experimental spectra, while there was an
asymmetric vibration of As—O at 596 cm™ in the calculated Raman spectra. In the
experimental Raman spectra of DMA", a vibrational band at 613 cm™ was assigned to
the symmetric As—C stretch, and a vibrational band at 670 cm™ was assigned to the
As—O stretch. The corresponding calculated As—C and As—O vibrational frequencies
were 565 and 597 cm™, respectively. The asymmetric As—C vibrational band in DMA™
did not appear as a distinguishable band in the experimental Raman spectra, possiblly a
result of the the fact that the symmetric and asymmetric vibrational frequencies were very
close as demonstrated from the DFT calculation (565 and 571 cm™). The disappreance of
the assymetric vibration of As—O in DMA™ might casue the error ratio of the As—O

frequency in the DMA™ molecule over 10 %.
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4.5.3 Raman spectra interpretation of DMMTA" and DMDTA"

The structure of DMMTA" and DMDTA" were confirmed by their molecule ion

in the mass spectrum (Fig. 4.7).
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Figure 4.7 Molecular ion peaks confirmation of DMMTA" (A) and DMDTA" (B)

120



A

—-—DMMTA" sample
4000 Y
m=sem DMMTA" DFT
3000 )
5 —
s H;C——As——CH, =
~ pd
z | :
Z 2000 | S
g OH 5
R=! @
g 2.
E 1000+ <
~ ®
£
04
- -80
— 1
1000 900 800 700 600 500 400 300
Raman shift cm™
6000 300
347
—-—DMDTA" sample 370\ \
5000 f====DMDTA" DFT - 2%0
- 200 =
S 4000 | | 3
s 150 2
z, H3C As CH3 é
2] -
2 3000 | 100 ;
R= SH 3
j=3
g @,
£ 2000 50 &
& 0
L 0 e
1000
- -50
0 - e -
1000 900 800 700 600 500 400 300

Raman shift cm™

Figure 4.8 Experimental and calculated Raman spectra of DMMTA" (A) and
DMDTA" (B)
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Table 4.5 Vibrational frequencies assignment for DMMTA" and DMDTA"
Experimental | Calculated | Corrected Frequenc Error
. MOLDEN Raman Raman Raman eq y .
Arsenical A difference ratio
assignment frequency frequency | frequency (cm™) %)
(cm™) (cm™) (cm™) ’
As=S
stretch 475 491 475 0.2 0.1
C=As—C 612 588 569 43 7.0
sym stretch
DMMTAY | C—As—C
asym NA 606 587 NA NA
stretch
As—0 641 625 605 36 5.6
stretch
As—S 370 347 336 34 9.2
stretch
As=S
stretch 475 491 475 0 0.1
\%
DMDTA™ | C=As—=C 601 573 555 46 7.7
sym stretch
C—As—C
asym 623 589 570 53 8.5
stretch

Both DMMTA" and DMDTA" have two methyl groups and one As=S bond
(Fig. 4.8 and Table 4.5). The major differences between these two compounds are the
As—S bond in DMDTAY and As—O bond in DMMTA". Both of these compounds had
very strong Raman signal in the 1000~300 cm™ range. In the experimental spectral
results for DMMTAV, three major bands were observed at 475, 612 and 641 cm’'. These
were assigned as the As—S stretch, the As—C symmetric vibration and the As—O stretch,
respectively (Fig. 4.8A). The corresponding calculated vibrational frequencies of the
As=S stretch, the As—C symmetric and asymmetric vibrations and the As—O stretches
are at 491, 588, 606 and 625 cm™ respectively. The asymmetric vibrational mode of
As—C did not appear in the experimental spectra, but was observed in the DFT spectra
due to the vibration overlap aforementioned. For DMDTA" (Fig. 4.8B), four major

bands were found at 370, 475, 601 and 623 cm'l, and they were assigned as the As—S
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stretch, the As=S stretch, the As—C symmetric vibration and the As—C asymmetric
vibrations, while the band around 400 and 575 cm™ may be due to the presence of
sodium-DMDTA [266]. There were also some unknown vibrational bands in the
DMDTA" experimental Raman spectra located between 600~550 cm™. No effort was
made to investigate the appearance of these vibrational bands, and it was assumed that
they originated from impurities. The corresponding calculated As—S and As=S stretches
and As—C symmetric and asymmetric vibrational bands are at 347, 491, 573 and 589
cm™, respectively. The major differences in the Raman spectra between DMMTA" and
DMDTA" were that the As—S stretch which occurred at 370 cm™ appeared only in the
DMDTA", while both molecules showed an As=S stretch at 475 cm’. All error ratios
between experimental and corrected Raman frequencies were with 10%.
4.5.4 Raman spectra interpretation of DMA™GS and DMA"'Cys

DMA"Cys was prepared in the laboratory using excess of DMA" against L-
cysteine and was confirmed by mass spectrometry (Fig. 4.9). As in the diagram, m/z=226
was found to be the molecular ion peak, also the mass fragmentation showed ions of

losing amine and losing cysteine group from the molecule at m/z=209 and 137.
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Figure 4.9 Mass spectrum fragmentations of DMA™Cys by ESI-MS. Mass spectrum
fragmentations of DMA™Cys by ESI-MS. The appearance of m/z peak of 226 can be
used to confirm the existing of DMA™Cys molecule in the reaction product, the
fragmentation of m/z= 209 and 137 were the proof of losing the amine group and
cysteine group respectively.
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Figure 4.10  Experimental and calculated Raman spectra of DMA"GS (A) and
DMA"Cys (B)

The results for DMA™GS and DMA"Cys are summarized in Table 4.6 and Fig.
4.10. DMA™GS was commercially available and used as received. In the experimental

spectra of DMA™GS, three bands were found at 383, 572 and 584 cm™' representing the
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As—S stretch, the As—C symmetric vibration and the As—C asymmetric vibration,
respectively. The corresponding calculated As—S stretch, As—C symmetric and
asymmetric stretch appeared at 388, 554, 565 cm™. A band at 405 cm™ also appeared
which should be the §(C—S) deformations of the glutathione molecule [267]. Four major
bands were observed at 368, 572, 610 and 654 cm™ in the experimental spectra of
DMA"Cys. These were assigned as the As—S stretch, the As—C asymmetric vibration
and the As—C symmetric vibration and C—S stretch, respectively. The corresponding
calculated As—S stretch, As—C symmetric and asymmetric stretch, and C—S stretch were
398, 552, 563 and 651 cm™ respectively. Extra bands appeared around 500 and 300 cm™
in DMA"Cys Raman spectra and were not assigned as they may be the result of
impurities associated with synthetic procedures. It can be seen that different patterns were
observed between the spectra of DMA"'GS and DMA"'Cys, although the only difference
in their chemical structure was the complexing ligand. The major difference between the
two compounds was that the C—S stretch in the DMA"'Cys appeared around 654 cm™
(Fig. 4.10A), while it was at 405 cm” for DMA™GS due to deformations originated from

the 8(C—S) (Fig. 4.10B).
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Table 4.6 Vibrational frequencies assignment for DMA™GS and DMA"'Cys
Experimental | Calculated | Corrected Frequenc Error
. MOLDEN | Raman Raman Raman red y .
Arsenical . difference ratio
assignment | frequency frequency | frequency 8 o
(cm™) (cm™) (cm™) (cm™) (%)
As—S 368 398 385 17 4.7
stretch )
C—As—C
sym 572 552 534 38 6.6
huis stretch
DMA™ Cys C—As—C
asym 610 563 545 65 10.7
stretch
=S 654 651 630 24 3.7
stretch
As—S
stretch 383 388 376 7 1.9
C—As—C
DMAGS | Sym 572 554 536 36 6.3
stretch
C—As—C
asym 584 565 547 37 6.4
stretch
4.6 Discussion
4.6.1 Validation of the theoretical computation assisted Raman spectra interpretation

method

In this study, a methodology involving the combination of a theoretical simulation
of each arsenic compound’s fingerprint Raman vibrational modes and its experimental
Raman spectra were used for the identification and assignment the spectra of known
arsenic compounds. For the validation of our proposed method, the molecule DMA" was
employed as a standard molecule for the comparison between experimental and
calculated Raman frequencies. Computationally, the B3LYP functional with different
basis sets was employed for molecular geometry optimization and calculated Raman

spectra simulation of all compounds. Among the basis sets used, including 6-31G*, 6-
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311++G**, SDD/6-31G*, SDD/6-311++G**, and def2-TZVPP, the basis set 6-
311++G** yielded the most optimal results in terms of consistency with previous reports
regarding molecular geometry optimization and Raman spectral prediction [164, 268].
The average error ratio between experimental and corrected Raman frequencies was
about 5.8%, which was lower than the threshold value of 10%, indicating that this
method is reliable [260-262]. Discrepancies were found in the Raman frequencies of
As—O bonds (including single bond and double bonds.) This was most likely due to a
systematic error during calculation in which the calculated Raman spectra only
considered the isolated molecules in vacuum, while the experimental Raman spectra was
obtained in crystalline form with constrained geometry. The RMS value was also an
important parameter used to evaluate the performance of a basis set, and the application
of a scaling factor was able to significantly reduce the RMS, indicating that the scaling
factor was useful in minimizing the discrepancy between experimental and calculated
Raman frequencies. The RMS (with scaling factor) for 6-311++G** was 49 cm™, being
significantly higher than 26 cm™ in the previous report [260], and this could be due to the
limited number of Raman frequencies used for the calculation. Overall, calculated Raman
spectra matched the experimental Raman spectra of DMA" well with an average error
ratio of 5.8% in Raman frequencies. This result indicated that using the calculated Raman
spectra is a reliable method to simulate the experimental Raman spectra and thus this
methodology can be used in the identification and assignment of unknown arsenic Raman

spectra.
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4.6.2 Comparison of the basis sets employed for vibrational spectra prediction

The B3LYP functional with double-zeta or triple-zeta basis sets have achieved
admirable accuracy and efficient calculations in other studies [260]. In this work, the
B3LYP function with different basis sets was investigated in order to determine how
different modes performed when the basis set was changed. Due to the existence of
arsenic atom, mixed basis sets of SDD/6-31G* and SDD/6-311++G** were also
employed to study whether considering relativistic effects could improve accuracy of
calculation. The all electron triple-zeta basis set def2-TZVPP was used to in an effort to
improve the accuracy of calculations by increasing the size of the basis set. Due to its
available crystalline Raman spectra and known structure, DMA" was employed as a
reference to determine the most precise and efficient basis set.

The accuracy of calculated Raman frequencies depends on the size and quality of
the chosen basis set [165]. Different basis sets were employed to process computational
geometry optimization of arsenic molecules and simulation of DFT Raman spectra, in
which different dispersion, polarization and relativistic effects were considered, in an
effort to improve the accuracy of the computational calculation. Two parameters were
employed to evaluate the discrepancy of calculated and experimental Raman frequencies,
including RMS and numbers of spectra with error ratios over 10% [260-262].

As shown in Table 4.1A and Table 4.2, the calculated Raman spectra of DMAY
are fundamentally consistent with the experimental data. When no scaling factors were
employed in the RMS calculation, the RMS was reduced from 112.4, 90.9 to 60.1 with
the basis sets increasing (Table 4.2). The all electron basis set def2-TZVPP also yielded

satisfactory outcome with only one error ratio above 10% and a low RMS value. It was
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found that increasing the dispersion and polarization in basis sets could improve the
outcome of RMS calculation. When a scaling factor was applied, the Raman prediction
accuracy in all basis sets was improved as shown in Table 4.2, mainly because the
calculated Raman frequencies overestimated the experimental data [260]. Earlier work
has demonstrated that the error ratio of calculated Raman frequencies against the
experimental Raman frequencies is greatly reduced when a scaling factor is applied [269].
The mixed basis sets which take the relativistic effects into consideration such as SDD/6-
31G* and SDD/6-311++G** did not yield improved results. This is perhaps due to the
fact that arsenic belongs in the group of fourth period elements, for which the relativistic
effects are not very important in determining vibrational frequencies. Computational
efficiency is also a critical parameter in the comparison of performance among these
basis sets, although many resource-consuming basis sets are still affordable for most
researchers. Extra dispersion and polarization will significantly increase the need for
computational resources especially for larger systems such as DMA"'Cys and DMA"'GS.
The time consumption associated with each basis set is shown in Table 4.2. The all
electron basis set def2-TZVPP basis set was the most computationally demanding basis
set. In addition, the computational costs were greatly reduced when the relativistic effects
of the arsenic atom were included during theoretical calculations, since the time
consumed in mixed basis sets was shorter than their corresponding counterparts.

Taking the above parameters into consideration, including number of error ratios
over 10%, computational efficiency and Raman intensity prediction, 6-311++G** was

the optimal basis set used in this study. It is worth mentioning that the all electron basis
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set def2-TZVPP would be the method of choice if there was no restriction in
computational resources.
4.6.3 Fingerprint Raman frequencies of the arsenicals in different chemical
environments
The As—O bond widely exists in inorganic and organic arsenicals present in
biological systems and is closely related to arsenic metabolism. As—O vibrational
frequencies in pentavalent arsenicals were generally larger than 700 cm™ except in
DMMTA", whose As—O frequency was 641 cm” (Table 4.7). On the other hand,

! The difference in

frequencies in trivalent arsenicals were all less than 700 cm’
vibrational frequencies for trivalent and pentavalent arsenicals may be partially due to the
force constant difference in these two types of compounds. Arsenicals are completely

protonated in pentavalent arsenicals since in the solid acidic form, the arsenic atoms are

actually attached to hydroxyl groups (As—OH) [149].

Table 4.7 Summary of As—O Raman frequencies
Experimental | Calculated | Corrected
Frequency Error
. . Raman Raman Raman . .
Arsenical | Assignment difference ratio
spectra frequency | frequency (cm') %)
(em™) (em™) (em™) ’
MMAT | O7ASTO 662 661 640 2 3.4
sym stretch
DMAl | AsTO 670 597 578 92 13.8
stretch
DMMTA" | 2570 641 624 604 37 5.8
stretch
AV As—O
1As stretch 769 [186] NA NA NA NA
769, 780
MMAY éz)_o(va’ (Va, Vs) NA NA NA NA
[188]
DMAY | 45O 748 667 646 102 13.7
stretch
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However, trivalent arsenicals, such as MMA™ and DMA", are hydrolyzed in
excess base and they were fully deprotonated when their Raman spectra were measured.
Thus their arsenic atoms were only linked to oxygen atoms (As—QO) [149]. The force
constant increased from As—O to As—OH as reported previously [189] and the
vibrational frequency was positively correlated to the force constant between the two
atoms, i.e. arsenic and oxygen. The valence of arsenicals is likely the major reason for the
obvious difference in As—O vibrational frequencies between trivalent and pentavalent
arsenic species. A similar result was found in the Se—O vibrational frequencies for
selenic acid (H,SeO4) and selenous acid (H,SeO;) [270, 271]. Among all pentavalent
arsenicals studied, DMMTA" was the only compound containing an As—O bond, and its
As—O vibrational frequency was less than 700 cm™. The only difference between DMA"
and DMMTA" was the substitution of the oxygen atom by a sulfur atom. The possible
reason for As—O frequency less than 700 cm™ in the pentavalent DMMTA" could be the
difference in electronegativity between oxygen and sulfur atoms, in which sulfur atom
was weaker than oxygen. When sulfur is substituted for oxygen, the electropositivity of
the arsenic atom in the molecule DMMTAY is reduced and thus the force constant of
As—O should also be reduced when compared to DMA". Furthermore, the calculated
Raman frequencies of As—O were mostly smaller than the experimental values. This
observation was unusual since the scaling factors were all reported less than 1.0 and the
calculated Raman frequencies were generally bigger than the experimental Raman
frequencies. However, according to the previous studies, the differences between
experimental and corrected frequencies produced a normal distribution [272] and this this

result could be interpreted as systematic error during DFT calculation.
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All As—C Raman frequencies were summarized in Table 4.8. There was also a
positive correlation between the arsenic valency and the As—C experimental Raman
frequencies with the exception of DMA™, in which the As—C Raman frequencies in
pentavalent arsenicals were larger than trivalent ones. Among all Raman spectra, MMA™
and DMA™ were the only two obtained from aqueous solution (hydrolyzed by 0.1 M
NaOH) while the rest of the compounds were measured as solid samples. The Raman
frequencies of As—C in MMA™ and DMA™ were significantly higher than those trivalent
arsenicals containing sulfur. The reason could be due to the abundant hydroxyl ions
existing in the aqueous solution. Only the symmetric vibrational frequencies of As—C
were selected for comparison because the symmetric As—C intensities were found to be
stronger than those from asymmetric vibrations in this study. This positive correlation
was consistent with the finding by Zingaro et al [273], whose conclusion was based on
the summary of Cullen’s work [274]. In Cullen’s work the carbon-arsenic stretching
frequencies in trimethylarsine were from 572~582 cm™, while in tetramethylarsonium

compounds the frequencies were approximately 650 cm™ [274].
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Table 4.8 Summary of As—C Raman frequencies

Experimental Calculated | Corrected Frequency Error
. MOLDEN Raman Raman . .
Arsenical assignment Raman ; frequency | frequency dlffc_alrence r;ano

spectra (cm’) (cm’™) (cm’) (cm™) (%)
MMA™ As—C 599 572 554 45 7.6
C—As—C
sym 613 565 547 66 10.8
stretch
C—As—C
asym NA 571 553 NA NA
stretch
C—As—C
sym 572 552 534 38 6.6
stretch
C—As—C
asym 610 563 545 65 10.7
stretch
C—As—C
sym 572 554 536 36 6.3
stretch
C—As—C
asym 584 565 547 37 6.4
stretch
C—As—C
sym 612 588 569 43 7.0
stretch
C—As—C
asym NA 606 587 NA NA
stretch
C—As—C
sym 601 573 555 46 7.7
stretch
C—As—C
asym 623 589 570 53 8.5
stretch
C—As—C
sym 611 573 555 56 9.2
stretch
C—As—C
asym 636 611 591 45 7.0
stretch

DM All[

DMA"Cys

DMA"GS

DMMTA"

DMDTAY

DMAY

Vibrational spectra of several methylated arsenicals containing sulfur have been
reported [252, 253, 264-266]. Unfortunately, fingerprint Raman frequencies were not

clearly assigned. In a previous study [59], two strong vibrational frequencies located at
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602 and 624 cm were observed in the Raman spectra of NaS,AsMe,, a thiolated
arsenical similar to DMDTA" used in this study. These Raman frequencies were similar
to the As—C bands at 601 and 623 cm™ observed in DMDTAY, whose Raman spectrum
was measured and vibrational frequencies were assigned in this study. Similarly, a
vibrational frequency of 612 cm™ with medium intensity was reported in the Raman
spectrum of (CHj3),As(S)OAs(S)(CH3), [252]. This is identical to Raman frequency
assigned to an As—C symmetrical stretch found in the DMMTA" shown in this work. It
appears that thiolation of these arsenicals did not significantly impact the As—C Raman
frequencies, while clear differences in the Raman frequencies of the As—O stretch were
observed in DMMTA". Furthermore, no difference in Raman frequency was found in the
As—C symmetric frequencies of DMA" (611 cm™) and DMMTA" (612 cm™), which
may indicate that thiolation has a limited impact on the As—C symmetric frequencies
among these aresnicals. However, the As—C symmetric frequency in DMDTA" was
significantly lower than in DMA" or DMMTA". Therefore, the single As—S bond also
has a substantial impact on the As—C symmetric vibrational frequencies. Overall, both
reducing the valency of arsenic and the presence of a single As—S bond should reduce
As—C symmetric vibrational frequencies. Furthermore arsenic valence has a similar
impact on the Raman frequencies of As—O and As—C, resulting in a positive correlation
between the arsenic valence and the Raman frequencies of As—O or As—C. It is believed
that the electropositivity of arsenic atoms in these pentavalent and trivalent arsenicals has
a significant impact, since outer electrons in pentavalent ones are all paired while there is
a lone pair of electrons in these trivalent species. The existence of a lone pair of electrons

will reduce the electropositivity of arsenic atoms in these trivalent arsenicals [275].
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Table 4.9

Summary of As—S Raman frequencies

Calculated | Correcte
. Assignme | Frequency Ramanfreq | d Raman Frequency Error
Arsenical ) B difference ratio
nt (cm™) uency (cm | frequenc (cm') %)
- 0
) y (cm’)
DMMTAY | As=S 475 491 475 0 0.1
v As=S 475 491 475 0 0.1
DMDTA
As—S 370 347 336 34 9.2
DMA"Cys | As—S 368 398 385 17 4.7
DMA"GS | As—S 383 388 376 7 1.9

Sulfur-containing arsenicals studied in this study can be categorized into two
groups, one is arsenic complexes with sulfur-containing ligands and another is the
pentavalent oxoarsenicals with oxygen being substituted by sulfur. Thiol-containing
molecules, such as glutathione (GSH), cysteine (Cys) or sulfhydryl containing proteins,
are widely present in cellular environment. Trivalent arsenicals can bind to these thiol-
containing molecules and form As—S single bonds. Both single bond (As—S) and double
bond (As=S) can be found in the arsenicals studied (Table 4.9). The Raman frequencies
of As=S obtained via experiments and DFT calculation were always higher than those
found in As—S and this result was consistent with the results reported elsewhere [264,
273, 276]. This observation is the same as the Raman frequency of
As=0 is higher than the As—O in DMA". The reason for this pattern is that the force
constant between diatoms increases with bond order, [275]. Thus the Raman frequencies
of double bonds are always bigger than the respectively single bonds. Similar effects are
seen in dithiocacodylate complexes (sulfur containing arsenic chelating ligands

(CH3),AsS;") known for their malodor [264, 276-278]. In earlier work, Zingaro had

calculated the harmonically vibrational frequencies for As—S and As=S, as 372 and 555

136



cm™ respectively [279]. Raman spectra of dithiocacodylate complexes were usually
obtained using their salt accordingly. Due to the distribution of m-electrons over the
whole S—As—S fragment, there were other As—S Raman bands within 400~500 cm™
besides the existence of two regular As—S vibrational frequencies [276]. These extra
As—S bands were found in DMDTA" (Fig. 4.8B), between 475 and 370 cm’. This is
important because the DMDTA" should be in ionic form in the cellular environment.
4.7  Conclusion

In this study, we identified and assigned the fingerprint Raman frequencies for
some potentially important compounds involved in arsenic metabolism by comparing
experimental data with DFT calculations. Of all basis sets employed for DFT Raman
spectra simulation, the basis set 6-311++G** provided the most efficient and accurate
result for the standard molecule—DMA" calculation and therefore was utilized for the
calculation of all arsenicals. The results of theoretical calculations matched well with the
experimental data after an empirical scaling factor applied. The As—O and As—C
vibrational frequencies were higher in pentavalent than in trivalent arsenicals. For the
thiolated arsenicals, the fingerprint Raman frequencies of As—S (including single and
double bonds) were identified, of which the Raman frequency of As=S was about 475
cm™ and the frequency of As—S was around 370 cm™. This study provides much needed
fundamental information on Raman spectrometry for some potentially important
arsenicals associated with biological systems. The fingerprint Raman frequencies
identified and assigned in these compounds should assist in the development of SERS for

arsenic speciation in biological and environmental matrices.
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Chapter 5

Summary, Significance, and Future Research Directions
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5.1 Summary

In this project, arsenic speciation analysis by SERS for As", AsY, MMA" and
DMA", was carried out under the influence of a cellular matrix. Two different types of
silver nanoparticles with different surface coating molecules were employed with varying
SERS signal response resulting from different electrostatic interactions with the
nanoparticle surface. Each of the four compounds measured generated fingerprint SERS
signals, which were distinguishable even in mixed samples. The interactions between
arsenic compounds and silver nanoparticles in the colloidal suspensions were studied
using adsorption experiments to better understand their respective spectral differences.
Increase arsenic adsorption was found in the positively charged nanoparticles, and only
the positively charged silver nanoparticles were able to achieve simultaneous detection of
arsenicals in the colloidal suspension without separation. However, MMA" and DMA"
had identical SERS signal response in the positively charged nanoparticles. The limit of
detections (LOD) was calculated based on a measurement of three times of standard
deviation of the blank samples and was determined to be 1.0, 2.8, and 9.9 ppb for As",
As™, and MMAY/DMA", respectively. The work demonstrated that positively charged
silver nanoparticles could be a promising SERS substrate for studying arsenic
metabolism in a biological matrix, reducing the bias caused by traditional techniques that
involve sample preparation and pretreatment.

Secondly, arsenic speciation on silver nanofilms was explored by examining the
spectral response of the same four common arsenicals, As™, As¥, MMAY and DMAY. A
coffee ring effect was observed during the evaporation of a liquid drop on the silver

nanofilm. The unique effect coffee ring drove all solute in the droplet towards the edge of
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the coffee ring. At first this coffee ring effect was employed for separation of arsenicals
in solutions of different pHs. However, the capillary flow generated in the coffee ring
effect was strong and hard to control. No separation was found in these initial
experiments and the arsenicals were observed to stack at the edge of coffee ring. To
improve separation efficiency, the coffee ring was examined under the influence of
surfactants. The introduction of small amounts of surfactants (0.05%) caused a continual
migration of liquid into the peripheral region of the droplet and increased the migration
distance for arsenic separation. This unique coffee ring phenomenon left two concentric-
ring stain patterns after the complete evaporation and it was described as a halo coffee
ring effect. The arsenic separation using the halo coffee ring effect was successfully
demonstrated in three solutions, including, 0.1 M acetic acid (pH=2.9), 0.1 M phosphate
(pH=7.5) and 0.1 M ammonium formate (pH=6.9). As the sampling spot moved from the
center to the edge of the coffee ring, a clear SERS signal pattern changes were observed
at the halo ring region and the inner ring region, indicating that arsenicals were separated
along the radius. Moreover, the results illustrated that the electrostatic interactions
between arsenicals and the AgNF surface played a major role in the arsenicals separation.
This work provides a novel approach for using the coffee ring effect in chemical
separations.

Thirdly, fingerprint Raman frequencies of some potentially important arsenic
metabolites were assigned and identified by comparing experimental Raman spectra with
theoretical Raman spectra obtained from DFT calculations. Most of the arsenicals studied
in this work were unstable in ambient conditions, including, MMAIH, DMAIH, DMMTAV,

DMDTA", DMA"'GS and DMA"GS. Through this study, the DFT was demonstrated to
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be helpful in providing simulated Raman spectra and vibrational modes for the
identification of spectra from unknown arsenicals. DMA" was employed as a
representative compound to optimize the computational method. Different basis sets were
used to simulate DFT Raman spectra and Raman frequencies were extracted from the
calculated results to determine the best basis set. The basis set 6-311++G** was found to
provide the most efficient and precise results for the representative molecule calculation
and also used for the computation of all arsenicals. To reduce the discrepancy between
theoretical and experimental results, an empirical scaling factor was used and improved
matching results were observed. In addition to the identification and assignment of
unknown arsenicals’ fingerprint Raman spectra, it was also possible to observe Raman
frequencies changing rules under the chemical and structural effect. Raman frequencies
changing rules were observed. Generally, the As—O and As—C vibrational frequencies
were higher in pentavalent than that in trivalent arsenicals. In addition, the Raman
frequencies of As=S and As—S were measured to be about 475 and 370 cm’,
respectively. The study contributes Raman spectral information for some potentially
important arsenicals involved in arsenic metabolism in biological systems. The
fingerprint Raman frequencies identified and assigned for these arsenicals could help the
method development when using SERS for arsenic speciation in biological and
environmental matrices.
5.2 Significance of this study

The research reported in this work is original, since no report about SERS studies
of organoarsenicals found in cells is available. Arsenic speciation is important in the

evaluation of arsenic bioavailability and toxicity towards human health. Currently, most
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analytical methods for the arsenic speciation involve chromatographic separation coupled
with mass spectrometry detection. However, the requirement of sample
preparation/pretreatment before instrumental measurements could compromise the
integrity of arsenicals present in the sample. SERS overcomes many drawbacks of the
prevalent analytical methods, because SERS can minimize sample preparation procedures.
Previous SERS studies of arsenic were mostly focused on the determination of inorganic
arsenic compounds in environmental samples, and organoarsenicals were barely reported.
In addition, the study of arsenic speciation in biological matrices using SERS has not
previously been explored. This study explored the possibility of arsenic speciation using
metallic colloidal suspensions and fundamental parameters were studied. This work
included the examination of the interactions between arsenicals and charged
nanoparticles, as well as determination arsenicals SERS signals in nanoparticles with
different coatings, surface charge, and size in a cellular matrix. In addition, this study
unveiled that in addition to aggregation, electrostatic interactions are also important as
the nanoparticles aggregation for strong SERS signal generation in the colloidal solutions.

In the second part of this work, a novel arsenic speciation technique using the
coffee ring effect was developed. This part of work was highly challenging, because the
coffee ring size was very small. It was produced by dropping only 2 pL solution onto the
AgNF and allowing the strong capillary flow to drive the analytes in the droplet towards
the edge. This study demonstrated that two important requirements should be fulfilled for
coffee ring separation of small molecules. Firstly, the liquid in the droplet should be able
to migrate into peripheral region to increase the arsenicals’ migration distance. Secondly,

the interactions between the surface and arsenicals should be strong enough to retain the
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arsenicals. To fulfill these two requirements, surfactants were introduced into the droplet
to reduce surface tension and permit the liquid to migrate into peripheral region by
capillary action. Coating the surface with nanoparticles enhanced the interaction between
arsenicals and the surface. The electrostatic interaction played a significant role here
since these arsenicals have different deprotonation abilities. This work provides a novel
approach for the arsenic speciation by SERS, especially for a small volume of biological
samples.

The third part of this work provided valuable information for Raman spectra of
potential arsenic metabolites. This work contributes Raman spectra for six potential
arsenic metabolites, including MMA"™, DMA™, DMMTAY, DMDTA", DMA"GS and
DMA"!Cys though the assignment of unknown arsenicals’ Raman spectra. Using DMA"
as a representative molecule, detailed Raman spectra analysis and Raman spectra
comparisons between experimental and theoretical results were performed. The
theoretical calculations were found to provide useful Raman spectra predictions for the
experimental spectra, and computational simulations also provided detailed molecular
movements for the identification of vibrational modes. Since most of relevant arsenicals
were not commercially available, these compounds were mostly synthesized in the
laboratory. A new method was validated to synthesize DMA"'Cys using excessive of
DMAY against L-cysteine. This approach avoided serious signal interference of the by-
product cystine, which is usualy produced in the typical synthetic recipe using a molar

excess of L-cysteine against DMA".
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5.3 Future research directions

The experiments involving arsenic speciation with silver colloidal suspensions
developed in this work was a preliminary study. Only four commonly existing redox-
inert arsenicals were selected to demonstrate the possibility of arsenic speciation using
SERS. The study should be expanded to investigate other potential arsenic metabolites
found in arsenic metabolism, such as MMA™, DMA™, DMMTAY, DMDTAY, DMA™GS
and DMA"'Cys.. However, the stability of these unstable arsenicals in term of SERS
enhancement in different colloidal suspensions should be studied prior to this work.

There are additional potential arsenic metabolites found in arsenic metabolism,
such as, monomethyl monothioarsonate (MMMTA"), monomethyldithioarsonic acid
(MMDTA"), monomethylarsenic diglutathione (MMA"(GS),), dimethylarsinothioyl
glutathione (DMMTA"(GS)) etc. It would be useful to study their Raman spectra by
employing density functional theory computation.

Arsenic speciation inside cells can potentially be carried out by using the
introduction of nanoparticles into cells. Gold nanoshells may be fabricated and optimized
to permit determination of molecules in vivo. Protection of the surface of these gold
nanoshells may be necessary to prevent biomolecules from attaching to their surface
when in the cytoplasm.

Arsenic speciation using the coffee ring effect, especially the halo coffee ring
effect, could be expanded towards use in other elements’ speciation. In addition
complementary studies on the mechanism of this halo coffee ring effect should be carried
out to obtain comprehensive understanding of the phenomenon. For example, the

question about surface tension changes of the sessile droplet during the formation of halo
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coffee ring stain need to be studied. It would be interesting to discover the correlation
between the droplet surface tension and the size of the halo region to improve separation.
Meanwhile, the interactions between analytes and the surface can be improved by using
nanoparticles with different surface coatings or though the applying of AgNF surface

modification.
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