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Abstract

Nitric oxide (NO) is the main reactive nitrogen species (RNS) produced by immune cells. NO
reacts with superoxide to produce peroxynitrite (ONOQ"). These two RNS are capable of nitration,
nitrosylation and oxidation of intracellular biomolecules that can alter various biochemical processes. To
help maintain cellular redox homeostasis in nitrosative and oxidative stress, antioxidant molecules are
present in the cells. However, excessive nitrosative stress can alter the balance between antioxidants and
prooxidants and therefore it plays an important role in cancer, cardiovascular and neurodegenerative
diseases. A method for the simultaneous detection of prooxidants and antioxidants associated with
nitrosative stress in biological samples would be beneficial for better understanding of their role in
disease states. Therefore, in this dissertation a separation-based approach is described that makes it
possible to detect and quantify cellular antioxidants and prooxidants such as NO, ONOO", glutathione and

ascorbic acid.

Microchip electrophoresis (ME) was selected as the separation method due to its fast analysis
times, compatibility with low sample volumes and potential future application to chemical cytometry.
Most prooxidants and antioxidants are electrochemically active and therefore, electrochemical detection
was used as the primary detection mode. First, a ME method with in-channel amperometric detection that
employed an isolated potentiostat was developed for the detection of NO, ONOOQO", and other biologically
important molecules associated nitrosative stress. Separation of these species was achieved in less than 35
s, which made it possible to detect prooxidants before they significantly degraded. Following this, two
dual electrode configurations were developed and evaluated for better identification of reactive species in

standard mixtures and cell lysates using voltammetric characterization.

The ME-amperometric method was then used for detection and quantification of NO, and NO in
macrophage cells under native and LPS stimulated conditions. Glutathione, a cellular antioxidant, was
also measured in these studies and compared with the prooxidant levels in the cells. For further

confirmation of NO production in these cells, ME with laser induced fluorescence detection was used for



the determination of NO using diaminofluorofluorescein. This same probe and separation was also used
to investigate the heterogeneity of NO production in single cells using a cytometric device in
collaboration with the Culbertson group. The main future goal of this project is to monitor macrophage

cellular heterogeneity during nitrosative stress using an electrochemical cytometric device.
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Chapter 1

Introduction



1.1 Cellular nitrosative stress

Excessive production of reactive nitrogen species (RNS) in cells is known as cellular nitrosative
stress and has been linked to various diseases including atherosclerosis, Parkinson’s disease, Alzheimer’s
disease, hypertension, arthritis and cancer [1-6]. RNS are exceedingly reactive and capable of nitration
(formation of a nitro group), nitrosylation (addition of a nitroso group), oxidation and peroxidation of
important biomolecules (e.g. proteins, thiols, DNA etc.) and metal centers [1-5]. These reactions can alter
ongoing important biological processes and promote inflammation, apoptosis and necrosis [1-5]. The
main reactive nitrogen species produced in the body is nitric oxide (NO), which can lead to the production
of many other reactive species including dinitrogen trioxide (N,Os), nitrogen dioxide radical (NO,), and
peroxynitrite (ONOO). When the physiological NO concentration is below 200 nM, only NO related
biological reactions occur. However, physiological concentrations of NO higher than 400 nM can lead to
nitrosative stress where formation of other RNS becomes significant [6]. The reaction of NO with O,
(often referred to as NO autooxidation) generates nitrogen dioxide (NO,). Nitrogen dioxide can further
react with NO to produce N,O; that can degrade into nitrite (NO;) and nitrate (NO3’) [7,8]. Nitrogen
dioxide (NO,) is more reactive than N,Os [4,7,8].

NO can react with thiols to produce nitrosothiols, and nitrosoglutathione and nitrosoalbumin are
considered to be NO carriers that transport NO for cell signaling and various other biological functions
[9]. NO can also react with O, (superoxide) to produce ONOO", which is harmful to the cellular
environment due to its reactivity with macromolecules, and its ability to convert into the neutral species,
peroxynitrous acid (ONOOH), which can cross membranes leading to the subsequent production of
additional reactive radical species following degradation [1,5,10,11]. The formation of RNS from NO and
some of the reactions of RNS with biomolecules are summarized in Figure 1.1 [12].

NO is a highly diffusible species and can travel to sites where superoxide is generated such as

mitochondria [1]. The partial one electron reduction of O, forms the O," radical in the cellular
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environment. Mitochondrial dysfunction and NADPH oxidase activation are two common sources of
superoxide in vivo [13]. Superoxide is converted inside the cells into H,O, by the enzyme superoxide
dismutase (SOD) [14]. The reaction of NO and O, is close to diffusion limit; therefore, NO can react
with O, before it is converted to H,O, by superoxide dismutase [1].
1.2 Physical and chemical properties of NO

NO is a gaseous molecule, soluble in water at a concentration of approximately 2 mM and has a
very high diffusion coefficient (3.4 x 10° cm?s at 37 °C) [15]. It is more soluble in organic than aqueous
solvents and therefore, NO can be trapped in cellular membranes. It has been shown that oxidation of NO
in these hydrophobic environments is faster than that in aqueous environments [15]. NO oxidation to
NO,  follows the second order rate law and therefore it degrades slowly when present at low nanomolar
concentrations. Therefore, NO can participate in important biological reactions at low concentrations
(<200 nM) [6,7,15]. The main pathway of NO oxidation is by reaction with O, (autooxidation) and metal
ions. Therefore, NO is very stable in an oxygen or metal ion free environment.
1.3 Production of RNS in cells

NO is produced in cells by the enzyme nitric oxide synthase (NOS), which converts L-arginine
into L-citrulline [16,17]. NOS has a reductase and oxygenase domain and these two sites come together
when calmodulin binds the enzyme leading to activation [16,17]. There are three specific isoforms of
NOS; endothelial (eNOS), neuronal (nNOS) and inducible NOS (iNOS). Endothelial and neuronal cells
primarily contain eNOS and nNOS and immune cells express iNOS [16]. eNOS and nNOS activation
depend on the calcium binding protein calmodulin [16]. Both eNOS and nNOS depend on the
intracellular calcium concentration. However, the third isoform, iNOS is structurally different and does
not depend on intracellular calcium concentration and is activated as part of the immune response [16-18].

There are many different types of immune cells in the human body. Macrophages are the primary
cell type and they express iNOS following immune system activation. At the same time, there are

macrophages specific to different organs (e.g. macrophages in cardiac, kidney, lungs and eye) that have



unique functions. Several of these macrophage cell types have particular names (e.g. microglia: brain
macrophages, Alveolar: lung macrophages, and Kupfter cell: clear debris from blood) [19]. In addition, it
is well known that monocytes can be differentiated into macrophages. For example, monocytes in blood
are known to migrate into the intima of a blood vessel and can be differentiated to macrophages during
atherosclerosis [20,21]. Other immune cell types such as T-lymphocytes, dendritic cells and cancer cells
also express iINOS [22,23]. Once iNOS is activated, it can lead to generation of large amounts of NO over
an extended period of time.
1.4 Biological properties of NO

Guanylate cyclase (GC) is activated by low nanomolar concentrations of NO and produces cyclic
guanosine monophosphate (cGMP) from guanosine triphosphate (GTP) [24]. This is the main role of NO
in biological reactions and the GC pathway is involved in vasodilation as well as long term memory
formation in the brain [24,25]. Shear force on the endothelial layer of a blood vessel, due to blood flow,
induces NO release through the activation of eNOS. NO then binds with GC to produce cGMP, which can
relax the smooth muscle leading to vasodilatation [24]. NO also inhibits platelet aggregation and
monocyte adhesion [26]. Immune cells produce NO as a part of their defensive action through the
activation of iINOS. As described previously, NO can subsequently produce other RNS such as ONOOQO",
'NO; and N,0s. These RNS are used by immune cells to kill foreign objects such as bacteria, pathogens or
cancer cells.
1.5 Cellular redox state and cellular redox balance

Oxidation of glucose generates ATP, which is the main biological energy source. During glucose
oxidation, oxygen is reduced (accepts electrons) by cytochrome oxidase in mitochondria. Often there can
be a leak of intermediate species such as O, that are involved in the reaction into the cellular
environment (Figure 1.2) [27-29]. To mitigate this, superoxide dismutase is present in the cell and

converts O, to H,O, Catalase, another key enzyme present in cells, then converts the H,O, into H,O
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(Figure 1.2) [30]. Therefore, in general, a healthy cellular environment is more reductive to facilitate
these processes. There are several other molecules and enzymes present in a cell that maintain the cellular
redox state including glutathione, cysteine, NADPH and glutathione peroxidase. Conversely, there are
many other mechanisms that contribute to production of prooxidants. Some of these include radiation,
exposure to toxins and heavy metals, cigarette smoke, high glycemic conditions and obesity [28].

The most common antioxidants and prooxidants found in cells are listed in Table 1.1. When
cellular redox homeostasis is maintained, prooxidants and antioxidants are in a near balance and maintain
a reduced cellular environment [31]. One key redox couple that participates in this process is glutathione
and glutathione disulfide (GSH/GSSG). GSH is the reduced species and is present in millimolar
concentrations inside cells to maintain a reducing environment while GSSG is present in micromolar
concentrations [32]. GSH can be oxidized to GSSG in the presence of prooxidants such as H,O, and
ONOO' [30]. Therefore, the GSH/GSSG ratio has been used as an indicator of the cellular redox state
[27].

The total cellular redox state of a cell includes a collection of reducing potentials of all the
compounds along with their intracellular concentrations [27]. Schafer et al. has developed a method to
determine the cellular redox state based on the concentration of the reduced and oxidized form of
intracellular biomolecules (e.g. GSH/GSSG and NADP*/NADPH) [27]. Due to its high concentration in
the cell they calculated cellular redox potential based on GSH using the Nernst equation. It is represented
by the following equation [27].

[-180 mV (GSH); 3.5 mM]

GSH provides a good representation of the cellular redox state because GSH is the main
component that dominates E;, in the cell. Also, a model that predicts cell proliferation, differentiation,
apoptosis and necrosis have been developed using the GSH/GSSG redox couple [27]. This model shows
that cell proliferation starts when the cell has a high reduction potential and differentiation begins when

the reduction potential drops. This is because during differentiation more energy and oxygen are



Table 1.1: A list of common processes of generation of cellular oxidative and nitrosative stress, and
antioxidants defenses

Oxidative and nitrosative stress Antioxidant defenses

Overproduction of RNS (e. g. NO and ONOO) Glutathione
due to inflammation

Ascorbic acid
Cytokines (e.g. interferon gamma)

Superoxide dismutase
Superoxide production due to
mitochondrial dysfunction Catalase
NADPH oxidase

Generation of hydroxyl radical Cytokines (e.g. Interleukin 1 and 10)

Glutathione peroxidase



required. Following the same trend, cell apoptosis and necrosis occur when cell potential shifts to more
oxidizing potentials [27].
1.6 Cellular heterogeneity of RNS production and macrophage phenotypes

In general, cells are heterogeneous in nature and this heterogeneity can be biochemical, genetic,
behavioral or physiological [33,34]. Macrophage cells have been shown to exhibit heterogeneity
following activation with different classes of cytokines and endotoxins [20,35]. There are two main
pathways of activation that produce different macrophage phenotypes. Macrophage cells can be activated
by bacterial lipopolysaccharide (LPS) and interferon gamma (IFN-Y) to produce pro-inflammatory M1
macrophages. This activation pathway is known as classical activation. In contrast, alternative activation
results in anti-inflammatory M2 macrophages following exposure to interleukins (IL) 4, 10 or 13 (Figure
1.3) [35-38]. These two phenotypes have opposite biochemical characteristics. M1 macrophages express
iNOS and produce large amounts of RNS. They attack bacteria but can also promote cytotoxicity and
tissue injury. In contrast, arginase is expressed in M2 macrophages (not iNOS) and these cells produce
growth factors such as vascular endothelial and epidermal growth factors that promote immune
suppression and tissue repair (Figure 1.3) [35-38]. The balance between these two types of macrophages
is important for maintenance of cellular homeostasis [39,40]. The shift of this balance towards the M1 can
lead to cardiovascular or neurodegenerative disease, which could be due to generation of reactive oxygen
and nitrogen species (RNOS) and subsequent cellular and tissue injury. In contrast, the shift of this
balance towards the M2 phenotype can lead to cancer by supporting unnecessary cell growth and
proliferation (Figure 1.3). Aside from these two main phenotypes, the presence of other macrophage

phenotypes such as M3 and M4 has also been reported [35-38].
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1.7 Biological implications of cellular nitrosative stress

Macrophage cells are implicated in the development of many disease states due to their in vivo
production of large amounts of RNS and reactive oxygen species (ROS), and existence of multiple
phenotypes. Therefore, the macrophage connection to cardiovascular and neurodegenerative diseases and
cancer is briefly reviewed.

1.7.1 Atherosclerosis

Atherosclerosis is a plaque buildup in arteries due to chronic inflammation that can lead to
cardiovascular disease and myocardial infarction. When the concentration of LDL in the blood is
elevated, it can infiltrate into the intima of the vessel and cause inflammation [3,21,36,41]. The infiltrated
LDL can then undergo oxidation and nitration (Apo protein B-100) by O, and ONOO", respectively
[42]. These modified LDL molecules then recruit monocytes to the intima through the release of
leukocyte adhesion molecules [21,36]. The recruited monocytes are differentiated into macrophages that
take up the modified LDL molecules and ultimately produce foam cells, leading to plaque buildup (Figure
1.4) [21,36,43]. During this chronic inflammation process, a cocktail of cytokines is released by T cells,
macrophages, and smooth muscle cells that can activate iNOS and NADPH oxidase. This causes
excessive production of NO and O, - leading to cell death [3,36,44,45]. These dead cells are normally
removed by the regulatory anti-inflammatory M2 macrophages but, if it is out of control, will lead to
plague buildup [36,45]. The evidence for excessive ONOO™ production in these plaques is provided by
the observation of protein tyrosine nitration in the arteries of patients with atherosclerosis [43,46].

The initial immune response mediated by pro-inflammatory macrophages due to the
inflammation caused by oxidized LDL is balanced by the presence of anti-inflammatory macrophages
[21,37,39,43]. This balance of M1 and M2 is important for the regulation of LDL concentrations in the
blood of healthy individuals. However, during chronic inflammation, there is an overproduction of pro-

inflammatory macrophages and foam cells. Apoptosis of these foam cells also contributes to
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accumulation of cellular debris at the intima of blood vessel. Therefore, both the pro-inflammatory
macrophages and the resulting apoptosis ultimately determine the amount of plaque buildup
[21,37,39,43]. Hyperglycemic conditions have been shown to facilitate the generation of O, and the
oxidation of LDL, and therefore cause for cardiovascular diseases through the production of ONOO™ at
the blood vessel wall [47].

1.7.2 Neurodegenerative diseases

Neurodegenerative diseases such as Alzheimer’s and Parkinson’s (PD) disease are caused by the
death of specific types of neurons. The occurrence of these diseases increases with age and progresses
rapidly as the patient becomes older [48-51]. Several causes have been proposed for these neuronal death
in neurodegenerative diseases. These include genetic mutation, protein misfolding and aggregation,
mitochondrial dysfunction, oxidative and nitrosative stress and the presence of iron and other transition
metals [48-51]. In Alzheimer’s disease, an increase in amyloid -peptide aggregation in the brain with age
is common and it is believed to be a potential cause of neuronal death and dysfunction [48,51]. The death
of dopamine neurons due to accumulation of misfolded proteins (extracellular) is a main cause of
Parkinson’s disease [50]. Many of these the misfolded proteins are nitrated and oxidatively damaged,
providing evidence of a role for ONOO™ and other ROS in these diseases states [52]. It has also been
shown that misfolded proteins such as, amyloid B, can induce chronic inflammation to produce RNS
[48,53].

Microglia are brain macrophages that are activated by pathogens, bacteria, and proteins such as -
amyloid. They also clear cellular debris from the brain extracellular space through phagocytosis [48,54].
Like macrophages, microglia also exhibit phenotypic and structural differences. It has been shown that
there are three distinct states of microglia. Microgial are normally present in a resting state when there is
no inflammation. However, during inflammation of brain tissue due to pathogens or the presence of
abnormal proteins, NADPH oxidase is activated in these cells, producing an acute state. During this acute

state, microglia release pro-inflammatory cytokines that result in the activation of iNOS to produce NO
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[54]. This second activation state is known as chronic activation. In the chronic state, ONOQO™ can be
produced due to the reaction of NO with superoxide and result in neuronal death [54]. Microglia cells
have a third state of activation that involves phagocytosis of intracellular debris that is produced from
chronic activation and apoptosis. This state of microglial cells is known as the resolution state [54].

1.7.3 Cancer

Association of NO and other RNS in cancer is quite complex because these species can be both
toxic as well as help the progression of tumors [22,55]. RNS such as ONOO™ and N,O3; can modify and
damage DNA [8,22,26,55]. N,O3 can deamidate nucleic acids through nitrosation [55] and peroxynitrite
can oxidize guanine [56,57]. RNS can also produce toxic nitrosoamines that are known carcinogens
[22,55].

On the other hand, immune cells can kill tumor cells through the production of RNS. Both NO
and iNOS activation have been investigated as therapeutic strategies for cancer by inducing and avoiding
cytotoxicity [23,58,59]. These strategies are highly dependent on the type and nature of the cancer [23].
One of these strategies is to supply large amounts of NO through NO releasing molecules to induce
apoptosis of cancer cells [23,60]. Leukemia cells (e.g. Jurkat cells) show low viability with induction of
iNOS and therefore NO generating molecules have been used to kill these cancer cells [61,62]. In
contrast, inhibition of iNOS itself or its transcription pathway (e.g. inhibit nuclear factor kappa B) to
reduce the NO-based cancer progression has also been reported [23].

1.8 Probing cellular nitrosative stress

Cellular nitrosative stress pathways have been widely explored due to their biological
implications and follow—up development of therapeutic strategies. There are many conventional analytical
methods available for direct detection of NO and ONOO™ [63]. However, the instability of NO and
ONOO' in biological fluids is a challenge for those methods. Therefore, in general, NO,” and NO3", which
are metabolites of NO and ONOO', have been used for the indirect detection of NO. In vivo NO is

oxidized to NO, and then further oxidized to NO; [63]. Also, ONOO™ can isomerize into NOs.

14



Peroxynitrite also can react with tyrosine residue on proteins to produce nitrotyrosine. Therefore,
detection of protein bound nitrotyrosine has been used as an indirect measurement for ONOO™ production
[64].
1.8.1 NO detection methods

NO can be directly detected using electron paramagnetic resonance spectroscopy (EPR),
fluorescent probes, chemiluminescence and electrochemical methods [63,65-68]. NO is an odd electron
species and therefore produces an EPR signal. To stabilize the signal, NO is captured using a spin trap
during EPR studies [63]. Fluorescence and chemiluminescence detection have low nM to pM low limits
of detection (LOD) for NO; however, NO needs to be reacted with a fluorophore or luminescence agent
prior to detection [63,64,68]. The 4-amino-5-methylamino-2',7'-difluorofluorescein (DAF-FM) family of
probes are popular for detection of NO using fluorescence and these probes have been widely used for
biological studies [69-72]. The main disadvantage of DAF-FM is its reaction with dehydroascorbic acid
(DHA) to produce a spectrally similar species (DAF-FM DHA) to that produced with NO (DAF-FM T).
Therefore, DAF-FM DHA needs to be separated from DAF-FM T for better quantification. In addition to
DAF-FM probes, there are other fluorescent probes such as 2,3-diaminonaphthalene and
diaminorhodamine that have been reported for NO [68,69,71,72]. However, a common disadvantage of
all these probes is cross reactivity with other RNOS, and cellular biomolecules. An in-depth discussion of
DAF-FM for NO detection, its cross reactions and the care needed to be taken for accurate quantification
can be found in chapter 6.

For chemiluminescence detection, NO is reacted with H,O, to produce ONOO™ and then the
resultant ONOO' is reacted with luminol [63,68]. However, both H,O, and ONOQO™ can interfere with this
assay. An alternative approach is to react NO with O3z to produce an excited state nitrogen dioxide
[63,64,71].

NO is electrochemically active and amperometric NO biosensors are widely used in biological

applications [63,73,74]. There are several NO biosensors that are commercially available. However,
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despite their low LOD, biosensors can suffer from interferences and also lack of the ability to detect
multiple analytes simultaneously. Some common interferences include NO;', ascorbic acid, glutathione,
dopamine, uric acid, and carbon monoxide. To avoid those interferences, biosensors are equipped with a
membrane (e.g. nafion and xerogel) that allows selective detection of NO [63]. Therefore the selectivity
of NO biosensors depends on the membrane and the potential applied to the sensor.

NO, is the major product of NO oxidation and it is more stable than NO. Therefore, NO can be
detected indirectly using NO,. NO, in acidic conditions reacts with sulfanilamide and forms its
diazonium salt that further reacts with N-(1-napthyl)-ethylenediamine to produce a colored product. This
reaction is commonly referred to as the Griess reaction and the product absorbance is measured at 548 nm
[64]. This assay is heavily used for the indirect detection of NO. However, NO, can slowly oxidize into
NO3". One approach for combined detection of NO, and NOs’ is to reduce NO;™ back into NO, using a
Cd or nitrate reductase. This procedure has also been employed with the Griess assay for accurate
determination of NO production [64]. NO can undergo various other reactions including formation of
GSNO and ONOO'. Therefore, the development of a method that can detect multiple nitrosative stress
makers such as nitrotyrosine, GSNO and other nitrosothiols in biological sample would be advantageous
for understanding cellular nitrosative stress.

1.8.2 Peroxynitrite detection methods

Currently, UV absorbance spectroscopy is the main method employed for ONOQO™ detection.
Peroxynitrite produces a characteristic absorbance at 302 nm and absorbance spectroscopy is widely used
for quantitation of ONOO" in aqueous samples [75,76]. In UV absorbance, transmittance is measured and
then absorbance is calculated indirectly. Therefore, absorbance has higher limits of detection compared to
fluorescence detection where photon emission following excitation is directly measured from a non
background. Therefore, ONOO" selective fluorescent probes such as dihydrorhodamine 123 have also
been reported, but these probes can cross-react with other RNOS, which can be problematic for in vivo

monitoring applications [64,69]. Recently, highly selective ONOO™ probes have been reported but they
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are not currently commercially available [77,78]. Similar to NO, ONOO™ can be detected using
chemiluminescence by the reaction of ONOO" with luminol [63,64].

Peroxynitrite is electrochemically active and can be directly detected using electrochemical
methods. Therefore, amperometric detection methods have been developed for the detection of ONOO
[79-81]. One of the disadvantages of amperometric detection is that it does not provide information on
other species that might be present in the sample. Also, other electroactive compounds present in the cells
can interfere with the analysis. To monitor multiple species, it is possible to perform amperometric
detection at several different voltages. These voltages are selected based on voltammetric behavior of
analytes of interest. With this method, the concentration of each species is calculated mathematically.
Therefore, amperometric detection at several voltages has been used for detection of ONOO", H,0, and
NO from standard solutions and cells (extracellular release) by Amatore’s group [76,81]. This method
allows some degree of identification of multiple species when it employs for extracellular RNOS
detection [76,81]. However, there are many interfering compounds that are also electrochemically active
such as AA and GSH present inside the cell, making it difficult to quantitate multiple species using this

method.

1.9 Separation-based approach for RNS detection

The main drawback of the common analytical methods for NO and ONOOQO' is the interference of
other species during analysis. Thus, these methods cannot distinguish the signal for NO or ONOQO™ from
interferences or side products [69,70,82,83]. Similarly, most methods only measure a single analyte and
therefore multiple methods need to be employed for obtaining information on other species. In order to
measure several species simultaneously in a single sample, separation-based approaches such as liquid
chromatography (LC) and capillary electrophoresis (CE) have become popular for the determination of
NO and other RNS [65,83].

CE has many advantages over liquid chromatographic methods for biological studies, including

very low sample volume requirements, higher separation efficiencies, and faster separations. Therefore,
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CE has been used for determination of NO from various biological samples [84-88]. CE with laser-
induced fluorescence (LIF) detection has been extensively used for the direct monitoring of NO using NO
selective fluorescent probes in neurons [83,88]. Conductivity and UV detection have also been employed
for the indirect detection of NO by monitoring its degradation products, NO, and NO; [84-87,89].

1.9.1 Microfluidic-based approaches

More recently, microfluidic devices have been employed to monitor the production of NO and its
metabolites [90-95]. These devices have many advantages over classical methods for the study of NO
production, including the possibility of performing on-chip cell culture, simulating the cellular response
in constricted blood vessels, modeling in vivo environments (by immobilizing cells in a microchannel),
and single cell analysis that can be difficult to achieve using classical methods [90-95]. Fluorescence
detection is predominantly used in these devices, and methods for monitoring NO production from
erythrocytes [95], endothelial [96], and macrophage cells [93] have been reported.

1.9.2 Microchip electrophoresis (ME)

Separations with microfluidic devices are most commonly performed using electrophoresis. The
use of high field strengths with short channels in the planar format makes it possible to routinely perform
subminute separations using this technique. Therefore, this method is especially useful for the detection of
chemically labile species since they can be separated and detected quickly before significant degradation
occurs. The simple-T microchip design is the most common design used for ME where both sample and
separation buffer are electrokinetically transported (Figure 1.5). Sample introduction into the separation
channel is most commonly achieved using gated injection [97-99]. Double-T and dual channel microchip
designs have also been used for ME, and injection schemes such as pinched and hydrodynamic injections
can be used for sample introduction [99-102]. An advantage of ME is that the chip design can be

customized for a particular application. For example, double-T microchips have been used for integration
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of microdalysis sampling into ME, where high salt microdialysis samples are introduced into the
separation channel using hydrodynamic injection [100,103].
1.9.3 Separation mechanism in microchip electrophoresis

The separation mechanism in ME is identical to that of capillary zone electrophoresis. In CE,
there is a negatively charged layer on capillary surface due to ionized silanol groups (a surfactant can also
be used for obtaining the surface charge). lons in the solution close to the capillary surface segregate into
two layers for balancing the surface charge. This phenomenon is known as electrical double layer
formation. The closest layer to the charged surface is the adsorbed layer where positively charged ions
such as H" and Na* are adsorbed onto the surface. The next layer also contains extra positive ions to
balance the rest of the surface charge and this layer is known as the diffusive layer [104]. Once a positive
electric field gradient is applied between two ends of the capillary, positively charged ions in the diffuse
layer migrate toward the cathode (negative/ground electrode), creating a bulk flow called the
electroosmotic flow (EOF). The EOF carries all analytes regardless of charges toward the cathode and
does not separate species. EOF generates a plug flow profile and therefore the band broadening is less
compared to pressure driven flows [104].

There is an electrostatic force from the electric field on ions when ions are introduced into a
capillary under an electric field. This generates their electrophoretic mobility. This force is balanced by
the solution frictional force (F), which is velocity dependent (equation 1). Therefore, the ions move
through the capillary with a constant velocity.

The force from the electric field on the ion = Eq
Solution frictional force for spherical particle F = 6znav
Eq=6mnav (1)
Where E is the electric field gradient, q is the charge of the analyte, # is the viscosity of the buffer, a is

hydrodynamic radius of the analyte and v is the velocity of the species.
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In the equation 1 the factor ¢/6zna is defined as the electrophoretic mobility (1) and is a constant
for an analyte in a given buffer system (# is constant). Therefore, p only depends on charge to
hydrodynamic radius ratio. The mobility of the ion () is the parameter that allows for the separation.
When an EOF is present the mobility of the ion is the vector sum of pgor and Wion.

Hiotal = Heor + Hion  (2)

Application of a positive voltage gradient over negatively charged capillary is called normal
polarity (Figure 1.6A). In normal polarity, positive ions and the EOF move toward the cathode [104]. The
negatively charged anions have their mobility toward the anode; however, the EOF pushes them toward
the cathode. Therefore, the total or “apparent” mobility of an ion is the vector sum of mobility of the EOF
and mobility of the ion (equation 2).

For small negative ions with high negative electrophoretic mobilites, reverse polarity is often
used. The capillary surface is modified to generate a positively charged layer (Figure 1.6B). In this case,
the negatively charged molecules in the diffuse layer move toward the anode (the ground electrode) with
the application of negative high voltage gradient between the two capillary ends [104].

In capillary electrophoresis, fused silica capillaries are used. The surface of these capillaries is
composed of siloxane groups (pK, 6) [104]. This fused silica capillary surface can be chemically treated
with NaOH or KOH to convert siloxane into the silonyl group (Si-OH) that can be further deprotonated to
produce a negatively charged surface [104]. In contrast, ME is performed using various materials such
PDMS, glass, PMMA and ceramics [105]. In some cases, such as when using PDMS, the surface needs to
be modified with a negatively or positively charged surfactant to generate EOF due to a lack of surface
charge. Also, this lack of surface charge facilitates the adsorption of hydrophobic molecules onto the
PDMS surface and therefore, hydrophobic molecules can cause channel clogging when PDMS is used in

biological studies. The choice of the material for ME is highly depend on the application and the cost.
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1.10 Detection strategies for ME

Laser induced fluorescence (LIF) and electrochemical detection are the most common detection
strategies in ME. LIF detection has lower LODs; however, analytes typically need to be derivatized
before analysis. Amperometry and conductometry are the two main electrochemical strategies used in ME
[106]. Conductometry is a universal detection method and capacitively coupled contactless conductivity
detection (C4D) is becoming popular as the universal detection method in ME. UV absorbance detection
is commonly used as a universal detector in both LC and CE. However, absorbance detection depends on
the path length of the detection cell. Microchannel dimensions used for ME are in the low micron range
(~15 pm), which is even smaller than that of the CE capillary diameters (~2 x 75 um). Therefore,
absorbance detection in ME is less common. Amperometry is the most widely used electrochemical
detection method in ME and the selectivity of an amperometric detector can be controlled through the
applied potential at the working electrode or modification of the electrode material. Also, only
electroactive compounds give a signal with amperometric detection.
1.10.1 Electrochemical detection (EC) in ME

Various amperometric detection strategies have been developed for CE and these methods were
then transferred into microchips when ME become popular. Integration of an electrode into ME is easier
compared to CE due to the planar format of ME. However, the electrode cannot be directly placed inside
the channel/capillary for amperometric detection because of the electric field used for separation. That is,
the separation current can easily ground through the potentiostat and damage its electronic circuitry if the
working electrode is in the separation field [107,108]. A common strategy to prevent this is to place the
electrode in the ground reservoir 10-15 um away from the separation channel [107-109]. This
configuration is known as the end-channel electrode configuration (Figure 1.7A). However, in this case,
analytes diffuse into the waste reservoir when they exit from the channel leading to band broadening and

a decrease of signal [107-109].
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Another approach for ME-EC is to place the electrode inside the channel but ground the
separation field prior to the electrode using a decoupling electrode (Figure 1.7B) [109,110]. A metal band
electrode such as Pd is commonly employed for this purpose in ME [110]. Unfortunately, these metal
band electrodes are microfabricated and they may not very stable under high voltage conditions. In the
case of CE-EC, the decoupler can be made by making a facture in the capillary, which is covered by a
membrane such as cellulose acetate or nafion and then placed in the ground reservoir [111-113]. The
separation current grounds through this fracture and the membrane while the solution continues to flow
towards the electrode by the EOF. The same approach has been investigated by the C. Lunte group for
ME and they observed lower noise (< 1 pA) and excellent LOD for dopamine (25 nM) [114]. The primary
advantage of the decoupler or off-channel alignment is it is free from the noise induced by the separation
field. However, the flow profile changes to parabolic once the separation field is grounded by the
decoupler, which causes band broadening leading to lower resolution especially if the working electrode
is far away [108].

The third approach to perform amperometric detection in ME is to use an isolated or “floating”
potentiostat where the potentiostat is not grounded. This approach allows placing an electrode inside the
channel (Figure 1.7C). The S. Lunte group has reported an in-channel amperometric detection method
using a homemade isolated potentiostat for normal polarity conditions [115]. More recently, the same
group has reported an in-channel detection method for reverse polarity with an isolated potentiostat
design by Pinnacle technologies [107]. The advantage of using in-channel detection is that it avoids band
broadening and therefore, higher resolution and sensitivity can be obtained. However, noise from the
separation voltage fluctuation affects the LODs. To reduce noise observed with in-channel detection due
to the separation voltage, a dual-channel/dual-electrode approach was reported by Hahn’s group
[102,116]. In their approach, reference and working electrodes were placed inside two parallel separation
channels of a dual-channel microchip. The noise due to high voltage (used for separation) fluctuation was

the same at both electrodes and therefore the noise cancels out [102,116]. A more thorough discussion
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on electrochemical strategies and considerations for reverse polarity conditions is provided in chapter 2.
ME-EC has been used for detection of RNS. Recently, we reported ME-EC methods for the
detection of NO and ONOO™ from NONOate salts, commercially available ONOO™ standards (Chapter 3
and 4) and ONOO" releasing molecules [107,117,118]. Indirect detection of NO based on nitrate and
nitrite has also been reported [119-123]. Since nitrate is not electroactive, a method using an on-chip
Cu?/Cd reductor was used to reduce nitrate into nitrite, which permits the detection of both
species by ME-EC [119]. Nitrate and nitrite can also be monitored using ME using combined
conductivity and amperometric detection [120]. In addition to these methods, there are several reports of
ME coupled to amperometric or conductivity detection for determination of nitrite and nitrate in food,
biological and environmental samples [121-123].
1.10.2 Electrode materials
For RNS and most oxidizable compounds found in cells (Figure 1.8), a metal electrode such as Pt
can be used. Pt black electrodes are known to produce much higher response for NO than bare carbon or
Pt electrodes [63]. Therefore, Pt and Pt black electrodeposited electrodes have been widely used for RNS
detection [63,74]. For better detection of specific analytes such as thiols, additional electrodes materials
are needed. For example, Au/Hg amalgam electrodes have been widely used for the detection of GSH and
other thiols [124,125]. The concentration of GSH in the intracellular environment is in the mM range, and
therefore, GSH can be easily detected without modifying the electrode. Additionally, a modified electrode
can be used for selective detection of GSH [126]. In addition to using a single electrode, a second
electrode can also be integrated into ME systems to gain selectivity for compounds undergoing
chemically reversible oxidation reactions.
1.11 Detection of cellular antioxidants and other important biomolecules during nitrosative stress
Some electroactive species of interest when probing cellular nitrosative stress include cysteine,

tyrosine, nitrotyrosine, nitrosoglutathione and other nitrosothiols, hydrogen peroxide, oxidized forms of
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thiols such as cystine and glutathione disulfide, and guanine (Figure 1.8). Some of these species can be
detected while detecting RNS, providing more detailed information on the cellular redox state. However,
to accomplish this, a separation of all the related species must be developed and optimized. In this case,
fast highly efficient separation conditions are necessary because reactive species are labile and need to be
separated and detected before they significantly degrade (less than 30 s).
1.11.1 Detection of cellular antioxidants

Thiols are endogeneous antioxidants and methods based on CE and ME with amperometric
detection have been developed for the detection of GSH, cysteine and homocysteine [124-128]. Most of
these methods employed Au/Hg electrodes. As mentioned previously, the GSH/GSSG ratio can be used
as a measure of the redox state of the cell and is an important biomarker. Therefore, the simultaneous
detection of thiols and disulfides has been achieved in CE [126]. In those methods, a dual electrode
configuration was commonly employed. Disulfides in the sample are reduced to their corresponding thiols
at one electrode and the generated thiols are detected at the second electrode. At the second electrode Hg
is oxidized in the presence of thiols and forms Hg(SR), that generates the signal (corresponding to 2
electrons) [124,128]. Disulfides are commonly reduced at a gold electrode and detected downstream at a
mercury gold amalgam electrode. However, both electrodes can also be gold amalgam electrodes [124].
Ascorbic acid is an exogenous anti-oxidant and exhibits a dual role where it can reduce or enhance NO
production [129,130]. Ascorbic acid and polyphenolic compounds have also been separated and detected
using CE and ME with electrochemical detection [106].
1.10.2 Detection of ROS and other intracellular electroactive molecules

Three important ROS are hydroxyl radical, O, and H,0,. H,O, is more stable than both O, and
the hydroxyl radical. H,O, can be easily detected by ME-EC; however, it is a neutral compound at low
pH and migrates with the EOF. Under high pH conditions (pH>11.6) H,O, is ionized and can be

separated from neutral compounds [117]. Other intracellular electroactive biomolecules such as uric acid,
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tyrosine, guanine and 8-oxoguanine can also be separated and detected using ME and CE with
amperometry.
1.11 Conclusions and thesis goals

The cellular redox state can be changed due to actions of nitrosative and oxidative stress and the
depletion of intracellular antioxidants levels. Various analytical methods have been developed to detect
individual single analytes that are involved in nitrosative stress. However, the development of methods to
detect multiple analytes involved in the cellular redox state would be useful to obtain a better
understanding of the diseases caused by RNS as well as for the development of new therapeutic
strategies. Microfluidics has the advantage of the possibility of integrating various aspects of bench top
analytical methods into a single device for biochemical analysis. Therefore, the goal of this dissertation is
to develop microfluidic separation-based methods to detect multiple species that affect the cellular redox
state under cellular nitrosative stress conditions. Microchip electrophoresis was chosen as the separation
method in these studies. Detection has mainly been accomplished by electrochemical and LIF detection.
This dissertation includes the development and application of ME-based methods to probe cellular
nitrosative stress in macrophage cells.
1.12 Summary of thesis chapters
1.12.1 Chapter 1: Introduction
This chapter introduces cellular nitrosative stress and its implications in diseases. This chapter also
discusses RNS, their production and reactions. Analytical methods used for detection of RNS and their
advantages and disadvantages are discussed. Advantages of using ME to probe nitrosative stress are
summarized. Electrochemical detection in ME and detection of nitrosative stress markers and other
cellular electroactive molecules are also discussed.
1.12.2 Chapter 2: Microchip electrophoresis coupled with in-channel electrochemical detection for
the separation and detection of nitrosative and oxidative stress markers

This work has been published in the following journal publication:
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D. B. Gunasekara, M. K. Hulvey, S. M. Lunte, “In-channel amperometric detection for microchip
electrophoresis using a wireless isolated potentiostat,” Electrophoresis, 2011, 32, 832-837 (Feature

article)

The combination of ME with amperometric detection leads to a number of analytical challenges that are
associated with isolation of the detector from the high voltage used for the separation. While methods
such as end-channel alignment and the use of decouplers have been employed, they have limitations. A
less common method has been to utilize an electrically isolated potentiostat. This approach allows
placement of the working electrode directly in the separation channel without using a decoupler. This
chapter explores the use of ME-EC with an electrically isolated potentiostat for the separation and in-
channel detection of ONOO' and several biologically important anions.

1.12.3 Chapter 3: Microchip electrophoresis with amperometric detection for the study of the
generation of nitric oxide by NONOate salts

This work has been published in the following journal publication:

D. B. Gunasekara, M. K. Hulvey, S. M. Lunte, J. A. F. da Silva, “Microchip electrophoresis with
amperometric detection for the study of generation of nitric oxide by NONOate salts,” Anal. Bioanal.
Chem., 2012, 403, 2377-2384

This chapter explores ME with electrochemical detection to monitor NO production from
diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (DEA/NO) and 1-(hydroxyl-NNO-
azoxy)-L-proline disodium salt (PROLI/NO). NO was generated through acid hydrolysis of the NONOate
salts. The products of acid hydrolysis were introduced into a 5 cm long separation channel using gated
injection. The separation was accomplished using reverse polarity and electrochemical detection was

achieved using an isolated potentiostat in an in-channel configuration.

1.12.4 Chapter 4: Evaluation of microchip electrophoresis with dual-series and dual-parallel
electrode configurations for identification of chemically labile species
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Analytes are normally identified based on their migration times in ME with amperometric detection.
However, for complex samples such as cell lysates, migration time may not be adequate for peak
identification. In this case, voltammetric characterization can also be used and can be accomplished by
determining the current ratio at two different working electrode potentials. In this chapter, two separate
dual-electrode configurations that can be employed for voltammetric characterization in real time are
described. The first uses a single channel simple-T microchip with two platinum electrodes set at two
different potentials in a series configuration (one in in-channel configuration and second electrode in end-
channel configuration). An alternative approach involves a ME-EC system that contains two distinct
separation channels each containing a platinum working electrode set at a different potential. Both dual-
electrode configurations were used to evaluate the purity of peroxynitrite standards using voltammetric
characterization.

1.12.5 Chapter 5: Comparison of cellular nitric oxide production in single and bulk cells using
microchip electrophoresis with laser induced fluorescence detection

This work has been reported in the following journal publications and a conference proceeding:

E. R. Mainz, D. B. Gunasekara, G. Caruso, D. Jensen, M. K. Hulvey, J. A. F. da Silva, E. C. Metto, A.
H. Culbertson, C. T. Culbertson, S. M. Lunte, “Monitoring of intracellular nitric oxide production by

microchip electrophoresis and laser induced fluorescence detection,” Anal. Methods, 2012, 4, 414-420

E. C. Metto, K. Evans, K. Barney, A. H. Culbertson, D. B. Gunasekara, G. Caruso, M. K. Hulvey, J. A.

F. da Silva, S. M. Lunte, C. T. Culbertson, “Integrated microfluidic device for monitoring nitric oxide

production in single cells,” Anal. Chem., 2013, 85, 10188-10195

S. M. Lunte, D. B. Gunasekara, E. C. Metto, M. K. Hulvey, E. R. Mainz, G. Caruso, J. A. F. da Silva, D.

T. Jensen, A. H. Culbertson, R. J. Grigsby, C. T. Culbertson, “Microchip electrophoresis devices for the
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detection of nitric oxide: Comparison of bulk cell and single cell analysis,” Proceedings of UTAS, Seattle,
USA, 2011, 0536.

CE with laser-induced fluorescence detection has been used previously to separate and quantitate the
fluorescent derivatives of NO from potential interferences in single neurons. In this chapter, ME coupled
to laser-induced fluorescence (LIF) detection is evaluated as a method for measurement of the NO
production by Jurkat cells under native and stimulated conditions. In these studies, 4-amino-5-
methylamino-2',7'-difluorofluorescein diacetate (DAF-FM DA) was employed for the detection of NO,
and 6-carboxyfluorescein diacetate (6-CFDA) was employed as an internal standard. Intracellular NO
concentrations were calculated using a calibration curve and total cell count. The average estimated NO
concentration observed in these bulk cell studies were then compared with average NO production in
single cell analysis.

1.12.6 Chapter 6: Cellular nitrosative stress profiling using microchip electrophoresis coupled to
electrochemical detection

This work has been published in the following journal publication:

D. B. Gunasekara, J. M. Siegel, G. Caruso, M. K. Hulvey, S. M. Lunte, “Development of a microchip
electrophoresis method with amperometric detection for profiling cellular nitrosative stress markers,”
Analyst, 2014, 139 (13), 3265 — 3273

In this chapter, a ME method with electrochemical detection for the separation of intracellular nitrosative
stress markers in macrophage cells is described. The separation of nitrite, azide (interference), iodide
(internal standard), tyrosine, glutathione, and H,O, (neutral marker) was achieved in under 40 s. Initially,
NO production was monitored by the detection of nitrite (NO, ) in cell lysates. The concentration of NO,~
inside a single unstimulated macrophage cell was estimated to be 1.54 mM using the method of standard
additions. ME-EC was then used for the direct detection of NO and glutathione in stimulated and native

macrophage cell lysates. NO was identified in these studies based on its migration time and rapid
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degradation kinetics. The intracellular levels of GSH in native and stimulated macrophages were also
compared, and no significant difference was observed between the two conditions.

1.12.7 Chapter 7: Conclusions and future directions

The main conclusions are discussed in this chapter. These conclusions include development of ME-based
electrochemical and LIF methods, their use for detection of reactive species and application to probe
cellular nitrosative stress. Immediate future goals include identification of intracellular electroactive
compounds using dual electrodes and development of single cell electrochemical cytometer. Long term
goals include application of above methodologies for investigation of monocyte derived macrophages and
their implications in cellular nitrosative stress. Further, long term goals include investigation of bipolar

electrodes for indirect fluorescence detection in ME and other biochemical assays.
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Chapter 2
Microchip electrophoresis coupled with in-channel electrochemical detection for the separation and

detection of nitrosative and oxidative stress markers

This work has been published in the following journal publication:
D. B. Gunasekara, M. K. Hulvey, S. M. Lunte, “In-channel amperometric detection for microchip
electrophoresis using a wireless isolated potentiostat,” Electrophoresis, 2011, 32, 832-837 (Feature

article)
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2.1 Introduction

Amperometry is a popular detection method for lab-on-a-chip devices due to its low detection
limits and selectivity as well as the fact that electrodes can be fabricated using the same photolithographic
techniques employed to create the microfluidic device [1-3]. Microchip electrophoresis is a technigque that
is able to generate very fast, highly efficient separations in a small and potentially portable format [3-6].
The combination of amperometric detection with microchip electrophoresis (ME) provides a powerful
approach for the determination of a variety of biologically important compounds including reactive
oxygen species (ROS) [7], reactive nitrogen species (RNS) [8], catecholamines [9,10], thiols [11,12], and
carbohydrates [13-15].

Coupling amperometric detection with electrophoresis however can be challenging. The high
voltages used to perform electrophoretic separations create a large amount of noise at the detector and can
irreversibly damage the electronic circuitry of conventional potentiostats. To avoid these issues, three
approaches have been employed to isolate the detector electrode from the high voltage field. These
methods include aligning the electrode outside of the separation channel in what is referred to as an “end-
channel” configuration [16,17] (Figure 2.1A), using a decoupler to shunt the high voltage to ground just
prior to the detector (off-channel) [9,18,19], and using specialized electrically isolated potentiostats that
allow the electrode to be placed directly in the separation channel (in-channel) [16,20,21] (Figure 2.1B).
Each of these approaches posses their own advantages and disadvantages. End-channel alignment is the
easiest to implement but can suffer from band broadening due to dispersion of the analyte plug once it
exits the separation channel prior to detection. This can greatly reduce separation efficiency and make it
more difficult to resolve closely migrating peaks. Also the band broadening can lead to a reduction in
sensitivity. Using a decoupler in the off-channel configuration leads to higher separation efficiencies
since the electrode is in the channel [16]. In the positive polarity separation mode, a Pd decoupler can be
employed in order to adsorb the H, gas generated by the cathode. Unfortunately, a Pd decoupler cannot be

used in a reverse polarity separation because the anode (decoupler) generates O, not H, from water.
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Figure 2.1: Schematic of (A) End-channel and (B) In-channel detection
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The third approach requires the use of an electrically isolated potentiostat. This makes it possible
to place the working electrode directly in the separation channel without a decoupler. The benefit of this
approach is that it reduces band broadening while maintaining detector sensitivity. It is also possible to
perform separations in reverse polarity without developing a decoupler that will adsorb oxygen. While a
few reports have demonstrated the use of electrically isolated potentiostats to perform amperometric
detection in microfluidic devices [20,21], none have focused on applications using negative polarity
separation for small electroactive anions. One application reported the indirect detection of non-
electroactive anions using reverse polarity with an in-channel electrode alignment [22]. This chapter
focuses on the characterization and application of a microchip electrophoresis device employing a
wireless isolated potentiostat to perform the separation and in-channel amperometric detection of small
electroactive anionic species using negative polarity separation voltages and a cationic surfactant for
modification of the electroosmotic flow. The effect of the separation voltage on the observed half-wave
potentials, as well as a comparison of separation efficiencies, limits of detection (LOD), and sensitivity to
that of end-channel alignment are presented.

2.2 Materials and methods
2.2.1 Materials and reagents

The following chemicals and materials were used as received: SU-8 10 photoresist and SU-8
developer (MicroChem Corp., Newton, MA, USA); AZ 1518 photoresist and 300 MIF developer (Mays
Chemical Co., Indianapolis, IN, USA); photolithography film mask (50,000 dpi; Infinite Graphics Inc.,
Minneapolis, MN, USA); N(100) 100 mm (4”) silicon (Si) wafers (Silicon, Inc., Boise, ID, USA);
borosilicate float glass (4”x 1.1 mm.; Precision Glass and Optics, Santa Ana, CA, USA); Pt film coated
glass substrates (2000 A Pt layer over 200 A Ti), The Stanford Nanofabrication Facility, Stanford, CA,
USA; Sylgard 184 Silicone Elastomer Kit: Polydimethysiloxane (Ellsworth Adhesives, Germantown,
WI, USA); Titanium (Ti) etchant (TFTN; Transene Co., Danvers, MA, USA); epoxy and Cu wire (22

gauge; Westlake Hardware, Lawrence, KS, USA); silver colloidal paste (Ted Pella, Inc., Redding, CA,
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USA); acetone, 2-propanol (isopropyl alcohol, IPA), 30% H,0,, H,SO,4, HNO3z;, NaOH and HCI (Fisher
Scientific, Fair Lawn, NJ, USA); sodium nitrite, boric acid, tetradecyltrimethylammonium bromide
(TTAB), ascorbic acid (AA), tyrosine (Tyr) and reduced glutathione (GSH) (Sigma, St. Louis, MO,
USA); peroxynitrite (Cayman Chemicals, Ann Arbor, MI, USA). All water used was ultrapure (18.3
MQ-cm) (Millipore, Kansas City, MO, USA).
2.2.2 PDMS fabrication

The fabrication of PDMS-based microfluidic devices has been described previously [8]. Briefly,
SU-8 10 negative photoresist (for electrophoresis channels) was spin coated on a 100 mm Si wafer to a
thickness of 15 + 1 um using a Cee 100 spincoater (Brewer Science Inc., Rolla, MO, USA). The wafer
was then transferred to a programmable hotplate (Thermo Scientific, Asheville, NC, USA) for a soft bake
at 65°C for 2 minutes and then 95 °C for five minutes. Microfluidic channel designs were created using
AutoCad LT 2004 (Autodesk, Inc., San Rafael, CA, USA) and printed on to a transparency film at a
resolution of 50,000 dpi (Infinite Graphics Inc., Minneapolis MN, USA). The coated wafer was covered
with the transparency film mask and exposed to UV light (344 mJ/cm? for 16 s) using an i-line UV flood
source (ABM Inc., San Jose, CA, USA). Following the UV exposure, the wafer was post-baked at 65°C
for 2 minutes and 95°C for 10 minutes. The wafer was then developed in SU-8 developer, rinsed with
IPA, and dried under nitrogen. A final “hard-bake” was performed at 175°C for 2hr. The thickness of the
raised photoresist, which corresponds to the depth of the PDMS channels, was measured with a surface
profiler (Alpha Step-200, Tencor Instruments, Mountain View, CA, USA). PDMS microstructures were
made by casting a 10:1 mixture of PDMS elastomer and curing agent, respectively, against the patterned
Si master. A simple “T” device containing a 5 cm separation channel (from the T intersection to the end
of the separation channel) and 0.75 cm side arms was used for these studies. The width and depth of the
electrophoresis microchannels were 50 um and 14 um, respectively. Holes for the reservoirs were created

in the polymer using a 4 mm biopsy punch (Harris Uni-core, Ted Pella Inc., Redding, CA, USA).
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2.2.3 Platinum electrode fabrication

The platinum (Pt) electrodes used for EC detection consisted of a 200 A Ti adhesion layer followed
by a 2000 A Pt electrode layer deposited on a glass substrate by the Stanford Nanofabrication Facility.
Positive photoresist (AZ 1518) was dynamically applied to the Pt coated glass plate at 100 rpm for 5 s.
The spin coater was then ramped to a final speed of 3500 rpm and held for 30 s to yield a photoresist
thickness of 2.0-2.2 um. The photoresist was soft baked at 100°C for 2 min and then exposed to 86
mJ/cm? using an i-line UV flood source and the appropriate transparency mask. After exposure, the plate
was developed for ~30 s in 300 MIF developer and then rinsed thoroughly with 18.2 MQ c¢cm H,0 and
blown dry with N,. A final hard bake was performed at 100°C for 10 min.

The remaining photoresist on the plate served to protect the underlying metal from the subsequent
acid-etch procedure. Pt metal was removed by immersion in 85°C aqua regia (3:1:6 H,O/HCI/HNQO3) for
~30 s or until no Pt metal could be seen. Ti metal was removed by immersing the plate in Ti etchant held
at 95°C for ~ 45 s or until no remaining metal could be seen. After completion of the metal etching
procedure, remaining photoresist was removed by rinsing the plate with acetone, followed by IPA, and
drying with N,. Wire leads for the electrodes were made by fixing bare Cu wire on the plate with quick-
set epoxy. Bonding between the copper wire and the Pt electrodes was accomplished using Ag colloidal
paste.

2.2.4 Chip construction

The layer of PDMS containing the separation channel was aligned and reversibly sealed to the
glass plate containing the Pt electrode. For end-channel detection, the working electrode was placed 10-20
um outside of the separation channel, in the ground reservoir. For in-channel detection, the electrode was
placed 1-5 um upstream from the end of the separation channel. The exception was for the hydrodynamic
voltammetry (HDV) experiments, where the electrode was placed 10 um upstream and downstream from

the end of the channel for in-channel and end-channel configurations, respectively.
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2.2.5 Solution preparation
The nitrite (NO,, 10 mM) stock solutions were prepared weekly by dissolving NaNO, in

ultrapure water. Stock solutions of hydrogen peroxide (H,O,, 10 mM), tyrosine (Tyr, 10 mM), GSH (10
mM) and AA (10mM) were all prepared in ultrapure water and stored at 4 °C. Subsequent dilutions of
each stock solution for use in the microchip system were made in the appropriate run buffer at the time of
analysis. Peroxynitrite standards were stored at —80 °C for no longer than two months and thawed on ice
before use. Once thawed, the ONOO™ was diluted fourfold in cold (4 °C) 0.3 M NaOH (per the vendor’s
instructions) to yield a solution of approximately 10 mM. 100 pl of 10 mM peroxynitrite solution was
further diluted into 900 ul of run buffer for analysis. Verification of this concentration was established by
measuring the absorbance of the ~10 mM solution at 302 nm using an extinction coefficient () of 1670
cm ™M™ (& information is provided by the vendor).
2.2.6 Electrophoresis procedure

Electrophoretic separations were carried out on the device using a gated injection method. Two
negative high voltage leads were placed in the sample and buffer reservoirs, while two earth ground leads
were placed in the sample waste and buffer waste reservoirs. Gated injections were carried out by floating
the high voltage at the buffer reservoir, which allowed the high voltage in the sample reservoir to deliver
sample into the channel intersection of the microchip. To stop an injection, the high voltage in the buffer
reservoir was reestablished. All data were collected using 1 s injections. The separation buffer consisted
of 10 mM boric acid with 2 mM TTAB at pH 11.
2.2.7 Electrochemical detection

EC detection was accomplished using a modified model 8151BP 2-channel wireless, electrically
isolated potentiostat (Pinnacle Technology Inc., Lawrence, KS, USA) operating in a two-electrode format
(Pt working; Ag/AgCl reference (Bioanalytical Systems, W. Lafayette, IN, USA)) at 5 Hz sampling rate
(Gain = 5,000,000 V/A, Resolution = 30 fA). Pinnacle Acquisition Laboratory (PAL) software was used

for all data acquisition. The data acquisition is performed by wireless data transmission from potentiostat.
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2.3 Results and discussion
2.3.1 In-channel amperometric detection

The use of an electrically isolated potentiostat for ME-EC makes it possible to place the working
electrode directly in the separation channel in the presence of a high voltage without generation of
excessive noise and/or damaging the potentiostat electronics. However, with the in-channel configuration
the separation potential has a significant effect on the observed half-wave potentials. Previous reports
have shown that the high voltages used for separations in both capillary [17,23] and microchip
electrophoresis [21] create a negative bias that shifts the apparent half-wave potential several hundred
millivolts when performing amperometric detection in the oxidative mode. These reports all employed
conventional separations where the high voltages used for separation were positive polarity. In these
cases, a positive shift in the apparent half-wave potential occurred, requiring higher potentials to be
applied to the working electrode in order to oxidize analytes.

It can be expected that when using negative polarity to perform separations a positive bias will be
imposed on the working electrode, creating an opposite shift in the half-wave potentials. Xu et al.
reported this phenomena using ME-EC with indirect detection of anions [22]. Also, the C. lunte group
observed a negative shift of Ey;, for an analyte when the electrode is placed in end channel configuration
due to negative polarity compared to flow injection [24]. Figures 2.2 A and B depict the effect of
electrode placement on the observed half-wave potential for the oxidation of NO, and H,O, respectively
using reversed polarity separation. As the working electrode potential is increased, we see an increase in
response of each analyte peak until a maximum current (peak height) is obtained. In the end channel
configuration (Figure 2.2 A and B) the working electrode is almost completely decoupled from the
separation voltage and the species exhibit a half-wave potential similar to that obtained by cyclic

voltammetry in a conventional electrochemical cell. The E., values for NO, and H,O, were found to be
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approximately +1050 mV and +600 mV vs. Ag/AgCl, respectively, for end channel configuration.
However, when the working electrode is placed in the in-channel configuration, the observed half-wave
potentials are shifted negative by approximately +500 mV for both NO, and H,O, (Figure 2.2 A and B).
As was expected, the use of the negative polarity separation potentials creates a positive bias on the
working electrode, reducing the apparent potential required to produce an oxidative current.
Electrochemical detection was performed using two electrode configuration; however, measured currents
were in low nA level. Therefore, the Ag/AgCI reference electrode can behave as a good thermodynamic
reference.

2.3.2 Evaluation of separation performance

A major benefit of the in-channel electrode alignment is the increased separation efficiencies that
are obtained. When employing an end-channel electrode configuration, band broadening can be a
significant problem leading to a loss of resolution between analyte peaks, as well as a reduction in
detector response. To demonstrate the improvement in resolution afforded by in-channel alignment, a
separation of two analytes (GSH and AA) that migrate very close to one another under our separation
conditions was performed using both end-channel and in-channel detection method. As can be seen in
Figure 2.3A, using an end-channel alignment, GSH and AA migrate as a single, wide peak. However,
using the in-channel alignment, the two peaks are nearly resolved (R = 1.3), allowing proper
identification and quantitation to be performed. Figure 2.3B shows another separation of two closely
migrating peaks. As can be seen in the electropherogram, Tyr and AA are barely resolved using end-
channel (R=0.9). However, using in-channel, the two peaks were almost baseline resolved (R=1.2).

To evaluate the separation performance of in-channel electrode alignment for its eventual
application to cellular analysis, the separation and detection of five electroactive analytes that are markers
for oxidative stress and/or possible interfering analytes present in cells was performed. In these
experiments, the WE was placed in channel, but as close as possible to the exit to minimize the influence

of the separation field on the WE. For end-channel detection, the electrode was placed 10-20 pm away
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Figure 2.3: In-channel and end-channel detection of closely migrating species. (A) separation of AA (50

uM, peak 1) and GSH (50 uM, peak 2); (B) separation of Tyr (50 uM, peak 1) and AA (50 uM, peak 2).

Separation voltages were -2400 V and -2200 V for both in-channel and end-channel configurations. A

WE potential of +750 mV for in-channel and +1100 mV for end-channel vs. Ag/AgCl was applied.
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from the channel exit. Figure 2.4 shows electropherograms obtained for a mixture of NO, (100 uM), Tyr
(30 M), AA (40 uM), GSH 100 (uM), and H,O, (100 uM) using ME-EC in the end-channel (2.4 A) and
in-channel (2.4 B) configurations. With the end-channel configuration, AA and GSH are not resolved and
there is a noticeable reduction in peak height for all of the species (Figure 2.4 A). Figure 2.4 B shows the
same sample separated using the in-channel configuration. In this case AA and GSH are completely
resolved and the peak heights for both NO, (Figure 2.4 B peak 1), and H,O, (Figure 2.4 B peak 5) are
higher.

Another observation was that the background currents for the two methods were very similar. The
background currents shown for the separations in Figure 2.4 A and B are actual experimentally observed
values. For in-channel detection the background was 3.5 nA while 1.5 nA was observed for end-channel
alignment. This is evidence that the background for the in-channel alignment is not significantly increased
due to high voltage separation field.

The resolution for the separation using end-channel detection can be improved by moving the
electrode closer (less than 5 pm) to the end of channel. This can be accomplished by the isolated
potentiostat employed in these studies, but would destroy the electronics of a conventional potentiostat.
Fisher et al. investigated the effect of electrode placement with end-channel detection and a conventional
potentiostat [16]. They observed a significant increase in separation efficiency when the electrode was
placed 10 um from the end compared to 20 pm [16].

2.3.3 Comparison of separation parameters in end and in-channel amperometric detection

The LODs for NO, (Figure 2.4 peak 1), and H,0, (Figure 2.4 peak 5) were determined using both
in-channel and end channel alignment (Table 1). As shown in Table 1, the peak-to-peak noise and LODs
for in-channel and end-channel channel alignments were similar. However, the sensitivity was
approximately 2-fold higher for in-channel alignment. Separation efficiencies of approximately 81,000

plates/m for NO, and 155,000 plates/m for H,O, were obtained using in-channel detection. The N values
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Figure 2.4: Comparison of (A) end-channel and (B) in-channel separation of NO, (100 uM, peak 1), Tyr
(30 uM, peak 2), AA (40 uM, peak 3), GSH (100 uM, peak 4), H,0, (100 nM, peak 5). Separation
voltages were -2400 V and -2200 V for both in-channel and end-channel configurations. A WE potential

of +1100 mV vs. Ag/AgCl was used in both in-channel and end-channel detection. (l -new injection)
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observed for end-channel detection were significanly lower with N values of 54,000 plates/m for NO,™
and 126,000 plates/m for H,0..
2.3.4 Peroxynitrite detection

Hulvey et al. previously reported using microchip electrophoresis with end-channel amperometric
detection as a method to monitor the transient reactive nitrogen species peroxynitrite (ONOO") [8].
Figure 2.5 shows the separation of a ONOO™ standard using in-channel alignment. The in-channel
detection exhibited better resolution and higher separation efficiencies compared to the previous report by
Hulvey et al. [8]. The use of in-channel alignment will allow a more accurate quantitation of ONOQ™ in
complicated matrices.

An additional useful feature of the electrically isolated potentiostat used in these studies is that it
employs wireless data transmission. This attribute will be especially useful in applications where the
analytical device is in a different location than the analyst. Examples include remote sensing of hazardous
substances [5,6], point of care testing in third world countries and separation based sensors for on-animal
monitoring of neurotransmitters [4,6].

2.4 Conclusions

This chapter demonstrates the advantages of employing an electrically isolated wireless
potentiostat in order to perform in-channel amperometric detection on a microchip electrophoresis device.
In particular, it is possible to place the working electrode in the separation channel without increased
noise or damage to the potentiostat. This makes it possible to take advantage of the full potential of both
the highly efficient method of electrophoretic separation and the high sensitivity of amperometric
detection. The potentiostat was employed for the detection of small anions under reverse polarity
separation conditions. These conditions are not compatible with off-channel detection using a Pd
decoupler due to the formation of oxygen gas at the anode. The effect of the separation field on the
observed half-wave potentials of two electroactive species was investigated. The results showed that the

optimal working electrode potential for any application involving in-channel detection will have to be
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Table 2.1. Comparison of peak-to-peak noise, LOD, sensitivity, and number of theoretical plates (N) for

in-channel and end-channel configurations using NO, (100 uM) and H,O, (100 uM).

Species | Alignment Peak-to- LOD" at Sensitivity” N? (Plates/m)
peak noise SIN=3 (PA/UM)
(PA) (LM)
NO,~ In 25 2601 30x1 80,000
End 30 6.2+ 05 18+1 50,000
H,0, In 60 231 15+£2 160,000
End 50 271 7.3+£0.3 130,000

a)
b)

Calculated from Figure 4
Standard deviation was calculated for 3 consecutive injections in a same microchip (n = 3)
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experimentally determined in order to compensate for the bias placed on the working electrode. The high
separation efficiencies and sensitivity of the in-channel detection method will be exploited for the
determination of electroactive RNS and ROS in cellular analysis. The wireless capabilities of the

potentiostat also make it useful for remote sensing applications and on-animal analysis.
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Chapter 3
Microchip electrophoresis with amperometric detection for the study of the generation of nitric

oxide by NONOate salts

This work has been published in the following journal publication:
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amperometric detection for the study of generation of nitric oxide by NONOate salts,” Anal. Bioanal.

Chem., 2012, 403, 2377-2384
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3.1 Introduction

The short half-life of NO in vivo makes its detection and quantification an analytical challenge.
NO can directly or indirectly react with amino acids, proteins, metal ions, molecular oxygen, radical
species, and DNA, which makes the half-life of NO relatively short in biological media [1]. Many
approaches for the detection of NO in vivo have been reported in the literature. These include the reaction
of NO with fluorescent probes [2-8], direct amperometric detection [9-11], chemiluminescence [12],
electron paramagnetic resonance [8,11], voltammetry [13], and indirect detection of its degradation
products nitrite and nitrate [14-17].

NO has been detected directly using amperometric biosensors [10,11]. For example,
Schoenfisch’s group developed NO-specific biosensors using xerogel membranes and platinum black and
platinum electrodeposited tungsten substrates [9,10]. These biosensors have detection limits in the pM
range, and the xerogel membrane shows high selectivity and permeability for NO [9]. However,
interference due to other electroactive compounds is a challenge for some amperometric biosensors [11].
As described earlier in introduction chapter, indirect measurements of NO degradation products such as
nitrate and nitrite or the reaction of NO with fluorescent probes have also been employed for NO
detection. Although these methods are effective, there can be problems with specificity, cross-reactivity
of the probes, and efficiency or kinetics of reactions. An alternative approach to improve selectivity of
these techniques is to separate NO or NO reacted fluorescence probes from interferences prior to the
detection [18,19].

Among the existing separation techniques, capillary electrophoresis (CE) presents many
advantages, including low consumption of sample and reagents, high efficiency and resolution, reduced
analysis time, easy method development, and several modes of separation. When CE is accomplished in
microchannels ( ME), it has the additional advantage of faster analyses, even lower reagents and samples

volume consumption, and the possibility of parallel processing and integration of analytical steps [20].
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Another feature of ME is the ability to perform sequential injections, making it possible to monitor the
progress of a reaction. Among the detectors available for ME, LIF and electrochemical (EC) detection
schemes are preferred, mainly due to their high sensitivity and ease of application. With EC detection, it
is possible to integrate the electrodes into the chip during the fabrication process, leading to a fully
integrated microfluidic systems [21-24]. Electrode materials such as carbon (carbon fiber, ink and screen
printed) and metal (Au, Pt and Pd) have been widely used in ME-EC devices [25-28]. Nanomaterials have
also been employed to enhance electrochemical performance [29].

ME coupled to LIF has already been used for the detection of NO in human blood and leukemia-
type cells [18,30]. To the best of our knowledge, ME coupled to electrochemical detection (ME-EC) for
the measurement of NO has not been achieved; however, ME-EC of peroxynitrite and the metabolites
(nitrite and nitrate) of NO and peroxynitrite has been reported previously [27,31,25,32]. One of the
advantages of ME-EC is the possibility of detecting several compounds simultaneously in a single
sample. Many biologically important compounds involved in oxidative stress such as ascorbic acid,
glutathione, hydrogen peroxide, and nitrite are electroactive and can be measured along with NO by ME-
EC.

Due to the important role of NO in vasodilatation and immune signaling, there have been many
drugs developed to deliver NO or enhance its production in vivo [33]. In particular, several
diazeniumdiolates have been developed as NO donors [34], and several compounds of this class are now
commercially available. These same compounds have also been employed as NO standards for in vivo
and in vitro studies. For example, we have employed the diethylamine adduct of NO for calibration
purposes in laser-induced fluorescence (LIF) detection of NO [18]. Spence’s and Martin’s groups have
also used these compounds for quantitation of NO release from platelets, endothelial cells, and

erythrocytes in microfluidic studies [35-40]. NONOates offer an efficient way to generate known
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guantities of NO. NO generation occurs via acid hydrolysis, and NONOates with half-lives varying from
few seconds to several minutes are available.

In this chapter, microchip electrophoresis with electrochemical detection was used to monitor the
generation of nitric oxide from NONOate salts with a temporal resolution of 60 s. Since both the salt and
NO are electroactive, it is possible to simultaneously monitor the disappearance of the NONOate and the
appearance of the NO. Nitrite was also well resolved from the two compounds. The method described
here will be employed in the future to investigate the reaction products of NO with biomolecules in a
microfluidic-based system.

3.2 Experimental
3.2.1 Reagents and solutions

All reagents were of analytical grade and used as received. Sodium nitrite (NaNQO,), boric acid,
tetradecyltrimethylammonium bromide (TTAB), and sodium phosphate monobasic and dibasic were from
Sigma (St. Louis, MO, USA). Sodium hydroxide and hydrochloric acid were from Fisher Scientific (Fair
Lawn, NJ, USA). Diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (diethylamine
NONOate, DEA/NO) and 1-(hydroxyl-NNO-azoxy)-L-proline disodium salt (PROLI/NO) were
purchased from Cayman Chemical (Ann Arbor, MI, USA). All solutions were prepared using deionized
(DI) water with resistivity greater than 18.3 MQ cm (Millipore, Kansas City, MO, USA). Phosphate-
buffered saline (PBS) dry powder in foil pouches was purchased from Sigma and dissolved in 1 L of
deionized water to prepare 10 mM PBS pH 7.4 solution (salt concentrations were 140 mM NaCl and
3mM KCI). The 10 mM phosphate buffer at pH 7 was prepared by mixing appropriate amounts of
sodium monobasic and dibasic in DI water. Nitrite and hydrogen peroxide stock standard solutions were
prepared in DI water at a concentration of 10 mM and diluted in the run buffer to the desired
concentration. Diluted standards were prepared daily. Stable stock solutions were kept for a week at 4 °C,

while unstable solutions such as DEA/NO and PROLI/NO were prepared immediately before use. The
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background electrolyte (BGE) employed for the electrophoresis experiments consisted of 10.0 mM boric
acid and 2.0 mM TTAB. The pH was adjusted to 11 with sodium hydroxide.
3.2.2 Microchip fabrication and instrumentation

Fabrication of the PDMS-based microchips for ME-EC has been fully described elsewhere
[27,31]. Briefly, the masters for replication were fabricated from a 4-inch wafer coated with SU-8 10
photoresist (Silicon, Inc., Boise, ID, USA) using soft lithography. The width and depth of the
microchannels were 50 and 14 pm, respectively. PDMS microstructures were made by casting a 10:1
mixture of PDMS elastomer:curing agent against the silicon master using Sylgard 184 Silicone Elastomer
Kit (Ellsworth Adhesives, Germantown, WI, USA). Following fabrication of the PDMS layer containing
the electrophoresis channels, 4-mm holes for the sample and waste reservoirs were produced using a
biopsy punch (Harris Uni-core, Ted Pella, Redding, CA, USA). The PDMS substrate containing the
electrophoresis channel was then reversibly sealed against a flat borosilicate glass (Precision Glass and
Optics, Santa Ana, CA, USA) that contained a 15um Pt band working electrode. Fabrication of Pt band
electrodes were reported previously [27]. The separation channel and Pt electrode were carefully aligned
to place the electrode exactly at the edge of the channel outlet (in-channel detection) [27]. The microchip
design for all experiments was a simple-T design with a 5-cm separation channel and 0.75-cm side arms
(Figure 3.1)

A dual channel high voltage power supply (HV Rack, Ultravolt Inc., Ronkonkoma, NY, USA)
controlled by software written in Labview (National Instruments, Austin, TX, USA) was employed in
these experiments. Gated injection [41] and electrophoretic separation were accomplished through the
application of —2400 and —2200 V to the BGE and sample reservoirs, respectively. The injection time
was 1 s, and the separation lasted 60 s. Sequential injections could be easily conducted using gated

injection, which allows continuous monitoring of the reactions.
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Figure 3.1: Microchip setup. BR, SR, BW and SW indicate BGE, sample, BGE waste, and sample waste
reservoirs, respectively. WE and RE are working (Pt band) and reference (Ag/AgCI) electrodes,

respectively. The dotted line represents the limits of the PDMS microchip. The inset shows a picture of

the electrode/channel alignment.
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Electrochemical detection was achieved using a wireless isolated potentiostat (Pinnacle
Technology, Lawrence, KS, USA) in a two-electrode configuration [27]. Working and reference
electrodes were 15 um Pt band and Ag/AgCl (RE-5B, Bioanalytical Systems, Inc., West Lafayette, IN,
USA), respectively. To facilitate the electrode-channel alignment, the microchip was set up on an inverted
microscope (Nikon Ti-U, Melville, NY, USA).

3.2.3 Procedures
3.2.3.1 DEA/NO and PROLI/NO sample preparation

The general procedure for preparation of the NONOate salts is as follows: The NONOate salt was
dissolved in 1 mL 0.01 M NaOH to obtain a stable 10 mg/mL NONOate standard solution. This solution
was then diluted five times in phosphate or PBS in order to initiate the hydrolysis reaction and production
of NO. The sample was again diluted tenfold in run buffer or water prior to introduction into the chip. The
pH of the phosphate or PBS was selected such that the final pH was around pH 7 after addition of
NONOate dissolved NaOH solution. The reaction for the generation of NO using the two types of
NONOate salts is depicted in Figure 3.2.

First, DEA/NO was investigated with two different sets of acidic solutions to initiate the acid
hydrolysis—10 mM phosphate with pH 2-3 and 10 mM PBS with pH 2-3 (the pH of the phosphate and
PBS was adjusted to 2-3 by acidifying stock buffer solutions using concentrated HCI). DEA/NO was
diluted five times in this acidified solution (phosphate or PBS). When phosphate buffer was employed for
hydrolysis, the sample was diluted ten times in run buffer (10 mM boric acid with 2 mM TTAB at pH 11)
prior to analysis. When PBS was used, the sample was diluted ten times in deionized water.

PROLI/NO sample preparation was straightforward after optimizing the acid hydrolysis
conditions with DEA/NO. To prepare a PROLI/NO standard, 10 mg of PROLI/NO was dissolved in 0.01
M NaOH (800 pL). Then 250 pL of PROLI/NO NaOH solution was diluted into 750 pL of 10 mM PBS

with 2 mM TTAB at pH 2. This solution was further diluted 10 times in degassed water and analyzed.
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Figure 3.2: Generation of NO using (A) DEA/NO and (B) PROLI/NO (The reaction schemes were

adapted from www.caymanchem.com).
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3.2.3.2 Microchip operation

Freshly prepared PDMS microchips were conditioned with 0.1 M NaOH solution followed by run
buffer. For ME-based analysis, the potentials were applied to the reservoirs, as indicated in Figure 3.1. At
this point, the currents registered would be approximately 11-12 pA and 8-9 pA for the buffer reservoir
(BR) and sample reservoir (SR), respectively. The high voltage was turned off for sample introduction.
Next, the BGE was replaced by the sample at SR, the potentiostat was turned on for data acquisition, and
the gated injection program was run. The acquired data were processed using Microcal Origin 8.0.
3.3. Results and discussion
3.3.1 Advantages of ME-EC for study NO generation from NONOate

The main advantage of using a separation method is the possibility of detection and
guantification of several related species in complexes matrices, which improves the selectivity of the
method. We previously reported ME-based methods for the detection of nitrate, nitrite, peroxynitrite, and
RNS related species [27,31,32]. The present study was focused on detection of NO using ME-EC, and
this goal was accomplished by employing NO-donor NONOate salts. The dynamic behavior of
NONOates during acid hydrolysis can be used to investigate the electrophoretic behavior of NO. That is,
one can observe nitrite generation, NONOate decomposition, and NO generation and/or decomposition
with ME-EC during the acid hydrolysis of NONOates. The migration times for the NONOate anions can
be determined by diluting NONOate stock solution in high pH run buffer and ME-EC analysis. This
makes it possible to identify the NO peak (that is produce upon hydrolysis) based on migration order and
its appearance using low pH reaction buffer. Also, ME-EC is an alternative way to investigate NO
generation from NONOate as a function of pH. Since NONOates are commonly employed for biological
investigations as a NO delivery system, ME-EC will yield a better understanding of the mechanism of NO

delivery under different pH and solvent conditions.
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3.3.2 Considerations with in-channel detection

NO and NO donors are electroactive and can be directly oxidized at Pt electrodes. For these
studies, in-channel amperometric detection was employed. With this configuration, the exact potential
needed for the oxidation is dependent on the position of the working electrode in the separation field
[27,42]. When the electrode was placed fully inside the channel (10 pm from the channel end) for
amperometric detection with reverse polarity conditions (negative polarity at sample reservoir), there was
an approximately 500 mV negative shift in half-wave potential for nitrite and H,O, standards in
comparison to the half-wave potentials observed for end channel detection (electrode placed 10 pum
outside of the channel, chapter 2) [27]. Hence, a lower potential must be applied to the working electrode
for oxidation of analytes since the voltage bias is additive under reverse polarity separation conditions.
Therefore, hydrodynamic voltammetric experiment must be performed with each new microchip to
determine the voltage bias. As shown in chapter 2 the voltage bias produced by the separation field can be
minimized by placing the working electrode at the very end of the separation channel but still in the
channel (0-5 um). This approach also preserves the high separation efficiencies characteristic of in-
channel detection, making it possible to resolve closely migrating species [27].

Optimization of the detection potential was necessary to assure good sensitivity with this
electrochemical detection scheme. In these experiments, the potential was set at +1.0 to +1.1 V vs. the
Ag/AgCI reference, which is sufficiently positive for the oxidation of NO, nitrite, and the NO donors.
Another useful approach consists of injecting a 100 uM nitrite solution and checking the peak height,
which should be higher than 2.5 nA.

3.3.3 NONOate sample preparation

Both 10 mM phosphate and 10 mM PBS at pH 2-3 were evaluated for the hydrolysis studies.

Following ME-EC analysis, three peaks corresponding to DEA/NO, NO, and nitrite were obtained. It was

found that PBS appeared to be the better reaction medium. It was also determined that the desired final
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pH of the NONOate buffer mix was approximately 7. Since the hydrolysis reaction is highly dependent
on the pH of the solution, one must be aware that below pH 5 the reaction is so fast that only the nitrite
peak is observed. At final pH values above 8, NO cannot be detected.
3.3.4 NO generation from DEA NONOate

Figure 3.3 shows typical results obtained for the acid hydrolysis of DEA/NO in PBS. The
electropherogram shows sequential injections of the DEA/NO sample. The migration times for nitrite,
DEA/NO, and NO were 22.0 £ 0.3, 33.5 + 0.4, and 37.6 + 0.2 s, respectively. This migration order can be
expected because nitrite is smaller than DEA/NO, although both species have one negative charge. Since
NO is neutral, it moves with the electroosmotic flow (EOF). The efficiencies given in plates per meter
were 2.5 + 0.4x10%, 1.0 + 0.5x10° and 1.1 +0.4x10° for nitrite, DEA/NO, and NO, respectively. Although
the nitrite peak presented a slow decrease in height (about 44 % after 10 injections) over time, the
decrease in response for the DEA/NO peak was more dramatic. The observed decay for nitrite could be
due to electrokinetic injection irreproducibility and stacking effects due to saline used with phosphate.

The DEA/NO peak could be identified by measuring the kinetics of the DEA/NO hydrolysis
reaction. The peak corresponding to DEA/NO exhibited peak currents that were fitted into zero-, first-,
and second-order rate law. The best correlation (R? = 0.97) was obtained for a first-order reaction (versus
0.90 and 0.76 for zero- and second-order, respectively) (Figure 3.4A). This agrees with the vendor
product information for the reaction of DEA/NO (www.caymanchem.com). After the tenth injection (10
min), there was an appearance of a shoulder at the DEA/NO peak that became a clear third peak upon
subsequent injections. This new peak indicates NO production. This NO peak is not visible in the first
injections because of the high intensity of the DEA/NO peak. When the DEA/NO peak becomes smaller,
the resolution is adequate for identification of NO.

Figure 3.4B shows the peak heights for DEA/NO and NO as a function of time. In the case of

NO, only the last six injections were taken into account. From this figure, it is also possible to see the
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exponential decay of the DEA/NO peak. The inset in Figure 3.4B shows that the rate of increase of the
NO peak that corresponds with the decrease for the response of the DEA/NO. It was also observed after
several injections that the NO peak height was reduced (after 18" injection in the electropherogram in the
Figure 3.3), probably due to volatilization from the sample reservoir or reactions with oxygen. These
experiments were not performed under an inert atmosphere, except that the solutions were degassed by

bubbling nitrogen at the start of the experiment.

3.3.5 NO generation from Proline NONOate

Under the experimental conditions described above, the resolution between DEA/NO and NO
peaks was low (R = 1.0 £ 0.2), and NO migrated with DEA/NO when the concentration of the NONOate
salt was higher. Therefore, a different NONOate salt was selected in an attempt to improve resolution
based on the structure of the NONOate. As shown in Figure 3.2 B, the net negative charge of the
PROLI/NO molecule is 2. DEA/NO has only one negative charge (Figure 3.2 A). Therefore, the
electrophoretic mobility of PROLI/NO should be higher than that of DEA/NO, leading to improved
resolution of PROLI/NO and NO. Figure 3.5 A shows electropherograms obtained for sequential
injections of PROLI/NO. As expected, PROLI/NO and NO were fully separated. Although PROLI/NO
migrates closer to nitrite, good resolution between nitrite and PROLI/NO was also observed (R = 2.4 +
0.2). The migration times obtained for nitrite, PROLI/NO, and NO were 16.4 £ 0.2, 20.1 + 0.4, and 34.5
0.7 s. The efficiencies given in plates per meter were 6.3 + 1.1x10* 7.7 + 1.3x10* and 3.1 +0.3x10° for
nitrite, PROLI/NO, and NO, respectively. As shown in Figure 3.5 B the PROLI/NO, NO, and nitrite
peaks height changed over time due to PROLI/NO hydrolysis. Injection of 100 uM nitrite standard
confirmed the peak assignment for nitrite (Figure 3.6). First peak in the electropherogram of PROLI/NO
acid hydrolysis matches with nitrite standard. We have determined that at pH 11 hydrogen peroxide has a

residual negative charge and consequently migrates faster than the EOF (Figure 3.6). We can conclude
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that the NO peak moving with the EOF will present a migration time slightly higher than that of hydrogen

peroxide, which agrees with the present data.

Similar to that for DEA/NO, the pH of PROLI/NO in the final buffer should be around pH 7 to
facilitate the hydrolysis reaction. Also in PROLI/NO experiments, it was still found that whenever the pH
of the final hydrolysis solution was above 8, only two peaks were observed, those of parent PROLI/NO
and nitrite. At pH=9, we observed two stable peaks in the electropherograms for nitrite (13.5 + 0.7 nA)

and PROLI/NO (43.0 £ 9.6 nA), respectively over period of approximately 5 min as shown in Figure 3.7.

This means that the conditions for the reaction can be adjusted on-chip for advanced applications,
for example, a confluence of NO donor delivery and reaction.
3.4 Conclusions

In this paper, a method for monitoring NO generation by NONOate salts using microchip
electrophoresis with electrochemical detection is presented. The hydrolysis reaction was initiated by
NONOate NaOH mixing with an acidic buffer to obtain the desired reaction pH. For DEA/NO and
PROLI/NO, we observed that pH around 7 was suitable to promote the hydrolysis, while no degradation
occurred above pH 8. The progress of the reaction could be monitored through sequential injections from
the sample reservoir followed by electrophoretic separation. Nitrite was present in all the NONOate
standards investigated; however, it did not interfere with the separation, as it has a higher negative
electrophoretic mobility than the NO donors. NO migrated with the velocity of the EOF. The total

separation was performed in less than 40 s with satisfactory resolution and good efficiency.
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Chapter 4
Evaluation of microchip electrophoresis with dual-series and dual-parallel electrode configurations

for identification of chemically labile species
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4.1 Introduction

Amperometric detection is the main electrochemical method used with capillary or microchip
electrophoresis. This is because amperometry provides better detection limits than other electrochemical
methods (especially voltammetric methods) due to the lack of charging current, and selectivity can be
enhanced by carefully choosing the working electrode potential. ME with amperometric detection has
been used for the separation and detection of various electrochemically active species including catechols,
phenolic acids, reactive nitrogen and oxygen species and their metabolites, inorganic ions and various
other organic molecules [1-4]. However, amperometric detection at a single electrode (Figure 4.1 A) does
not allow for the exploitation of all features of electrochemical detection. Some of these features include
investigating the reversibility of the redox process and identification of analytes using voltammetry. A
common way to exploit these features is to employ two working electrodes [5-14].

There are two main dual electrode configurations in liquid chromatography (LC), CE and ME.
These are the dual-series and dual-parallel electrode configurations, as shown in Figure 4.1 B and C for
ME. Both of these configurations have been widely employed in LC with electrochemical detection for
the identification of analytes [15-17]. Dual-series electrodes are mainly employed in the generation-
collection mode and analytes identified based on chemically reversible redox processes [5,7,9,12,13]. In
the generation-collection mode, the first electrode is utilized for generation of a product, which is
commonly an oxidized species. Then the product is reduced back to the oxidizable species and detected at
the second electrode. Catecholamine detection is the most common use of the generator-collector mode
[5,9,13]. Catechols oxidize in the first electrode and generate o-quinones. These quinones can then be
reduced back to the catechols at the second electrode.

The series configuration can be used for chemically reversible redox processes even if they are
not electrochemically reversible. Also, chemically reversible redox species can be identified using dual-

series configuration. In this case, the first electrode is held at a potential which oxidizes the analytes of
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interest and the second electrode is held at a low or negative potential where the oxidized species is
reduced. Only chemically reversible species produce a current in the second electrode. Collection
efficiency, the percentage of species reduced at the second electrode compared to the amount of species
oxidized at the first electrode can also be used for identification of analyte. This is due to the fact that the
collection efficiency is different for species and dependent on the mass transport and the redox
reversibility. The dual-series configuration has been extensively used for the identification of phenolic
acids and catechols in both ME and CE [5,9,12,13]. A ring-disk electrode is another way to integrate
electrodes in the series configuration [6,11]. In this case, the disk is the generator and the ring serves as
the collector.

Electrogeneration of bromine by oxidizing bromide present in the run buffer at the first electrode
has also been reported as an indirect detection method for thiols [18]. In this method bromine is
electrogenerated in the run buffer at a high positive potential (+1 V) at the first electrode. The second
electrode is held at a low potential (0 V) where only bromine reduces, producing a baseline current. When
an analyte plug reaches the second electrode there will be a reduction in the baseline current due to the
loss of bromine in the analyte plug and it produces a vacancy response [18].

The dual-parallel electrode configuration (or parallel opposed) is used for obtaining a higher
response by redox cycling or identification of analytes by generating a current ratio at different working
electrode potentials. To obtain redox cycling, two cylindrical electrodes have been used in CE in a
parallel configuration [11,14]. To perform redox cycling, one electrode is held at a negative potential and
the second electrode is at a positive potential. When a reversible redox species is oxidized at the anode it
will diffuse to the cathode and be reduced. These reduced species diffuse back again to the anode and are
reoxidized, beginning the cycling process again [14]. In addition to redox cycling, an integration of
Hg/Au and carbon fiber disk parallel electrodes for multi-analyte detection was also reported [6].

Voltammetry is key for the identification of species in electrochemistry. Voltammetry is

accomplished by scanning the potential as a function of time over a potential window in order to obtain a
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voltammogram. This voltammogram is characteristic for each analyte and can be used for identification
of compounds in classical electrochemistry. However, there are challenges when a scanning technique is
integrated with CE or ME. Some challenges include high background noise that results from the voltage
scanning due to capacitance (charging current), low temporal resolution of slow scanning techniques,
high LODs, and reduced sensitivity [19-21]. However, some voltammetric techniques have been reported
as detectors for CE [19,21-25]. An alternative approach to classical voltammetry is to obtain voltammetric
data using two electrodes held at different electrode potentials. The dual-parallel configuration has been
used in CE for obtaining current ratios that can be used for voltammetric identification [6,14]. For
analytes with different hydrodynamic voltammograms, this current ratio will be different (Figure 4.2).

Current ratios can be generated by either the dual-series and dual-parallel configuration. The
dual-series configuration can be easily integrated into a simple-T device [5]. However, in this case analyte
depletion at the first electrode and the position of the electrodes relative to each other need to taken into
consideration. Alternatively, the dual-parallel configuration has been used for voltammetric identification
of analytes in CE [14]. This configuration uses two cylindrical electrodes in a glass sheath. The analyte
plug passes over both electrodes simultaneously. In the parallel configuration, analyte depletion or
difference in position of two electrodes does not influence the results [14].

Thus far the dual-series configuration has been predominantly employed for identification of
reversible species and in the generation-collection mode with ME because it is easy to implement.
However, the parallel electrode configuration has not been widely used for ME. In this study we compare
dual-series and dual-parallel electrode configurations for generation of current ratios in microchip
electrophoresis for identification of chemically labile species. Correction factors that are necessary to
obtain a more realistic current ratio in the dual-series configuration is also discussed. For the dual-parallel
configuration a dual-channel microchip was used that made it possible to perform injection of the same
sample and sample volume into two separation channels each with an electrode. Both configurations were

then employed for the analysis of commercially available ONOO" standards.
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Figure 4.2: The basis of generation of current ratios by hydrodynamic voltammetry

Table 4.1: Current ratios for species A, B and C generated using +950 mV and +1100 mV

Species laso/ 11100
A 1.0
B 0.5
C 0.0
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4.2 Materials and methods
4.2.1 Materials and reagents

The following chemicals and materials were used as received: SU-8 10 photoresist and SU-8
developer (MicroChem Corp., Newton, MA, USA); AZ 1518 photoresist and 300 MIF developer (Mays
Chemical Co., Indianapolis, IN, USA); photolithography film masks (50,000 dpi; Infinite Graphics Inc.,
Minneapolis, MN, USA); N(100) 100 mm (4”) silicon (Si) wafers (Silicon, Inc., Boise, ID, USA); chrome
and AZ1518 positive photoresist coated soda lime glass substrates (4" x 4" x 0.090", Nanofilm, Westlake,
CA, USA); Sylgard 184 Silicone Elastomer Kit: Polydimethylsiloxane (Ellsworth Adhesives,
Germantown, WI, USA); Titanium (Ti) etchant (TFTN; Transene Co., Danvers, MA, USA); epoxy and
22 gauge Cu wire (Westlake Hardware, Lawrence, KS, USA); silver colloidal paste (Ted Pella, Inc.,
Redding, CA, USA); acetone, 2-propanol (isopropyl alcohol, IPA), 30% H,0,, H,SO,, HNOs;, NaOH and
HCI (Fisher Scientific, Fair Lawn, NJ, USA); sodium nitrite, boric acid, tetradecyltrimethylammonium
bromide (TTAB), tetradecyltrimethylammonium chloride (TTAC), tyrosine (Tyr), sodium azide,
potassium iodide, NaCl, (Sigma, St. Louis, MO, USA); buffered oxide etchant (JT Baker, Austin, TX,
USA) and ONOO™ (Cayman Chemicals, Ann Arbor, MI, USA or EMD Millipore, Billerica, MA, USA).
All water used was ultrapure (18.3 MQ-cm, Milli-Q Synthesis A10, Millipore, Burlington, MA, USA).
4.2.2 PDMS fabrication

The fabrication of PDMS-based microfluidic devices has been described previously [26].
Microfluidic channel designs were created using AutoCad LT 2004 (Autodesk, Inc., San Rafael, CA,
USA) and printed onto a transparency film at a resolution of 50,000 dpi (Infinite Graphics Inc.,
Minneapolis, MN, USA). A simple-T device containing a 5 cm separation channel (from the T
intersection to the end of the separation channel) and 0.75 cm side arms was used for dual-series
configuration. For dual-parallel electrode configuration dual channel microchip design in Figure 4.3 was

used. The two separation channels were 5 cm long and sampling and buffer side arm length were as
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follows: Ax2, Bx1, x1yl and x2y2 are all equal to 0.75 cm; Cyl, Dy2 and EZ equal to 1.5 cm and yl1z
and y2z are equal to 0.25 cm. For both configurations, the width and depth of the electrophoresis
microchannels were 40 um and 14 pum, respectively. All PDMS microstructures were made by casting a
10:1 mixture of PDMS elastomer and curing agent respectively, against the patterned Si master and cured
at 70 °C overnight. Holes for the reservoirs were created in the polymer using a 4 mm biopsy punch
(Harris Uni-core, Ted Pella Inc., Redding, CA, USA).
4.2.3 Platinum electrode fabrication

All electrochemical measurements were obtained using 15 um Pt working electrodes. Electrodes
were fabricated using an in-house magnetron sputtering system (AXXIS DC magnetron sputtering
system, Kurt J. Lesker Co., Jefferson Hills, PA, USA). The electrode fabrication protocol was reported
earlier by our group [27]. For the dual-serial electrode configuration, two 15 pum electrodes placed 15 um
apart them were used. For the dual-parallel configuration, 15 pum electrodes with a 100 pum spacing
between the two electrodes was used (Figure 4.3 A). These designs were created using AutoCad LT 2004
(Autodesk, San Rafael, CA, USA) and printed onto a transparency film at a resolution of 50,000 dpi
(Infinite Graphics, Minneapolis MN, USA). The width and height of the resulting Pt electrodes were
measured using an Alpha-step 200 profilometer after the electrode preparation (Alpha Step-200, Tencor
Instruments, Mountain View, CA, USA).
4.2.4 Solution preparation

All solutions were made using 18 MQ ultrapure water from a Millipore A10 system. Stock

solutions of nitrite (NO,", 10 mM), hydrogen peroxide (H,O,, 10 mM), KI (5 mM), and NaN3 (5 mM)
were all prepared in ultrapure water and stored at 4°C. To dissolve tyrosine (Tyr, 10 mM), the solution
was acidified using 1-1.5 M HCI. Subsequent dilutions of each stock solution were made into the run
buffer at the time of analysis. For separation buffer, a boric acid (50 mM) stock solution was prepared and

diluted five-fold to obtain 10 mM boric acid solution. The buffer pH was then adjusted to 11 using 10
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mM or 1 M NaOH solution. The required amount of TTAB was added from a 200 mM TTAB stock
solution to obtain a final concentration of TTAB of 2 mM.

Peroxynitrite standards were purchased from two commercial sources (Cayman and
CalBioChem) and were stored in a -80 °C freezer. For ONOQ" standard analysis, the standards were
diluted twice to obtain a final concentration of 100-200 pM. First, 100 or 200 pL of ONOQO" standards
were diluted in 800 or 900 L of 0.03 M NaOH and then 10 or 20 uL of diluted ONOO" solution was
further diluted in 990 or 980 pL of run buffer. Finally, 20 pL from this solution was placed in the
microchip. The ONOO sample preparation was achieved less than 1 min.

4.2.5 Chip construction and electrophoresis procedure

PDMS microchips were used for all studies. Amperometric signals were recorded using 15 um Pt
working electrode with a Ag/AgCI reference electrode that was placed in the buffer waste reservoir after
the separation ground lead when 5 cm simple T microchips were used (Figure 4.4). However, the
reference electrode was kept before the separation ground lead in the dual-channel design. This was done
because there was a difference in migration times and band broadening between channels when the
ground electrode was placed before the reference. This was probably due to the shape of the PDMS cut in
the waste reservoir (Figure 4.1 C). For both configurations, a microchip containing the separation channel
was aligned and reversibly sealed to the glass plate containing the Pt electrode. For in-channel detection,
the electrode was placed exactly at the end of the separation channel as shown in Figure 4.1 B.

Electrophoretic separations were carried out using reverse polarity with TTAB as the cationic
surfactant to modify the channel walls. For simple-T microchips, two negative high voltage Pt leads (Pt
wire) were placed in the sample and buffer reservoirs, while two earth ground Pt leads were placed in the
sample waste and buffer waste reservoirs. To establish a gate between the sample and run buffer, -2200 V
was applied to the sample reservoir and -2400 V was applied to the buffer reservoir. For dual-channel
microchips the sample was placed in the reservoir E (Figure 4.3) and -1400 V was applied. The sample

traveled to both the A and B reservoirs by keeping both A and B reservoirs at ground. Additionally, -2400
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V was applied to the C and D reservoirs while keeping the F reservoir at ground. A gated injection was
used for injection of the sample in both cases, with an injection time of 1 s.
4.2.6 Electrochemical detection

EC detection was accomplished using a modified model of an 8151BP, 8100-K6, or 9051 single- or
dual-channel wireless, electrically isolated potentiostats (Pinnacle Technology Inc., Lawrence, KS, USA)
operating in a two-electrode format (Pt working; Ag/AgCI reference: Bioanalytical Systems, West
Lafayette, IN, USA). The model 8151P, 8100-K6, and 9051 potentiostats have a sampling rate of 5 Hz
(Gain = 5,000,000 V/A, Resolution = 30 fA), 10 Hz (Gain = 5,000,000 V/A, Resolution = 27 fA), and 6.5
to 13 Hz (Gain = 5,000,000 V/A, Resolution = 47 fA), respectively. Pinnacle Acquisition Laboratory
(PAL or Sirenia) software was used for all data acquisition. The data acquisition is performed via wireless
data transmission or Bluetooth from the potentiostat to a computer. A working electrode potential of
+1100 mV versus Ag/AgCl reference was used for all experiments.
4.3 Results and discussion

Both dual-series and dual-parallel electrode configurations can be used to obtain current ratios for

analyte identification. To obtain current ratios in ME or CE, two electropherograms are recorded at two
different working electrode potentials where one of selected potentials is in the current limiting plateau
and the second potential is in the vicinity of the half-wave potential of the analytes. The resultant peak
currents are then divided in order to generate the current ratio. The basis of this method is shown in
Figure 4.2, which shows hypothetical voltammograms obtained for three different analytes using a
microelectrode. As shown in Figure 4.2 and Table 4.1 a different current ratio is generated for each
species exhibiting a different half-wave potential. The relative ease or difficulty in oxidizing the species is
described by this current ratio. A current ratio of zero is obtained at working electrode potentials of +950
mV and +1100 mV for species C in Figure 4.2, indicating that species C is difficult to oxidize. On the
other hand, species A in Figure 4.2 generates a current ratio of one under similar conditions and this

indicates that species A is very easy to oxidize. Species B describes a case between the maximum and
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minimum current ratio. That is, analytes of interest can be categorized on a zero to one scale where zero
is a difficult to oxidize species and one is an easy to oxidize species. This voltammetric information can
then be combined with migration time for a more complete identification of analytes. Due to the fact that
the current ratio is a relative measurement, nitrite was chosen as a difficult to oxidize species in these
studies and the two working electrode potentials were selected based on its hydrodynamic voltamogram.
Nitrite does not reach its current limiting plateau at +1100 mV; however, +1100 mV is the maximum
potential that can applied to our microfabricated Pt electrode without damaging to the electrode (due to
water oxidation at potentials higher than +1100 mV). Therefore, +1100 mV and +950 mV were chosen
for determining the current ratio.
4.3.1 Comparison of dual-series and dual-parallel electrode configurations with ME

The current ratio of a compound can be obtained using a single electrode; however, the same
sample must be analyzed twice while changing working electrode potential between each injection. For
chemically labile species such as ONOO" this approach can lead to large experimental errors due to
degradation of the analyte between runs. A dual electrode set up automates the sample characterization by
voltammetry making it possible to obtain both electropherograms in a single run (Figure 4.1 B and C).
Therefore, dual-series and dual-parallel electrode configurations were investigated for identification of
contaminants in ONOO" standards.
4.3.1.1 Dual-series configuration

For the dual-series electrode configuration, a 5 cm single channel simple-T microchip was used
with two 15 um Pt electrodes. These two electrodes were fabricated with a spacing of 15 um between
them. There are two main draw backs when the dual-series configuration is employed for obtaining the
current ratios. Oxidation of analytes at the first electrode causes depletion of analyte molecules in the
diffusive layer of the analyte plug. Therefore, the number of analyte molecules in the diffusive layer

reaching the second electrode is less than the original amount injected into the chip. This problem can be
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Table 4.2: Oxidation, sensitivity and corrected current ratios by dual-series configuration for nitrite,
tyrosine and H,O,. The standard deviation was calculated using the same sample and three consecutive

injections in the same microchip (n = 3)

Oxidation Sensitivity Corrected®
Species loso/l1100 ratio? ratio® loso/l1100
I950“1100 I950“1100
Nitrite 0.25+0.02 | -0.16 £+0.03 | 1.65+0.17 0.15+0.01
Tyr 227+0.04 | 1.33+0.12 | 2.03+0.57 1.12 £ 0.02
H,O, 2.29+0.04 | -0.04+0.26 | 2.57+0.16 0.89 £ 0.01

aThe oxidation ratio is the difference between sensitivity ratio (at both electrodes 1100 mV) and the
current ratio when both in- and end-channel electrodes were switched on (at both electrodes 1100 mV)

bThe sensitivity ratio is the peak height ratio between the section of the end-channel electropherogram
after the in-channel electrode disconnected fromthe potentiostatand in-channel electrode

¢Corrected for sensitivity differences between electrodes

Standard deviation was calculated for three consecutive injections in a same microchip (n = 3)
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avoided by increasing the distance between two electrodes so that the reduced molecules can diffuse away
from the diffusion layer, however this approach can lead to band broadening and low resolution. The
second drawback is that there is a sensitivity difference between two electrodes due to the difference of
positions of two electrodes relative to channel-end. In these experiments the first electrode of dual-series
configuration is placed with an in-channel configuration (at exact end of the channel) leaving second
electrode in the end-channel configuration. Sensitivity differences between in- and end-channel
configurations has been reported previously and it has been observed that there is a two fold increase in
sensitivity with the in-channel configuration compared to end-channel configuration [28]. Therefore, the
current ratios must be corrected, taking into account the oxidation difference and the sensitivity difference
between the two electrodes. To perform this correction, standards were analyzed with both electrodes set
to +1100 mV versus the Ag/AgCl reference. After three injections, the in-channel electrode was
switched-off. Three more injections were then recorded for the end-channel electrode (Figure 4.5). There
was no significant difference observed in the nitrite peak height at the end-channel electrode when the
potentiostat connected to the in-channel electrode was switched-on versus in-channel electrode switched-
off (Figure 4.5 and oxidation ratio in Table 4.2). However, there was a difference in peak heights for
tyrosine and hydrogen peroxide under these same conditions (Figure 4.5 and oxidation ratio in Table 4.2).
The sensitivity difference between in- and end-channel electrodes was the most important
parameter to be considered between the two correction factors (sensitivity ratio in Table 4.2). It was found
that the error due to oxidation at the first electrode was much lower than the sensitivity difference in this
case (except tyrosine) and therefore, only the sensitivity difference was corrected in subsequent
experiments. The current ratios obtained before and after correction are also shown in the Table 4.2. The
current ratio of tyrosine decreased from 2.27 to 1.12 with the correction. Tyrosine exhibits a current ratio
slightly higher than 1 due to the oxidation at the first electrode. If tyrosine current ratios are corrected for
the oxidation at first electrode the final current ratio of tyrosine is 0.85. Nitrite current ratio slightly

decreased and corrected current ratio matched with the HDV of nitrite. The current ratio value for the
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hydrogen peroxide was 0.89. However, hydrogen peroxide current ratio higher than 1 can be expected (it
has been observed in other experiments) because the hydrogen peroxide oxidation current decreases at
working electrode potentials after +950 mV under these conditions.
4.3.1.2 Dual-parallel configuration

For the dual-parallel configuration, a microchip with two separation channels was utilized. This
was based on a design that was first reported by Hahn’s group as a noise subtraction method in ME-EC
(Figure 4.3) [29,30]. In these reports, two dual-parallel electrodes were placed inside two channels and
one electrode was used as the working electrode while second electrode was used as the reference
electrode. The separation buffer was always injected into both channels (from reservoir C and D in Figure
4.3); however, the sample was only injected into the channel containing the working electrode (Figure
4.3). Run buffer was injected into the channel containing the reference electrode in place of sample. In
this configuration, two separate reservoirs (Figure 4.3 reservoir A and B) were utilized for the injection of
sample and run buffer. In our studies, the sample (from reservoir E in Figure 4.3) was divided and
injected into two separation channels using conditions mentioned previously (Figure 4.3). Electrophoresis
voltages were optimized to obtain a proper gating using normal polarity and fluorescein, and an injection
of a similar portion of sample into the two separation channels (The run buffer is 10 mM boric with 2 mM
SDS at pH 11, and sampling and separation voltages were +1400 V and +2400 V respectively) was
observed. The optimized gating and injection voltages are shown in Figure 4.3 B. Then negative polarity
conditions were applied as shown in the Figure 4.3 A (The run buffer is 10 mM boric with 2 mM TTAB
at pH 11, and sampling and separation voltages were -1400 V and -2400 V respectively)

In the dual-parallel configuration, both electrodes were placed in an in-channel configuration
(Figure 4.3 A). As can be seen in Figure 4.6A and Table 4.3 a similar response is obtained for each

analyte when the two electrodes are held at the potential of +1100 mV. Figure 4.6 B shows the difference
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in analyte responses when one of electrodes is lowered to +950 mV. The current ratios for each analyte
were then calculated without performing any corrections and are shown in Table 4.3. A comparison of
corrected current ratios obtained for dual-series with the dual-parallel configuration was made and there
was a slight variation of these ratios between the two configurations. This is mostly likely due to the
interaction of the separation voltage on in-channel electrodes in both configurations. Also, a response
difference between the two electrodes was observed from time to time even with the dual-parallel
electrode configuration due to microfabrication variables. When this occurred, the response difference
could be corrected. The surface area of two channels was assumed to be same. However, if the surface of
one channel was modified due to adsorption, it could lead to change in peak current and affect the current
ratio. Therefore, both dual-serial and dual-parallel configurations were characterized using standards on
each chip.
4.3.2 Identification of hydrogen peroxide contamination in peroxynitrite standards

Peroxynitrite is a reactive nitrogen species produced by the reaction between NO and superoxide.
The half-life of ONOO" at physiological pH is less than 1 s [31]. However, it has been shown that ONOO"
can be stabilized in its anionic form under high pH conditions [26,32,33]. Therefore, ME and CE have
been used for detection of ONOQO' standards using high pH run buffers [26,32]. Previously, current ratios
have been used for identification of ONOO™ peaks, but these current ratios were obtained using a ME-EC
set up with a single electrode [26]. Sample degradation can have a huge influence on voltammetric
identification by ME-EC using a single electrode, thus the dual-serial and dual-parallel configurations
were evaluated for the analysis of commercially available ONOQO™ samples in this work.

The standard reduction potential for ONOO™ has been studied previously by Amatore’s group and
they obtained E;, of 0.43 V versus NHE (0.23 V versus Ag/AgCI electrode) using a platinum disk
microelectrode at pH 10.5 [33]. That is, ONOO" should be easily oxidized at our platinum microband

electrodes. In contrast, Hulvey el. al observed current ratios of 0.46 and 0.14 at +900 mV and +1100 mV
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Table 4.3: Current ratios generated by dual-parallel configuration for nitrite, azide, iodide, tyrosine and
H,0O,. The standard deviation was calculated using the same sample and three consecutive injections in
the same microchip (n = 3)

Species 11100/ 11100 loso/ 11100
Nitrite 1.04 +0.06 0.21+0.03
Azide 0.87 +£0.05 0.17+0.01
lodide 0.98 +0.03 0.74 +0.03

Tyrosine 0.92+0.04 0.76 £0.02

H,O, 1.04 +0.06 1.98 + 0.06

Standard deviation was calculated for three consecutive
injections in a same microchip (n = 3)
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series configuration. The sample was prepared in 10 mM boric and 2 mM TTAB buffer at pH 11 and the

separation was also achieved using the same buffer. +1100 mV and +950 mV versus Ag/AgClI reference

electrode was used for end and in-channel electrodes respectively.
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for ONOQO™ and nitrite standards, respectively, using a ME-EC set up with a single 10 um platinum band
electrode and pH 11 [26]. These results indicated that ONOQ" is not easily oxidized under our ME-EC
conditions. Amatore’s group also observed a E;j, of 0.7 V versus saturated sodium calomel electrode for
nitrite [33]. However, an E;, for nitrite of around +1.05 V versus Ag/AgCl was observed under our
conditions. That is, there is a positive shift in potential in our system. This is likely due to larger oxide
layer on platinum electrodes at the high pH (11) was used for these studies. Also, the microfabricated
electrodes were difficult to clean by polishing and an oxide layer is produced on electrode surface can
change the electrode response. Therefore, +0.95 V and +1.1 V were employed for identification of
ONOO’ samples. At the same time, there is a current decrease for H,O, above +0.95 V versus Ag/AgCl in
our system and this feature can be used for the identification H,O,,

4.3.2.1 Dual-series configuration

Figure 4.7 shows degradation of ONOO" standards over several injections using the dual-series
configuration. Two peaks were observed in this ONOO" standard. In previous studies these peaks were
identified as nitrite and ONOO" by their migration time, kinetics and current ratios [26,28]. The ONOO
peak decay observed in Figure 4.7 was expected. Unexpectedly, this decay reached a steady state
condition, implying a contamination of the ONOQ™ standards with a stable analyte.

One of the disadvantages of dual-serial configuration is sensitivity ratio for each analytes needs
to known prior to an unknown analysis for correction. The sensitivity ratio of nitrite (harder to oxidize
compound) was 2.5 while tyrosine (easy to oxidize compound) showed a sensitivity ratio of 2.7.
However, the tyrosine peak can also be affected by oxidation when both electrodes were switched on. In
contrast, the H,O, sensitivity difference was not used since H,O, oxidation is affected by the catalytic
properties of the Pt surface. Therefore, sensitivity ratio of nitrite was used for obtaining a more realistic

ONOO '  current ratio in this case.
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The corrected current ratios of ONOO™ peak (using two types of corrections) were plotted against
migration time and it was observed that the corrected current ratio of the ONOO™ peak changed
throughout injections as shown in Figure 4.8 A. The current ratio of ONOO" peak (after correcting using
the sensitivity ratio of nitrite) change from 0.9 to 1.2 over the 11 injections and remained steady at 1.2 for
the remaining 3 injections. The expected current ratio (not calculated) is also shown in the Figure 4.8 A.
To obtain the real change in the current ratio of ONOO" peak, the peak is needed to be corrected using a
combination of nitrite and H,0O, correction factors and taking into account the concentrations. The
corrected current ratio of nitrite and H,O, standards were 0.29 and 1.8, respectively. Hulvey el. al
observed current ratios of 0.46 and 0.14 at +900 mV and +1100 mV for ONOO" and nitrite standards,
respectively, using a ME-EC set up with a single electrode [26]. Therefore, the final current ratio of 1.2 in
the ONOO' standard analyzed here is most likely due to contamination of the peak with a species with a
higher current ratio, as the expected current ratio was only around 0.5. ONOQO™ can be synthesized using
isomyl nitrite and hydrogen peroxide under high pH conditions and this procedure is widely used for
commercial ONOO" synthesis [34]. The leftover hydrogen peroxide is supposed to be removed using a
MnO, column to catalytically degrade hydrogen peroxide into water [34]. However, if this remaining
hydrogen peroxide is not properly removed, it will be present in the ONOO™ samples. Therefore, the
higher initial current ratio is probably due to hydrogen peroxide contamination of the commercially
available ONOO™ samples. When the current ratio reaches a steady state, the sample contains only
hydrogen peroxide.

The current ratio of ONOO" peak does not reach the expected H,O, current ratio in Figure 4.8 A.
This is because the ONOO™ peak was corrected using the nitrite sensitivity ratio and the H,O, sensitivity
ratio is not similar to nitrite. Therefore, the ONOO™ peak was also corrected using the sensitivity
difference between hydrogen peroxide standards at two electrodes, considering the large amounts of
hydrogen peroxide contamination (Figure 4.8 A). Now the current ratios reached into 1.8, which is close

to the expected current ratio for H,O,. However, the amount of both hydrogen peroxide and ONOO
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Table 4.4: Comparison of peaks in contaminated ONOQ™ standards with nitrite and H,O, current ratios

Species loso/ L1100

Nitrite 0.12+0.02
standards

1st Peak 0.18 +0.03

H,0, 1.10+0.01
standards

2nd Peak 0.95+0.03
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in the sample needs to be taken into account to obtain a more realistic change of current ratios through
injections.

It can be assumed that the decaying peak is due to ONOO" (during first 11 injections) and the
remaining steady peaks after the decay is due solely to hydrogen peroxide. The amount of ONOQ" in each
peak can then be estimated by subtracting the hydrogen peroxide peak height (steady state peaks) from
the total peak height (from the peaks before peaks reached into steady state). Then hydrogen peroxide
subtracted ONOO' peaks can be used for calculation of current ratios. If the decaying peak is solely due to
ONOO' the current ratio should be much lower than hydrogen peroxide but higher than the nitrite. Figure
4.8 B shows a steady ratio of the ONOO™ peak over multiple injections. This ratio is 0.83 and it is in
between hydrogen peroxide ratio and nitrite ratio.
4.3.1.2 Dual-parallel configuration

For further investigation of commercially available ONOO™ samples, dual channel microchips
with dual-parallel electrodes were employed. In this case, the ONOO™ sample was purchased from another
commercial source. Figure 4.9 shows two stable peaks for these ONOOQO™ standards and respective current
ratios were shown in Table 4.4. The current ratio and migration time of the first and second peak is very
close to the current ratio and migration time of nitrite and hydrogen peroxide standards. The first peak can
be positively identified as nitrite. However, the second peak does not exhibit the decay characteristics of
ONOO, and therefore can be solely attributed to hydrogen peroxide. Therefore, this ONOO™ sample
contains nitrite and hydrogen peroxide, and no ONOO'.

4.4 Conclusions

Two electrode arrangements were developed and compared which can be employed for the
generation of a current ratio for identification of species. Current ratios can be obtained using a single
electrode, but the sample needs to be analyzed twice. Dual-series configuration automates the sample
analysis but corrections need to be performed in order to obtain a correct current ratio. On the other hand,

dual-parallel arrangement avoids such corrections. These two systems were used for the analysis of
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commercially available ONOO™ standards and it was found that these standards were heavily
contaminated with hydrogen peroxide.

Commercially available peroxynitrite standards are commonly used for different types of
biological assays for studying nitrosative stress. Therefore, care must be taken in those studies regarding
interpretation of results since they can be influenced by the presence of hydrogen peroxide. In the future,

a dual electrode setup will be employed for identification of ONOO™ and NO in a macrophage cell lysate.
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Chapter 5

Comparison of cellular nitric oxide production in single and bulk cell lysates using

microchip electrophoresis with laser induced fluorescence detection

This work has been reported in the following journal publications and conference proceeding,

and some of parts of this chapter were taken from those publications

E. R. Mainz, D. B. Gunasekara, G. Caruso, D. Jensen, M. K. Hulvey, J. A. F. da Silva, E. C. Metto, A.
H. Culbertson, C. T. Culbertson, S. M. Lunte, “Monitoring of intracellular nitric oxide production by

microchip electrophoresis and laser induced fluorescence detection,” Anal. Methods, 2012, 4, 414-420

E. C. Metto, K. Evans, K. Barney, A. H. Culbertson, D. B. Gunasekara, G. Caruso, M. K. Hulvey, J. A.
F. da Silva, S. M. Lunte, C. T. Culbertson, “Integrated microfluidic device for monitoring nitric oxide

production in single cells,” Anal. Chem., 2013, 85, 10188-10195
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T. Jensen, A. H. Culbertson, R. J. Grigsby, C. T. Culbertson, “Microchip electrophoresis devices for the
detection of nitric oxide: Comparison of bulk cell and single cell analysis,” Proceedings of uTAS, Seattle,

USA, 2011, 0536.
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5.1 Introduction

NO is present in many biological samples including blood and tissue, and is most commonly
estimated through measurement of its stable oxidation products, nitrite and nitrate due to its transient
nature [1,2]. There are several methods for the direct detection of NO and these have been highlighted in
a recent review by Hetrick et al. [3]. Another popular method for indirect detection of NO is the use of
fluorescent probes. There are several commercially available probes that react with the partially oxidized
form of NO (N,O3) to produce fluorescent triazole derivatives [4-6]. The most popular probes are based
on diaminofluorofluorescein (DAF) and these have been widely employed for imaging NO production in
live cells using microscopic techniques [7].

There are several different DAF probes available; however, 4-amino-5-methylamino-2',7'-
difluorofluorescein diacetate (DAF-FM) is most widely used. Most of these probes react not only with
NO but also with other intracellular species to produce fluorescent species. DAF-FM probe can be
contaminated by the formation of fluorescent products due to photo-oxidation of the probe, the formation
of DAF-FM T due to presence of NO in air (DAF-FM T is the product of NO and DAF-FM) and the
formation of interfering products due to reaction with dehydroascorbic acid [8-11]. DAF-FM also reacts
with superoxide to produce fluorescence species. DAF-FM does not react with peroxynitrite (low
concentrations, below 10 uM), nitrite or H,O,. However, it has been shown that the fluorescence signal
for DAF-FM due to NO is enhanced in the presence of H,O, [8]. More recently, Hoegger’s group has
shown that DAF-FM forms fluorescent side products during freeze/thaw cycling and in the presence of
polyphenols such as catechin and epicatechin [12].

The reaction of DAF-FM with dehydroascorbic acid (DHA) is one of the major issues that needs
to be addressed with biological samples due to the presence of higher concentrations of ascorbic acid and
DHA in some biological systems [8-10]. The product of this reaction (DAF-FM DHA) has a similar
spectroscopic emission profile to DAF-FM T and therefore, it cannot be distinguished from DAF-FM T
by spectroscopic methods alone. However, the separation of DAF-FM T from DAF-FM DHA can be
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achieved using electrophoretic methods and, for this reason, Sweedler’s group employed capillary
electrophoresis (CE) and laser induced fluorescence (LIF) detection to quantitate NO production in a
single neuron of Aplysia califonica [10,11].

An alternative to CE-LIF is using microchip electrophoresis (ME) with LIF detection. ME allows
faster separation and the possibility of future integration of cell culture and single cell cytometry [13-15].
There are several microfluidic devices that have been reported for measurement of NO production
[16,17]. DAF-FM DA and fluorescence microscopy was utilized by the Spence group with microfluidic
flow devices to monitor extracellular NO release from various types of cells [18-21]. Recently, ME with
laser-induced fluorescence (LIF) detection has been utilized for detection of NO [22,23].

The biochemical and physical properties of a population of cells are heterogeneous in nature. It is
well known that macrophages generate different phenotypes in the presence of cytokines, endotoxins and
other factors [24,25]. To probe these phenotypic differences, single cell analysis is necessary. Flow
cytometry is a widely used technique for single cell analysis that has very high throughput. Capillary
electrophoresis-based methods have also been developed as an alternative approach for single cell
analysis and allows for simultaneous detection of several analytes as well as elimination of interferences
[26-30]. More recently, chemical cytometry (single cell analysis) chip-based separation systems have
become popular for probing cellular heterogeneity due to their ability for fast separations, high throughput
and potential for integration into micro total analysis (WTAS) systems. Ramsey’s group pioneered single
cell analysis and reported the first design for on-chip single cell lysis followed by electrophoretic
separation of intracellular species [31]. This approach has been further advanced by the Albritton and
Culbertson groups making it possible to obtain routine measurements from a population of cells [32-36].

In this chapter, intracellular concentrations of NO in native and stimulated Jurkat cells were
investigated using DAF-FM DA and ME-LIF. The results described in this chapter were part of a group
effort with Emilie R. Mainz (an undergraduate student), Giuseppe Caruso (a visiting graduate student),

Eve C. Metto (a graduate student in Dr. Culbertson lab and developed the single cell cytometric device)
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and myself. The results of these studies were published in two journals and a conference proceeding, and
this chapter combines work described in these publications. The purpose of the studies described in this
chapter was to investigate changes in the intracellular concentrations of NO following iNOS activation by
bacterial lipopolysaccharide (LPS). First the intracellular NO levels were estimated using a bulk cell
experiments before moving to single cell analysis by ME-LIF. Jurkat cells, human leukaemia cells (T-
lymphocytes), were used in these studies. Like macrophages, Jurkat cells are known to produce NO
through the expression of iINOS but they are nonadherent [37]. To estimate the intracellular NO
concentrations in a single Jurkat cell, the amount of NO in a bulk known population of cells was
measured using a calibration curve and then divided by the number of cells in the sample. This method
was then incorporated into the single cell cytometry system developed by the Culbertson group at Kansas
State University [36]. Lastly, the results obtained from bulk cell lysates were then compared to single cell
NO measurements.
5.2 Materials and methods
5.2.1 Reagents and materials

Boric acid, sodium borate, lyophilized bovine serum albumin (BSA), Tween-20, acetonitrile
(HPLC grade) and ethanol (95%) were obtained from Fisher Scientific (Pittsburgh, PA, USA). Sodium
dodecyl sulfate (SDS), anhydrous dimethyl sulfoxide (DMSO), monobasic and dibasic phosphate, 0.4%
Trypanblue, and lipopolysaccharide (LPS) were supplied by Sigma-Aldrich (St. Louis, MO, USA). SU-8
10 was purchased from MicroChem Corporation (Newton, MA, USA). The SU-8 developer, 2-(1-
methoxy) propyl acetate, was obtained from Acros (Morris Plains, NJ, USA). Silicon wafers, 4 inches in
diameter, were purchased from Silicon Inc. (Boise, ID, USA). Sylgard 184 PDMS prepolymer and curing
agent was obtained from Ellsworth Adhesives (Germantown, WI, USA). Ultrapure water was generated
from a Millipore Synthesis A10 system (Billerica, MA, USA). Penicillin/streptomycin antibiotic solution
was obtained from American Type Culture Collection (Manassas, VA, USA). DAF-FM DA probes were

purchased from Invitrogen (Carlsbad, CA, USA). 6-Carboxyfluorescein diacetate (6-CFDA) was obtained
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from Anaspec (Fremont, CA, USA). DiethylamineNONOate (DEA/NO) for NO standards was purchased
from Cayman Chemical (Ann Arbor, MI, USA) and stored at —80 °C for no longer than six months.
5.2.2 Microchip fabrication

All bulk cell analyses were carried out using 5 cm simple-T PDMS/glass microchips (Figure 5.1).
The fabrication of these microchips has been described previously by our group and in chapter 1 [38]. The
side and top channels were 0.75 cm long. The width and depth of the channels were 40 and 14 pm,
respectively. A similar method was used to fabricate the single cell analysis device except that the chip
was constructed completely from PDMS [36]. In this case, the separation channel was 8.0 cm long, 50
pm wide, and 19 pum deep (Figure 5.2A) [36]. Cell lysis was performed with the aid of the separation
field (Figure 5.2B). Once the cell is lysed, small charged molecules migrate (DAF-FM is negatively
charged) with the electric field while large proteins and membranes travel by pressure driven flow toward
the waste [36].
5.2.3 Laser-induced fluorescence detection

In these studies, detection in bulk cell experiments was accomplished using a Nikon Eclipse Ti-U
inverted microscope and a 488 nm laser (Spectra-Physics, Irvine, CA) that was focused on the separation
channel 85 mm from the end of the channel (Figure 5.3) [23]. For single cell analysis, a 488 nm beam was
selected from a multi-line argon-ion laser (Melles Griot Laser Group, Carlsbad, CA) and focused 50 mm
downstream from the cell lysis intersection using a Nikon eclipse TS100 microscope (Figure 5.2) (Nikon
Instruments, Melville, NY) [36]. A photomultiplier tube (Hammatsu Corporation, Bridgewater, NJ) was
used for collection of emission signal, and the signal was amplified by using a SR570 low noise current
preamplifier at 1 pA/V (Stanford Research Systems, Sunnyvale, CA) [23,36].
5.2.4 Electrophoresis procedure

ME-LIF experiments of the bulk cell lysate were performed using normal polarity and a run
buffer consisting of 10 mM boric acid (pH 9.2) and 7.5 mM SDS. The sample was injected using gated

injection [23]. Single cell analysis was accomplished using a run buffer consisting of 25 mM sodium
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borate, 20% v/v acetonitrile, 2% w/v bovine serum albumin (BSA), 0.6% w/v Tween-20, and 2 mM SDS.
In the single cell analysis experiments, cells were transported hydrodynamically into the device using a
syringe pump (New Era Pump Systems, Inc., Farmingdale, NY) set to withdrawal mode at a flow rate of
0.25 pL/min [36].
5.2.4 Cell culture and preparation

The Jurkat clone E-6 was purchased from American Type Culture Collection (ATCC, Manassas,
VA). The cells were cultured using the recommended procedure and passaged every 3—4 days to avoid
overgrowth (Figure 5.4A). The cells then were stimulated to produce NO by the introduction of 1.5
pg/mL lipopolysaccharide (LPS) into the flask. The cells were incubated for 3—4 hr to allow the
expression of inducible nitric oxide synthase (Figure 5.4B). A separate group of cells with the same
passage number (native cells) was used as a control. For bulk cell ME-LIF experiments, DAF-FM DA
was added to the cells following stimulation and they were allowed to incubate for another 15 min. Then
6-CFDA was added and the cells were incubated for an additional 20 min (Figure 5.4B). The cells were
then centrifuged, washed with medium, and centrifuged again to produce a cell pellet. The pellet was then
lysed in run buffer, centrifuged using a 3 kDa molecular weight cut-off filter, and the filtrate was isolated
for ME-LIF analysis (Figure 5.4 B). For single cell analysis DAF-FM DA and CFDA-labeled cells were
resuspended in PBS and injected into the chemical cytometry system.
5.2.5 NO quantification

NO quantification in Jurakat bulk cells was accomplished using a calibration curve prepared from
DEA/NO. The preparation of the DEA/NO standards was as described in chapter 3. Known NO
concentrations (0—4 uM) were reacted with DAF-FM (The DAF-FM has produced by hydrolysis of DAF-
FM DA using 0.01 M NaOH prior to mix with NO [8]) and analyzed by ME-LIF. Cell viability was
determined using a trypan blue assay.
5.2.6 Preparation of DAF-FM DHA

The dehydroascorbate derivative of DAF-FM (DAF-DHA) was prepared by combining DAF-FM
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Figure 5.4: (A) An image of Jurkat cells (B) cell stimulation and sample preparation protocol

128




with a 70-fold excess of ascorbic acid in run buffer. Ascorbic acid (AA) was oxidized to DHA in a high
pH boric buffer (9.2) by dissolved oxygen. The DAF-FM (20 uM) was then reacted for about 10 min
with the oxidized AA (1.45mM) solution to generate DAF-FM DHA.

5.3 Results and discussion

5.3.1 Bulk cell analysis

DAF-FM reacts with NO to produce a benzotriazole (DAF-FM T) derivative that can be detected
by LIF detection (Figure 5.5A). In addition to DAF-FMDA, 6-carboxyfluorescein diacetate (6-CFDA)
was used in these experiments as an internal standard to account for cell-to-cell variability and volume
(Figure 5.5B). Both dyes are cell permeant and are trapped inside the cell following cleavage of the
diacetate groups to produce negatively charged species (DAF-FM and 6-CF). CFDA has been used
previously in single cell chemical cytometry experiments and acted as an internal standard [39]. Prior to
cell analysis DAF-FM T, DAF-FM DHA and 6-CF were separated using a buffer consisting of 10 mM
boric acid and 7.5 mM SDS at pH 9.2 (Figure 5.6). The microfluidic device was then employed for the
analysis of bulk native and stimulated Jurkat cells. Figures 5.7A and B show electropherograms obtained
for native and stimulated bulk cells respectively. The two peaks were identified by incubating cells
individually with either DAF-FMDA or 6-CFDA.

One of the disadvantages of this system is that DAF-FM T and, the parent reagent DAF-FM, co-
migrate; however, DAF-FM is weakly fluorescent. Appropriate care was taken to not expose DAF-FM to
light, which can produce a fluorescent product [8]. DAF-FM samples were also analyzed prior to cell
analysis and an insignificant peak was observed. That is, DAF-FM peak was about 5% of DAF-FM T
peak at a concentration of 250 nM. This indicates that the ME-LIF method cannot be used to measure NO
concentrations below 12.5 nM. Freeze thaw cycles were also avoided by using 50 pg DAF-FM DA
individually packed vials. A new vial was taken for each cell or standard experiment. Figure 5.7A and B
also shows a very small peak for DAF-FM DHA in the cell lysates samples. This is because ascorbate-

free medium was used in the Jurkat cell culture [40,41].
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Figure 5.6: Separation of DAF-FM T, DAF-FM DHA, and 6-CF using microchip electrophoresis with
laser-induced fluorescence detection. Separation voltage was 2400 V (separation) and 2200 V (sampling).
Run buffer consisted of 10 mM boric acid, 7.5 mM SDS, pH 9.2. Separation channel length was 5 cm.
The final concentration of 6-CF was 0.024 uM. The DAF-FM DHA peak corresponds to a cellular

concentration of ascorbate of 1.45 mM and the DAF-FM T signal corresponds to 200 nM NO.
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5.3.2 Quantitative analysis of NO production in Jurkat bulk cell lysates

Quantitative analysis of NO in Jurkat cells was performed using a NO standard prepared from
DEA/NO. The amount of NO was calculated using a calibration curve for NO from 0.125 to 4 uM (with a
correlation coefficient of 0.998 or higher).The limits of quantification of the ME-LIF method was 125 nM
NO standard (S/N of 10). The intracellular NO concentration of a single Jurkat cell was estimated by
dividing the total amount of NO produced by the total number of viable cells. The average intracellular
NO concentration of a single Jurkat cell was estimated using three separate cell samples. The NO
concentration was determined to be 0.55 (£0.13) mM for native cells and 1.48 (£0.43) mM for LPS-
stimulated cells. The calculated intracellular NO concentration in a LPS-stimulated cell was significantly
higher compared to the calculated NO concentration in a native cell (two sample t-test, p < 0.05) (Figure
5.8). These values for NO production are also very similar to those reported by Goto et al. for
macrophages stimulated with LPS [16]. However the concentrations are much higher than values
reported for platelets and erythrocytes where eNOS (not iINOS) is the primary source of NO [19,42]. We
also observed considerably high mortality of Jurkat cells (up to 60%) with the LPS-stimulation due to
excessive NO production, which has previously been reported [43].

The DAF FM/6-CF ratio can also be used to calculate the relative increase in NO production in
LPS-stimulated cells compared to native cells. There was a 2.2 + 0.2 times increase in NO production in
LPS-stimulated cells compared to native cells for the same three cell samples describe above. NO
concentrations were calculated using calibration curves and cell counts and indicated that there was
around 2.5 fold NO production increase from native to LPS-stimulation.

5.3.3 Single cell analysis

To compare the average intracellular NO production obtained from bulk cell analysis with
individual cells, a single cell chemical cytometry device developed by the Culbertson group was used
[36,44]. Details of the single cell analysis system can be found in ref. 36 while Figure 5.2 shows the

device used for this study. The DAF-FM T/6-CF ratio of each individual cell was obtained for the single
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Jurkat cell (n = 3, p < 0.05). For these calculations, the volume of a Jurkat cell was assumed to be 0.5 pL.

134



cell studies and are shown in Figure 5.9. It is clear that with the LPS stimulation, the DAF FM T/6-CF
ratio shifted to higher values due to higher NO production. The average fold increase in NO production
from native to LPS-stimulated cells was 2.3 £ 0.15, which is in a good agreement with the results
obtained for the bulk cell lysate (2.2+0.2).
5.4 Conclusion

In this chapter, a ME-LIF method with DAF-FMDA and 6-CFDA was utilized for the quantitation of
intracellular NO concentrations in bulk native and LPS-stimulated cell lysates. It was found that the
average intracellular NO concentration for a LPS-stimulated single Jurkat cell was 1.5 mM while a single
native Jurkat cell produces approximately 0.6 mM of NO during the last 35 min of LPS stimulation. That
is rate of NO production in a single Jurkat cell during this period is 8.57 aM/min). The DAF FM T/6-CF
ratio can also be used for comparison of the fold increase in NO production in LPS-stimulated versus
native cells. The DAF FM T/6-CF ratio for LPS-stimulated versus native cells was 2.22 while the
estimated NO concentration was 2.5 times higher in LPS-stimulated cells relative to native cells. This
average NO production per cell calculated from bulk cell studies was then compared with NO production
in a group of single cells using the single cell chemical cytometry method and a good agreement was
observed. During the next phase of this project, we propose to develop a method to detect ONOO™ using a

ONOO' selective fluorescent probe, HK Green and ME-LIF.
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Figure 5.9: A comparison of DAF FM T/6-CF ratios in single LPS-stimulated and native Jurkat cells.
The cells were analyzed using the microchip in Figure 5.2. 100 cells were used in each condition for
preparation of histogram (reproduced with permission from Metto, E. C.; Evans, K.; Barney, P.;
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Chapter 6
Cellular nitrosative stress profiling using microchip electrophoresis coupled to electrochemical

detection

This work has been published in the following journal publication:
D. B. Gunasekara, J. M. Siegel, G. Caruso, M. K. Hulvey, S. M. Lunte, “Development of a microchip

electrophoresis method with amperometric detection for profiling cellular nitrosative stress markers,’

Analyst, 2014, 139 (13), 3265 — 3273
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6.1 Introduction

There are many different types of immune cells in the human body, with macrophages the
primary cell type that is activated as part of an immune response [1,2]. Macrophages produce NO
primarily through the activation of iNOS; however, an uncontrolled or large NO production in these cell
types results in cellular nitrosative stress, which is a cause of many neurodegenerative and cardiovascular
diseases [3,4]. The toxic effects of cellular pro-oxidants produced from NO can be mitigated by the
presence of antioxidant molecules in the cell [5,6]. GSH is an antioxidant produced by the cells that can
scavenge NO and produce nitrosoglutathione. Also, GSH can react with hydrogen peroxide to form
glutathione disulfide. This reaction is catalyzed in the cell by glutathione peroxidase [5,6]. The balance
between pro- and antioxidants is important for regulating cellular nitrosative stress [7].

In this chapter, a method that allows the direct detection of NO and its metabolites in
macrophages using ME-EC is described. The electrophoretic method permits subminute separation of
NO, NO,, and cellular antioxidants as well as potential interferences and other electrochemically active
intracellular components (e.g., tyrosine and nitrotyrosine). This approach makes it possible to gather
information regarding the overall redox state of the macrophage cells along with NO production. The
method was used to investigate NO and intracellular GSH levels in macrophages under native and
stimulated conditions. The ME-EC method reported here will be adapted in the future for single cell
analysis studies.

6.2 Materials and methods
6.2.1 Materials and reagents

The following chemicals and materials were used as received: SU-8 10 photoresist and SU-8
developer (MicroChem Corp., Newton, MA, USA); AZ 1518 photoresist and 300 MIF developer (Mays
Chemical Co., Indianapolis, IN, USA); photolithography film mask (50,000 dpi; Infinite Graphics Inc.,
Minneapolis, MN, USA); N(100) 100 mm (4”) silicon (Si) wafers (Silicon, Inc., Boise, ID, USA); chrome

and AZ1518 positive photoresist coated soda lime glass substrate (4" x 4" x 0.090", Nanofilm, Westlake,
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CA, USA); Pt film-coated glass substrates (2000 A Pt layer over 200 A Ti) (The Stanford
Nanofabrication Facility, Stanford, CA, USA); Sylgard 184 Silicone Elastomer Kit:
Polydimethylsiloxane (Ellsworth Adhesives, Germantown, WI, USA); Titanium (Ti) etchant (TFTN;
Transene Co., Danvers, MA, USA); epoxy and 22 gauge Cu wire (Westlake Hardware, Lawrence, KS,
USA); silver colloidal paste (Ted Pella, Inc., Redding, CA, USA); acetone, 2-propanol (isopropyl alcohol,
IPA), 30% H,0,, H,SO,, HNOs, NaOH, HCI, and Trypan blue (Fisher Scientific, Fair Lawn, NJ, USA);
sodium nitrite, boric acid, tetradecyltrimethylammonium bromide (TTAB), tetradecyltrimethylammonium
chloride (TTAC), ascorbic acid (AA), tyrosine (Tyr), reduced glutathione (GSH), sodium azide,
potassium iodide, NaCl, lipopolysaccharides from Escherichia coli 0111:B4, and Griess reagent
(modified) (Sigma, St. Louis, MO, USA) and buffered oxide etchant (JT Baker, Austin, TX, USA). All
water used was ultrapure (18.3 MQ-cm) (Milli-Q Synthesis A10, Millipore, Burlington, MA, USA).
6.2.2 PDMS fabrication

The fabrication of PDMS-based microfluidic devices has been described previously [8]. Briefly,
SU-8 10 negative photoresist (for electrophoresis channels) was spin-coated on a 4 in diameter Si wafer to
a thickness of 15 £ 1 um using a Cee 100 spincoater (Brewer Science Inc., Rolla, MO, USA). The wafer
was then transferred to a programmable hotplate (Thermo Scientific, Asheville, NC, USA) for a soft bake
at 65°C for 2 min and then 95°C for 5 min. Microfluidic channel designs were created using AutoCad LT
2004 (Autodesk, Inc., San Rafael, CA, USA) and printed onto a transparency film at a resolution of
50,000 dpi (Infinite Graphics Inc., Minneapolis, MN, USA). The coated wafer was covered with the
transparency film mask and exposed to UV light (344 mJ/cm? for 16 s) using an i-line UV flood source
(ABM Inc., San Jose, CA, USA). Following the UV exposure, the wafer was post-baked at 65°C for 2
min and 95°C for 10 min. The wafer was then developed in SU-8 developer, rinsed with IPA, and dried
under nitrogen. A final “hard-bake” was performed at 175°C for 2 h. The thickness of the raised
photoresist, which corresponds to the depth of the PDMS channels, was measured with a profilometer

(Alpha Step-200, Tencor Instruments, Mountain View, CA, USA). PDMS microstructures were made by
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casting a 10:1 mixture of PDMS elastomer and curing agent, respectively, against the patterned Si master.
A simple-T device containing a 5 cm separation channel (from the T intersection to the end of the
separation channel) and 0.75 cm side arms was used for these studies. The width and depth of the
electrophoresis microchannels were 40 um and 14 um, respectively. Holes for the reservoirs were created
in the polymer using a 4 mm biopsy punch (Harris Uni-core, Ted Pella Inc., Redding, CA, USA).
6.2.3 Platinum electrode fabrication

All electrochemical measurements were obtained using 15 um Pt working electrodes. Electrodes
were either fabricated using an in-house magnetron sputtering system (AXXIS DC magnetron sputtering
system, Kurt J. Lesker Co., Jefferson Hills, PA, USA) or received from the Stanford nanofabrication
facility. Details of fabrication of Pt electrodes provided by the Stanford nanofabrication facility were
reported previously [9]. In the Stanford plates, the Pt electrodes were deposited on the top of the glass
surface. To obtain better stability, Pt electrodes were fabricated in-house by making a 500-600 nm trench
in the glass substrate using a procedure previously reported by our group [10]. Briefly, the electrode
designs were created using AutoCad LT 2004 (Autodesk, San Rafael, CA, USA) and printed onto a
transparency film at a resolution of 50,000 dpi (Infinite Graphics, Minneapolis MN, USA). The electrode
design was then patterned on a chrome and AZ1518 positive photoresist-coated soda lime glass plate. The
plate was developed using an AZ®300 MIF (Capitol Scientific, Inc., Austin, TX, USA) solution for 30 s
and then baked at 100°C for 10 min on a programmable hotplate (Thermo Scientific, Asheville, NC,
USA). Once the photoresist layer was developed, the exposed chrome layer was the shape of the
electrode. This chrome layer was then etched using chrome etchant to expose the glass surface
underneath. Next, the glass plate was etched for about 5 min using a 10:1 buffered oxide etchant (JT
Baker, Austin, TX, USA) to obtain a 500 to 600 nm trench. It has been observed that if the trench is not
deep enough (below 400 nm), the Pt-deposited electrodes are not stable under high applied potentials
(greater than +1200 mV) and the Pt electrode flakes off the trench during electrophoresis. The plate was

washed thoroughly with CaCO; and water after buffered oxide etching, and the depth of the trench was
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measured using an Alpha-step 200 profilometer (Tencor Instruments). The plate was dried at 100°C for 10
min and then exposed to an oxygen plasma for 1 min (March Plasmod, Concord, CA, USA). The glass
plate was immediately transferred to an AXXIS DC magnetron sputtering system (Kurt J. Lesker Co.).
After pumping down the vacuum chamber of the sputtering system to a pressure of 1.0 x 10°° Torr, a 20-
nm Ti layer was deposited (220 V deposition voltage, 40 s deposition time, and 5.0 x 10 Torr deposition
pressure) and then a Pt layer was deposited (200 V deposition voltage, 17 to 20 min deposition time, and
5.0 x 10" Torr deposition pressure). The width and height of the resulting Pt electrodes were measured
again using an Alpha-step 200 profilometer.
6.2.4  Solution preparation

All solutions were made using 18 MQ ultrapure water from a Millipore A10 system. Stock
solutions of nitrite (NO, ", 10 mM), hydrogen peroxide (H,O,, 10 mM), GSH (10 mM), KI (56 mM), NaN;
(5 mM), and AA (10mM) were all prepared in ultrapure water using appropriate amounts and were stored
at 4°C. To dissolve tyrosine (Tyr, 10 mM), the solution was acidified using 1-1.5 M HCI. Subsequent
dilutions of each stock solution for use in the microchip system were made in the appropriate run buffer at
the time of analysis. For separation and sampling buffer, a boric acid (20 mM) stock solution was
prepared and the pH was adjusted to 11 using 10 M or 1 M NaOH solution. The pH-adjusted boric buffer
was diluted with other buffer constituents in order to obtain a 10 mM boric solution. The buffer pH was
measured after dilution and before adding surfactant. The buffer pH was 10.3-10.7. TTAC (100 mM)
stock solution, NaCl (50 mM) stock solution, and ultrapure water were used for buffer dilution.
6.2.5 Chip construction and electrophoresis procedure

PDMS microchips consisting of a simple-T design with a 5 cm separation channel were used for
all studies. Amperometric signals were recorded using a 15 pm Pt working electrode against a Ag/AgCl
reference electrode, which was placed in the buffer waste reservoir after the separation ground lead

(Figure 6.1A). The chip containing the separation channel was aligned and reversibly sealed to the glass
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plate containing the Pt electrode. For in-channel detection, the electrode was placed exactly at the channel
end of the separation channel as shown in Figure 6.1B.

Electrophoretic separations were carried out using reverse polarity with TTAC as the cationic
surfactant to modify the channel walls. Two negative high voltage Pt leads (Pt wire) were placed in the
sample and buffer reservoirs, while two earth ground Pt leads were placed in the sample waste and buffer
waste reservoirs. For sampling, -2200 V was employed, while -2400 V was used for the separation. A
gated injection was used to inject the sample, with an injection time between 0.5 and 1 s. Boric buffer
conditions were evaluated for the separation of nitrite, azide (interference), iodide, tyrosine, GSH, AA,
and H,0,. To balance the conductivity difference between the cell lysate and separation buffer, 7.5 to 10
mM NaCl was added to the run buffer. The cells were lysed in buffered solution containing surfactant (10
mM boric acid and 2 mM TTAC) without NaCl.

6.2.6  Electrochemical detection

EC detection was accomplished using a modified model of an 8151BP, 8100-K6, or 9051 single-
or dual-channel wireless, electrically isolated potentiostat (Pinnacle Technology Inc., Lawrence, KS,
USA) operating in a two-electrode format (Pt working; Ag/AgCl reference: Bioanalytical Systems, West
Lafayette, IN, USA). The model 8151P, 8100-K6, and 9051 potentiostats have a sampling rate of 5 Hz
(Gain = 5,000,000 V/A, Resolution = 30 fA), 10 Hz (Gain = 5,000,000 V/A, Resolution = 27 fA), and 6.5
to 13 Hz (Gain = 5,000,000 V/A, Resolution = 47 fA), respectively. Pinnacle Acquisition Laboratory
(PAL or Sirenia) software was used for all data acquisition. The data acquisition was performed via
wireless data transmission or Bluetooth from the potentiostat to a computer. A working electrode
potential of +1100 mV versus the Ag/AgCl reference was used for all experiments.

6.2.7  Cell culture and preparation

RAW 264.7 cells were purchased from American Type Culture Collection (ATCC, Manassas,

VA, USA) and cultured in Dulbecco's Modified Eagle's medium containing 10% (v/v) fetal bovine serum,

L-glutamine (2 mM), penicillin (50 1U/mL), and streptomycin (50 pg/mL) (ATCC). The cells were
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maintained in a humidified environment at 37°C and 5% CO, and cultured in 25 mL polystyrene culture
flasks (Fisher Scientific). Cells were passaged every 2—3 days to avoid overgrowth.
6.2.7.1 Stimulation protocol

Stimulation of NO production in cells was accomplished using purified LPS from the Escherichia
coli line 0111:B4. A freshly prepared 50 pL aliquot of a 10 ug/mL LPS stock solution was added to
healthy RAW 264.7 cells in a 25 cm? cell culture flask to obtain a 100 ng/mL final LPS concentration and
then incubated for 24 h. An unstimulated RAW macrophage cell flask from the same population was
incubated under identical conditions and used as a control (native) for each stimulation experiment.
6.2.7.2 Sample preparation

The protocol used for cell analysis is shown in Figure 6.2A. Cells were grown in 25 cm?
polystyrene flasks until they reached approximately 80% confluence. At the 80% confluence level, there
are around 5 million RAW cells in the flask. These cells were stimulated using LPS and, after the
stimulation period (24 h with a 100 ng/mL final LPS concentration, Figure 6.2B), cells were harvested
using a scraper and centrifuged at 3500 rpm for 2.5 min to make a live cell pellet. Before centrifugation,
250 pL of the cell solution was taken out for cell counting. The supernatant medium was then removed,
leaving only the cell pellet. The cell pellet was then washed with 10 mM phosphate buffered saline at pH
7.4. Next the cell pellet was lysed using 250 uL of a lysis buffer containing 10 mM boric and 2 mM
TTAC at pH 10.3 to 10.7. Both the high pH and surfactant assisted with the immediate lysis of cells.
Higher molecular weight compounds such as proteins and cell membranes were removed by
centrifugation of the lysate for 2—7 min using a 3 kDa molecular weight cut-off filter (VWR International,
West Chester, PA, USA). The filtered lysate was then loaded into the sample reservoir of the microchip.

For the standard addition studies, four 25 cm? cell flasks with the same passage number were
harvested and lysed using 1 mL of 10 mM boric with 2 mM TTAC at pH 10.3 (for 1 cell flask, 250 pl of
buffer was used). The lysate was divided into five portions, and the internal standard was appropriately

added to ensure a final concentration 10 puM. Standard addition concentrations of 15, 30, 60, and 120 uM

149



(A)

ﬁ( ——  Add10pg/mLLPS  _____ Incubatefor 24 h
(Final [LPS] =100 ng/mL)

25 cm? Flask
— Centrifuge and
— Harvest Cells = removethe
supernatant
25 cm? Flask
Wash with
- 10mMPBS —
atpH 7.4
Lyse cellsin Centrifuge
—> 250plof ME =—— with3kDa —— ”
buffer MWCO Filter
(B)

Al
o

‘. 5‘0' - O
» - .
Q"‘(l\'l 9 B

Native macrophages 100 ng/mL LPS-stimulated
after24 h macrophagesafter 24 h

Figure 6.2: (A) Diagram of the stimulation and sample preparation protocol for RAW 264.7 macrophage
cells prior to ME-EC and Griess assay analyses. (B) Images of RAW 264.7 macrophage cells after 24 h

without stimulation (left) and with LPS-stimulation (right).

150



NO,  were chosen and the required nitrite volume from a 1 mM nitrite standard was added to the cell
lysates. Before adding I and NO,, a volume equal to that of the I and NO, to be added was removed
from the cell lysate.
6.2.7.3 Cell viability

Cell viability was measured using the Trypan blue (Fisher Scientific) exclusion assay and a
hemocytometer cell count (C-Chip disposable hemocytometer, Bulldog Bio, Inc., Portsmouth, NH, USA).
The RAW cell suspension was diluted using a 1:1 to 1:3 ratio (based on cell density) with a 0.4% Trypan
blue solution. The number of viable cells and the cell density were determined using a 4 mm? total area
hemocytometer. Native RAW cells typically had densities of about 5 million cells in a 25 cm? flask.
6.2.7.4 Griess assay protocol

The Griess assay was performed using 96-well plates and a plate reader (Molecular Devices,
Spectra Max M5, Sunnyvale, CA, USA). To perform the assay, 100 pL of the filtered cell lysate was
added to 100 pL of Griess reagent, left to react for 15 min, after which the absorbance at 540 nm was
recorded using the plate reader. A buffer background was always employed for these measurements. For
nitrite quantitation, a calibration curve was prepared using nitrite standards from 1 to 50 uM. Cell counts
were taken before lysing the cells, and the final nitrite concentration was calculated, taking into account
the cell counts.
6.3 Results and discussion
6.3.1 Microchip electrophoresis with electrochemical detection

There are two primary electrode configurations that are used for ME under reverse polarity
conditions. The electrode can be placed either slightly inside the channel (in-channel) or outside the
channel (end-channel). The advantage of the in-channel configuration is that it allows higher resolution
between closely migrating species, which cannot be separated using the end-channel configuration due to
band broadening [9]. Therefore, faster separations and shorter analysis times can be obtained using the in-

channel configuration. Also, we have observed an increase in sensitivity, lower LOD and a higher number
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of theoretical plates with the in-channel configuration compared to the end-channel configuration [9].
However, an important consideration with in-channel detection is that one must take into account the
working electrode potential shift that occurs due to the separation voltage when an electrode is placed
inside the channel. To minimize this effect in these experiments, the working electrode was placed
exactly at the channel end, which still preserves the higher resolution and separation efficiencies
characteristic of in-channel detection that are necessary for these studies, but minimizes the potential shift
at the working electrode (Figure 6.1B) [9].
6.3.2 Separation buffer optimization

The analytes of interest in our studies of nitrosative stress included NO, NO, (a metabolite of
NO), GSH (cellular antioxidant), AA (cellular antioxidant), and tyrosine (amino acid, which is nitrated in
the presence of ONOQO"). We have previously reported the separation and detection of several of these
analytes (nitrite, ascorbic acid, tyrosine, glutathione, and H,0O,) by ME-EC as compounds that could
potentially interfere with the quantitation of NO and NO, in macrophage cell lysates [9]. For the
macrophage cell lysate studies described here, the same separation conditions (10 mM boric with 2 mM
TTAB) with slight modifications were utilized.
6.3.2.1 Internal standard, surfactant, and interferences

To quantitate the compounds in the cell lysates and increase the precision of the analytical
method, iodide was incorporated as an internal standard and, therefore, had to be taken into consideration
during the separation optimization procedures. In our previous studies, TTAB was used to reverse the
EOF. In these studies, TTAB was replaced with TTAC, where the counter ion is CI” instead of Br . It was
found that bromide can be oxidized to Br, at around +1200 mV versus Ag/AgCl, leading to an increase in
background current at the EC detector. Bromide, chloride, and nitrite have similar electrophoretic
mobilities and, hence, migrate closely. We observed a vacancy peak close to the nitrite peak during initial
cell studies due to high CI" content. Another species that needed to be separated from the cell lysate

components was azide. The molecular weight cut-off filters used for cell lysate filtration were found to
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contain a small amount of this compound, which is used as an anti-microbial agent. Under these
separation conditions, azide migrated between nitrite and iodide but did not interfere with either
measurement.

6.3.2.2 Conductivity issues

During the initial analysis of the cell lysates, it was observed that the sampling current was
always higher than the separation current and the high conductivity samples suppressed the nitrite peak
due to destacking [11]. A similar suppression in the nitrite signal has been reported in CE when a high
conductivity sample was analyzed [12]. To reduce the amount of salt and matrix components present in
biological samples prior to CE analysis, solid-phase microextraction [13], acetonitrile addition
(acetonitrile lowers the sample conductivity) [12], dialysis [14], and pre-electrophoresis separation [15]
have been widely employed.

An alternative approach to avoid nitrite destacking is to increase the conductivity of the
separation buffer by using sodium chloride. Figure 6.3A shows the nitrite peak suppression that occurs
when standards are prepared in a high conductivity buffer (10 mM boric with 2 mM TTAC and 10 mM
NaCl at pH 10.3) and the separation buffer consists of a low conducting buffer (10 mM boric with 2 mM
TTAC at pH 10.3). In contrast, Figure 6.3B illustrates that the addition of 7.5 mM NaCl to the separation
buffer causes an approximately 3-fold increase in the nitrite signal. This can then be compared to a case
where both the sample buffer and separation buffer are low conductivity buffers (10 mM boric with 2 mM
TTAC at pH 10.3) (Figure 6.3C). In this last case, the nitrite signal is similar to that seen in Figure 6.3B.
These experiments confirmed the destacking of nitrite in high conductivity samples. All three
electropherograms used for the comparison studies were recorded with the same microchip, working
electrode, and working electrode potential.

6.3.3 Detection of nitrite from macrophage cell lysates
RAW 264.7 macrophage cells are known to produce large amounts of NO through the activation

of INOS. LPS, an endotoxin in negative gram bacteria and an external stimulant, can be used to activate
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Figure 6.3: Electropherograms of a standard containing 100 uM nitrite, 10 uM iodide (internal standard),
50 uM tyrosine, and 200 uM hydrogen peroxide (neutral marker) using a 10 mM boric acid and 2 mM
TTAC buffer at pH 10.3 while varying the sample and run buffer conductivities. (A) High conductivity
sample buffer (10 mM NaCl) and normal separation buffer. (B) High conductivity sample buffer (10 mM
NaCl) and high conductivity separation buffer (7.5 mM NaCl). (C) No change to the conductivity of the

sample and separation buffer.
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iNOS [16,17]. It has been reported that RAW 264.7 macrophage cells produce significantly higher
amounts of NO in the presence of LPS [16,17]. In these studies, a LPS concentration of 100 ng/mL over
24 h was used for cell stimulation (Figure 6.2A). A substantial difference in physical appearance between
native and LPS-stimulated cells was observed, as can be seen in Figure 6.2B.

To compare intracellular NO, produced in stimulated and native macrophage cells, bulk cell
lysates were prepared as shown in Figure 6.2A, and analyzed by ME-EC. The Griess assay was also
performed to compare with the results obtained with ME-EC. To confirm that NO production was due
solely to an increase in iINOS activity, a separate set of cells was exposed to L-NAME, which is a known
inhibitor of INOS, before LPS stimulation and analyzed via Griess assay. These results were compared to
those from native and LPS-stimulated cell lysate samples with the same passage number. Each flask
contained around 5 million cells, which were lysed in 250 pL of borate buffer (10 mM boric with 2 mM
TTAC at pH 10.3 to 10.7) in order to minimize the sample conductivity (Figure 6.3A).

Figure 6.4A shows the electropherograms obtained for native and LPS-stimulated cell lysates
using our ME-EC device. The migration times for the first two peaks in the native cell electropherogram
were similar to those for nitrite and iodide standards, and the peak identities were confirmed by spiking
with standards. Samples were also spiked with azide to further ensure that the nitrite peak does not
comigrate with azide during cell studies.

6.3.4 Comparison of nitrite production in macrophage cell lysates using ME-EC and Griess assay

Three different pairs of native and LPS-stimulated cell lysates were analyzed by both the ME-EC
and the Griess assay for the comparison of nitrite concentrations. Both methods were used to determine
nitrite production increase in LPS-stimulated cells versus native cells (Figure 6.4B). A t-test was
performed to compare the two sets of data (Greiss versus ME-EC), and it was found that these two series
were statistically insignificant at a 90% confidence level. This shows that the nitrite level detected with

ME-EC is similar to that seen in the results of the Griess assay.
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The nitrite concentration varied from one sample to another due to the samples having different
cell counts. Therefore, the cell counts were taken into account in both the Griess assay and ME-EC
studies when calculating the final nitrite concentrations. The nitrite production in a single cell was
estimated by assuming that the volume of a macrophage is approximately 0.5 pL. The Griess assay results
show that the average intracellular concentrations of nitrite in single unstimulated and LPS-stimulated
macrophage cells are 0.63 £ 0.16 mM (0.31 + 0.08 fmol/cell) and 1.69 £+ 1.06 mM (0.84 £ 0.53 fmol/cell),
respectively.

In the case of ME-EC analysis, an external calibration curve could not be used for the
guantitation of nitrite due to the nitrite peak suppression. Therefore, the method of standard additions was
used, employing iodide as an internal standard. Two different ME-EC setups were used for the analysis of
these samples, and a standard addition calibration curve of the nitrite/iodide response versus standard
addition concentration was plotted. These plots yielded R? values of 0.987 and 0.973 resulting
in values for intracellular nitrite of 0.58 and 0.83 fmol per cell, respectively. This resulted in an average
estimated intracellular nitrite concentration for a single native macrophage cell of 1.41 mM. The average
nitrite level in single LPS-stimulated cells was then estimated using the nitrite production increase in
LPS-stimulated cells relative to that in native cells, which is a 2.83-fold increase (Figure 6.4B).
Consequently, LPS-stimulated cells have a nitrite concentration of approximately 4.00 mM (1.99
fmol per cell). Goto et al. reported similar levels for extracellular nitrite production in single LPS-
stimulated macrophage cells using the Griess reagent and a microfluidic device [18].

6.3.5 Direct detection of NO and other electroactive species in macrophage cells
6.3.5.1 NO detection

The reason for employing ME-EC in these studies is the ability to directly detect NO, its
metabolite NO, ", and other cellular electroactive species (e.g., cellular antioxidents) simultaneously. The
overall goal is to implement this in a single cell analysis system in the future. Detection of all these

species cannot be achieved with the Griess assay or LIF detection alone.

156



(A) (B)

5 -
S
= v 2
3 - 63
B R Se ]
25nA  Nitrite o =E _
| sig
I 2523
1\ c 0
LPS-stimulated ' ] 2 % =
1 Sge, |
il 3832
I oSk
1 : a E
iU 2H 4.
Native HE F=20p]
- 2 %
r T T 0 T
10 20 30 Griess ME-EC

Time (s)

Figure 6.4: (A) Comparison of LPS-stimulated (top) and native (bottom) RAW 264.7 macrophage cell
lysates using ME-EC. (B) Comparison of the ME-EC method and the Griess assay for determining the
increase in nitrite concentration resulting from a 24 h LPS stimulation relative to the nitrite concentration
produced from native cells. The sample was prepared in 10 mM boric acid and 2 mM TTAC buffer at pH
10.3 and the separation was achieved with a 10 mM boric acid, 7.5 mM NaCl and 2 mM TTAC buffer at

pH 10.3
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When detecting NO in cell lysates, sample preparation steps were streamlined to minimize NO
degradation and evaporation. Cells were lysed quickly (10-20 s), and the lysate was centrifuged for only
2 min. Even though nitrite destacks in low conductivity run buffers (run conditions similar to Figure
6.3A), a buffer consisting of 10 mM boric and 2 mM TTAB at pH 11 was used initially for NO detection.
The cells were lysed using the same buffer. Also instead of 100 ng/mL LPS, cells were stimulated with
1.5 pg/mL LPS for 6-8 h. This stimulation was used to obtain a high level of NO production in a short
period of time. This stimulation also made it possible to perform the experiment in the same day as
stimulation. Figure 6.5 shows electropherograms obtained for native and LPS-stimulated cell lysates
using this method. In this case, nitrite destacking was not observed and higher nitrite levels were observed
in LPS-stimulated cells; however, nitrite destacking was common using these buffer conditions.
Migration times for the first three peaks in the native cell electropherogram were similar to those of
nitrite, tyrosine, and glutathione standards. Standards of nitrite, tyrosine, and glutathione were also spiked
into the cell lyste for peak identification. The migration time of the fourth peak was similar to the neutral

marker and this peak quickly disappears over several injections suggesting that the compound is NO.

Figure 6.6 shows electropherograms obtained for native and LPS-stimulated cell lysates following
this procedure under modified buffer conditions (10 mM boric with 2 mM TTAC and 7.5 to 10 mM NaCl
at pH 10.3-10.7, buffer conditions were similar to Figure 6.3B). It can be seen that the height of the peak
that migrates at approximately 30 s decreases over time compared to the internal standard peak. The
migration time of the decreasing peak is close to the neutral marker (32.3 = 2.1 s), and the quick
disappearance of this peak over several injections suggests that the compound is unstable. Since cells
produce NO following LPS-stimulation due to the induction of iNOS, this peak is most likely NO. The
disappearance of this peak is probably due to loss of the gas through the open reservoirs on the microchip
or permeation through the PDMS. Nitrite was also detected during these studies, but the NO, peak is

very small compared to the NO peak (Figure 6.5 inset), which confirms that NO disappears from the
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Figure 6.5: Detection of NO in macrophage cell lysate. LPS-stimulated cell lysate (top) and native cell
lysate (bottom). Inset is a magnified portion is an electropherogram of the LPS-stimulated cell lysate. The
cells were lysed using 500 pL of 10 mM boric acid and 2 mM TTAB buffer at pH 11 and the separation

was achieved with a run buffer consists of 10 mM boric acid and 2 mM TTAB buffer at pH 11.
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wells quickly before degradation occur. When the sample preparation time was lengthened, this peak
disappeared.

We previously reported a ME method for the detection of NO generated using diethylammine
NONOate (DEA/NO) and proline NONOate (PROLI/NO) salts (chapter 3) [19]. The migration time of
NO in those studies is comparable to the migration time of the decaying peak in the cell lysates
considering the slight variation in chip-to-chip migration times that is expected in PDMS-based systems
[19]. It can be seen in the native cell lysate that the last peak does not decay at the same rate as the
unstable NO peak seen in LPS-stimulated cell lysate. This indicates that the peak observed in the native
cell sample is contaminated with a more stable electroactive species. This species was found to be an
interfering filter component that migrates close to the neutral marker (Figure 6.5 and 6.6). Therefore, the
NO peak observed in these studies is contaminated.

Currently, the NO peak cannot be used for a quantitative comparison of native and stimulated
cells due to the necessity for further peak identification, experimental variability, the presence of
interference due to the filters, and, most importantly, the fact that the peak decreases over time due to
evaporation and degradation. However, detection of NO will be better accomplished using a single cell
analysis microfluidic device where cells are lysed inside the device and the content is immediately
analyzed. Since the cell lysis procedure is automated, a single cell cytometric device would provide better
precision. Furthermore, a single cell cytometric device eliminates the cell lysate filtering step.
6.3.5.2 Comparison of glutathione levels in native and stimulated cells

Other electroactive species such as tyrosine and GSH were also detected in macrophage cell
lysates. However, electropherograms of native and LPS-stimulated cell lysates showed a very small peak
or no peak for AA, which agreed with previous ME-LIF studies [20]. Macrophages do not naturally
produce AA and an AA free media was used for cell culture. Previous studies reported undetectable levels

of AA in RAW macrophage cells [21].
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The relative GSH and nitrite levels for three separate LPS-stimulated cell lysates were compared
to that of a native cell lysate with the same passage number using the same ME-EC conditions used for
nitrite detection. As before, it was found that the nitrite level in LPS-stimulated cells was increased 5.74
+ 2.44 times relative to the native cell lysates. However, the GSH levels showed no significant change
(1.30 £ 0.31) when the cells were stimulated with LPS (Figure 6.7). Hothersall et al. also observed that
GSH levels were not changed when macrophage cells were stimulated with LPS alone. However, they
have shown that the GSH level changed when the cells were stimulated with LPS and interferon gamma
[22].

6.4 Conclusion

In this chapter, a ME-EC method was optimized for the detection of nitrite, NO, and other electroactive
species within macrophage cell lysates. ME-EC makes it possible to obtain more information regarding
the overall cellular redox state of the cell. It also provides a separation of interfering species from the
analytes of interest that cannot be achieved using classical methods such as the Griess assay and
fluorescence imaging. Initially, NO production was detected through the detection of NO, ™ using the ME-
EC device. The results obtained for NO, production between LPS-stimulated and native cell lysates
using ME-EC were compared to those from the Griess assay. This method was then used for the direct
detection of NO and other electroactive species in the cell lysate. An unstable species, which had many of
the chemical and physical properties of NO, was detected during these studies. However, the NO peak
cannot currently be used for a quantitative comparison of native and stimulated cells. The detection of NO
will be better accomplished using a single cell analysis microfluidic device where cells are lysed inside
the device and the content immediately analyzed. We have already reported a single cell chemical
cytommetric device for NO detection from Jurkat cells using a NO-selective fluorophore [23]. The
ultimate goal is to use ME-EC to measure multiple redox-active species in a single cell as an indication of

nitrosative stress.
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Figure 6.7: Comparison of the nitrite and glutathione (GSH) levels as a result of LPS stimulation relative
to that of the native cell lysate. The sample was prepared in 10 mM boric acid and 2 mM TTAC buffer at
pH 10.3 and the separation was achieved with a 10 mM boric acid, 10 mM NaCl and 2 mM TTAC buffer

at pH 10.7.
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7.1 Conclusions

The main goal of this dissertation was to develop methods based on microchip electrophoresis
with electrochemical detection to probe cellular nitrosative stress. To achieve this goal, a fast separation
of RNOS and intracellular antioxidants was achieved using reverse polarity conditions. This method
makes it possible to detect RNS before they significantly degrade, as well as separate these compounds
from intracellular electroactive interferences. High resolution was required for separation of all species
and therefore electrochemical detection was performed using in-channel amperometric detection. An
isolated potentiostat that was developed by Pinnacle Technology was used for these studies. The ME-EC
system with this potentiostat was characterized and it was found that the E;, of analytes shifted in a
negative direction when the electrode was placed inside the channel. This is due to the interaction of the
separation voltage with potential applied to the working electrode. To minimize this E;, shift, the
working electrode was placed at the exact end of the channel, which still preserved the higher resolution
characteristic of in-channel amperometry by lowering the shift in potential. A separation of nitrite,
tyrosine, ascorbic acid, glutathione and hydrogen peroxide was achieved in less than 35 s using this
approach.

This method was then applied for the detection of nitric oxide and peroxynitrite. For peroxynitrite
detection, commercially available peroxynitrite standards were separated using a high pH run buffer (pH
11), which stabilizes the compound. A quick disappearance (within five consecutive 60 s runs) of the
peroxynitrite peak was observed during these studies. In addition to peroxynitrite, nitrite was also present
in the peroxynitrite standards and was identified based the comparison of the migration time with nitrite
standards. This method was then used to study nitric oxide (NO) generation from NONOate salts.
NONOate salts degrade under low pH conditions to produce NO. Diethyl amine and proline NONOate
salts were used in these studies. Three peaks were detected in the electropherograms correspond to nitrite
(due to oxidation of NO), the NONOate parent molecule and NO. NO was identified by its migration time

(it migrates with the neutral marker) and rapid disappearance as a function of time. Since an open sample
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reservoir was used in the microchip, it was found that NO dissipated quickly leading to a low conversion
of NO to nitrite in the sample.

To further identify RNOS in standards and biological samples, two dual-electrode strategies were
developed. The first consisted of two 15 pum working electrodes in the series electrode configuration. This
configuration was evaluated due to the ease of its integration into simple-T microchips. However, with
this configuration, oxidation at the first electrode and the signal difference due to electrode placement
with relation to the channel needed to be taken into account when calculating the current ratio. A
mathematical correction can be performed to correct for the observed current ratios following an electrode
characterization experiment. However, each analyte needs to be evaluated separately in this
characterization experiment, which is disadvantageous if this method is applied for the detection of an
unknown compound or labile species. The second strategy that was investigated was a dual-parallel
configuration that has been previously used for generation of current ratios in CE. The dual-channel
microchip design reported by the Hahn group was utilized for this case and no correction was needed.
Both of these electrode configurations were used to characterize the purity of commercially available
peroxynitrite (ONOQ) standards. During these studies, it was observed that most commercially available
ONOO'" samples were contaminated with H,O,, which is a precursor used for ONOO™ synthesis.

Before applying this method to cellular analysis, a ME system with laser induced fluorescence
detection was developed using a NO selective fluorophore, DAF-FM, for quantification of intracellular
NO. DAF-FM (non fluorescent) reacts with NO and produces DAF-FM T, which is highly fluorescent.
However, DAF-FM also reacts with dehydroascrobic acid (DHA) and produces DAF-FM DHA, which is
spectrally similar to DAF-FM T. Therefore, a separation of DAF- FM T, DAF-FM DHA and an internal
standard, 6-CFDA, was developed using ME with LIF detection prior to cell analysis experiments. Jurkat
cell were used for the cell studies as they are known to produce NO through activation of iNOS and are
non adherent. The NO concentrations inside a single Jurkat cell were quantified using combination of a

calibration curve and cell viability counts. The intracellular NO concentrations of native and LPS-
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stimulated cells was estimated to be 0.6 and 1.5 mM respectively, which is statistically different (N =3, p
< 0.05) with NO production 2.5 times higher in LPS-stimulated cells compared to native cells. The
internal standard 6-CFDA was used to correct for differences in the volume of the cell and therefore, the
DAF-FM T/6-CF ratio can also be used for comparison of NO production increase. Using this ratio, 2.2
times higher NO production was observed in LPS-stimulated cells compared to native cells. The ME-LIF
and cell stimulation protocol was then transferred to Kansas State University for single cell analysis
analysis experiments using a chemical cytometric device developed by the Culbertson lab. The estimated
average intracellular NO production for a single Jurkat cell from the bulk cell studies was compared to the
average NO value obtained from the single cell studies with good agreement. However, the distribution of
intracellular NO production could only be observed in the single cell analysis studies.

Next, the ME-EC method was used for determination of RNOS in macrophage cells. Macrophage
cells were used since they are known to produce large amounts of NO. Initially, 10 mM boric with 2 mM
TTAB at pH 11 was used for the separation of standards of nitrite, tyrosine, ascorbic acid, glutathione and
H,O,. This separation buffer was slightly modified to contain 7.5 to 10 mM NaCl. Cell lysis was
performed with a buffer without NaCl. NaCl was added separation buffer to balance the conductivity of
the separation buffer with the cell lysates to avoid nitrite desatcking. Additionally, iodide was used as an
internal standard in these studies. Initially, nitrite production was compared between LPS-stimulated and
native cells lystes. It was found that there was approximately 2.8 times higher nitrite production in LPS-
stimulated cells when compared to native cells. Then the sample preparation procedure was expedited to
see if we could detect NO in the sample. A quickly decaying peak that migrated with the neutral maker
was observed during these expedited studies, confirming the presence of NO. In addition to nitrite and
NO, glutathione and tyrosine were also detected in the cell lysates. The intracellular GSH and nitrite
levels were compared for cells with LPS-stimulation and under native conditions and no statistically
significant increase in glutathione levels (90% confidence) was observed even though nitrite level

increased 5.7 times.
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7.2 Future directions
7.2.1 Immediate future goals
7.2.1.1 Identification of electroactive species in cell lysates

The immediate future goal is the application of ME with dual-electrode electrochemical detection to
confirm the peak identity of species detected during bulk cell analysis. Preliminary experiments have
been performed using 10 mM boric and 2 mM TTAB at pH 11 as both the lysis and separation buffers.
These conditions are slightly different from those used in chapter 6. Also, instead of 100 ng/mL LPS for
24 h, 1.5 pg/mL LPS for 6-8 h stimulation was used, which makes it possible to perform the cell
stimulation and ME-EC analysis on the same day. Current ratios were recorded using both the dual-series
and dual-parallel electrode configuration (Chapter 4). Generation of a current ratio is relatively simple in
the dual-parallel configuration; however, electrode alignment is much more difficult. Electropherograms
obtained using ME-EC with the dual-parallel configuration are shown in Figure 7.1. Table 7.1 lists the
current ratios and migration times for the peaks in the macrophage cell lysates compared to standards.
The current ratio for the first peak in cell lysates is similar to that of nitrite, however the migration time is
slightly different. The fist peak could therefore be azide (azide migrates after nitrite), which has a current
ratio similar to that of nitrite. Due to nitrite destacking under these conditions (conductivities of the cell
lysate and separation buffer are not equal in this set of experiments), the determination of a nitrite peak
ratio is difficult. The decaying peak (5) shows current ratio of 0.21, meaning that it is difficult to oxidize
species and potentially NO. In these studies the working electrode potentials were chosen to be +950 mV
and +1100 mV for identification of the more difficult to oxidize species, such as nitrite and NO. For
identification of Tyr, AA and GSH, different working electrode potentials need be used. In addition to
recording and obtaining current ratios for peaks from cell lysates, standards of analytes will be spiked into

cell samples to verify migration time and the current ratios will be recorded to make sure the current
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Figure 7.1: Eelectropherograms of native macrophage cell lysates using dual-parallel electrodes. The
cells were lysed using 250 pL of 10 mM boric and 2 mM TTAB buffer at pH 11 and the separation was

also achieved using the same buffer. WE-1 = +1100 and WE -2 = +950 mV versus Ag/AgCl reference

electrode were used.
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Table 7.1: Comparison of corrected current ratios and migration times of native macrophage cell lystes

and standards. The standard deviation was calculated using the same sample and three consecutive

injections in the same microchip (n = 3)

Migration Cells Standards  Migration  Standards
Species time loso/11100 los0/11100 time
1 18.3+0.1 | 0.24+0.03 | 0.21+0.03 | 20.8+0.5 Nitrite
2 229+0.1 | 0.63+0.06 | 0.74+0.03 | 21.3+0.2 lodide
3 26.6+0.1 0.65+0.03 | 0.76 £0.02 | 27.1+0 .2 Tyrosine
4 31.5+04 0.66+0.43 | 052 £0.08 | 30.2+0.2 GSH
5 34.7+0.1 0.24+£0.02 | 1.98+£0.06 | 40.4+0.8 H,O,
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ratios of peaks in cell lystes do not change.
7.2.1.2 Development of single cell chemical cytometric device
The detection of NO will be accomplished more effectively using a single cell analysis microfluidic
device where cells are lysed inside the device and the content is immediately analyzed. A single cell
chemical cytommetric device for NO detection from Jurkat cells using a NO-selective fluorophore was
described in chapter 4. This device can be modified to incorporate an electrode for ME-EC analysis [1]. A
schematic of the modified chemical cytommetric device is shown in Figure 7.2. Jurkat cells are
nonadherent cells and easier to handle in a single cell cytometric device than macrophages and will be
used for initial studies. Therefore, bulk Jurkat cells were analyzed using the ME-EC method developed in
chapter 2 as an initial experiment before moving into single cell studies. A comparison of the ME-EC
electropherograms of native and LPS-stimulated Jurkat cell lysate is shown in Figure 7.3. Similar to
macrophage cells, NO, GSH and tyrosine peaks were detected during these studies. An LPS concentration
of 3 pg/mL was used in these experiments and therefore a low cell viability due to excessive NO
production was observed (see chapter 5). The ultimate goal is to use ME-EC to measure multiple redox-
active species in a population of individual cells as an indication of nitrosative stress.
7.2.2 Long term future goals
7.2.2.1 Biological studies

The devices developed here can be applied to biological studies, such as determining the effect of
oxidized LDL, cytokines, omega-3 fatty acids, and other activating agents on NO release and the
production of RNOS in monocyte-derived macrophages using a single cell chemical cytometric device.
Monocytes are recruited into the intima due to chronic inflammation and then differentiated into

macrophages to regulate high LDL concentrations in intima [2-4]. These transmigrated monocytes can
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Figure 7.3: (A) Comparison of LPS-stimulated and native Jurkat cell lysates using ME-EC. A LPS
concentration of 3 pg/mL for 6 h was used in these experiments. The sample was prepared in 10 mM

boric acid and 2 mM TTAB buffer at pH 11 and the separation was also achieved using the same buffer.
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differentiate into several different phenotypes, with M1 and M2 macrophages being the two main
subpopulations [2,4,5]. M1 macrophages are pro-inflammatory and are produced from monocytes
exposed to granulocyte-macrophage colony-stimulating factor (GM-CSF). On the other hand, M2 is an
anti-inflammatory macrophage that is produced when the monocyte is exposed to macrophage colony-
stimulating factor (M-CSF) [6]. When inflammation is more prevalent, the predominant subpopulation
will be M1 macrophages; however, as the healing and regulatory processes occur, there is a shift to the
M2 phenotype [5,7].

The M1 subpopulation plays an important role in plaque buildup, and is known to produce large
amounts of RNOS that can cause apoptosis of cells and damage to nearby tissues. However, there is less
knowledge about the effects of various cytokines (IFN-y and interleukins), LDL, omega-3 fatty acids, etc.
on the ratio of subpopulations of macrophages in the plaque buildup and their RNOS production. This is
due to the fact that both RAW murine macrophages (adherent cells) and J774 nonadherent macrophages
have been the subject of many RNOS-related studies. Therefore, a high throughput single cell chemical
cytometric device could be utilized to probe how these substances affect RNOS production in
macrophage phenotype subpopulations.

One of goals in this part of the project is to mimic the physiology of an artery using a monolayer
of endothelial cells and then determine the amount of RNOS production by macrophages and foam cells
that are differentiated from transmigrated monocytes through the endothelial layer using a microfluidic
device.
7.2.1.2 Fundamental interests: bipolar electrochemistry

When an electrode is placed in an electric field, the electrode behaves as a bipolar electrode. Both
oxidation and reduction reactions occurred simultaneously at the two ends of the bipolar electrode.
Bipolar electrodes can be used to convert the electric (electrochemical) signal into a fluorescent or other

optical signal where photons are measured instead of electrons. This can potentially be used as a detector
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for ME (Figure 7.4) that will result in lower limits of detection due to lower background. We are currently

exploring this approach in our laboratory.
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Figure 7.4: Proposed ME coupled bipolar electrode set up for conversion of an electrochemical signal

into fluorescence signal
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