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ABSTRACT OF THE DISSERTATION
LABEL-FREE SURFACE-ENHANCED RAMAN SPECTROSCOPY-LINKED

IMMUNOSENSOR ASSAY (SLISA) FOR ENVIRONMENTAL SURVEILLANCE

by
Vinay Bhardwaj
Florida International University, 2015
Miami, Florida
Professor Anthony J. McGoron, Major Professor

The contamination of the environment, accidental or intentional, in particular with
chemical toxins such as industrial chemicals and chemical warfare agents has increased
public fear. There is a critical requirement for the continuous detection of toxins present at
very low levels in the environment. Indeed, some ultra-sensitive analytical techniques
already exist, for example chromatography and mass spectroscopy, which are approved by
the US Environmental Protection Agency for the detection of toxins. However, these
techniques are limited to the detection of known toxins. Cellular expression of genomic
and proteomic biomarkers in response to toxins allows monitoring of known as well as
unknown toxins using Polymerase Chain Reaction and Enzyme Linked Immunosensor
Assays. However, these molecular assays allow only the endpoint (extracellular) detection
and use labels such as fluorometric, colorimetric and radioactive, which increase chances
of uncertainty in detection. Additionally, they are time, labor and cost intensive. These
technical limitations are unfavorable towards the development of a biosensor technology

for continuous detection of toxins. Federal agencies including the Departments of

vii



Homeland Security, Agriculture, Defense and others have urged the development of a
detect-to-protect class of advanced biosensors, which enable environmental surveillance of
toxins in resource-limited settings.

In this study a Surface-Enhanced Raman Spectroscopy (SERS) immunosensor, aka a
SERS-linked immunosensor assay (SLISA), has been developed. Colloidal silver
nanoparticles (Ag NPs) were used to design a flexible SERS immunosensor. The SLISA
proof-of-concept biosensor was validated by the measurement of a dose dependent
expression of RAD54 and HSP70 proteins in response to H202 and UV. A prototype
microchip, best suited for SERS acquisition, was fabricated using an on-chip SLISA to
detect RAD54 expression in response to H202. A dose-response relationship between
H202 and RAD54 is established and correlated with EPA databases, which are established
for human health risk assessment in the events of chemical exposure. SLISA outperformed
ELISA by allowing RISE (rapid, inexpensive, simple and effective) detection of proteins
within 2 hours and 3 steps. It did not require any label and provided qualitative information
on antigen-antibody binding. SLISA can easily be translated to a portable assay using a
handheld Raman spectrometer and it can be used in resource-limited settings. Additionally,
this is the first report to deliver Ag NPs using TATHAZ2, a fusogenic peptide with cell
permeability and endosomal rupture release properties, for rapid and high levels of Ag NPs
uptake into yeast without significant toxicity, prerequisites for the development of the first

intracellular SERS immunosensor.
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CHAPTER 1 INTRODUCTION AND BACKGROUND

1.1 SCOPE AND MOTIVATION

The threat of intentional or accidental contamination of the environment with chemical and
biological toxins (CBTS) persists since ancient times. For example, the poisoning of water
by disposing of corpses in wells and the use of toxins for assassination; in the 14" century
the Mongols hurled plague-infected bodies into the Crimean city of Kaffa to hasten its fall
and the British in 1763 used smallpox-infected blankets in an attempt to kill native
Americans allied with France during the French-Indian war (Poupard et al. 1992). During
and after the World Wars, leading countries did extensive research on CBTSs, particularly
chemical warfare agents (CWASs). The use of anthrax in USA, 1984 and 2001, and Sarin
in Japan, 1995 and Syria, 2013 are some examples of chemical and biological warfares.
The release of toxic industrial chemicals (TICs) is another major concern. For example,
Minamata disaster due to mercury release in Japan, 1932-1968; Bhopal tragedy due to
methyl isocyanate gas leak in India, 1984; nuclear disaster in Chernobyl- Ukraine, 1986
and more recently in Fukushima Daiichi - Japan, 2011. A contaminated environment has
direct severe impact on human health. Indeed, if we need to cure human health we must
first decontaminate the polluted environment. It is shocking to know that newborn babies
who enter the world are contaminated before birth. According to The Environment
Working Group, a research organization based in Washington, D. C., testing the umbilical
cord blood of ten newborn infants in US hospitals in 2004 revealed contamination of with
287 toxic chemicals; consumer products, pesticides, waste products and other TICs, 212 of

287 that are banned or severely restricted in US (Hulihan et al. 2005). Of the 287 chemical



toxins, most (180) are listed as causative agents of cancers (217), birth defects and
abnormal development (208).

The major problem with attacks and incidents resulting in the release of various toxins is
their detection when they are present in very low concentration in the environment. There
is a critical need for detection techniques, which can be used for continuous environmental
surveillance. The following section discusses the trend in development of detection
techniques for CBTs, primarily chemical toxins TICs and CWAs and summarizes their key

advantages and inherent limitations.

1.2 SENSOR TECHNIQUES

In response to the global fear and the severe health effects associated with environmental
contamination of CBTSs, substantial investments have been made to develop
sensor/detection techniques. The progress and prospects of the techniques to detect CBTs
have been reviewed (Bhardwaj et al. 2014; Lim et al. 2005) and can be broadly categorized
as using conventional and advanced biosensors (Fig. 1). The following terms will be used
with respect to the types of detection/biosensor approaches throughout the report:
Cell-free and cell-based detection: Biosensor approaches that employ cell lysates for cell-
free/ extracellular detection of cellular components or employ intact live cell for cell-
based/intracellular detection of cellular components.

Label-free and label-based detection: Biosensor approaches that employ the use of
fluorescent, luminescent or radioactive dyes or labels (label-based) or those without dyes

or labels (label-free).



Detect-to-protect and detect-to-treat biosensors: Classes of biosensors developed for the
detection of environmental contaminants, primarily to give rapid warning signals to protect
human health from toxin exposure (detect-to-protect) or identification of toxins to allow

health treatment (detect-to-treat).

Biosensor/detection technologies for CBTs: Classification and progress

| |

Conventional/Standard Advanced/Potential
Microbial Chemical Molecular Electrical or Physical
Assays Assays Assays Electrochemical

Calarimetric ric
Selective Colorimetric

. Cytogenetics/genomics ~ Voltametric Mechanical (QCM,
staining  (paper, tube, kit)

(Fv’:N,CA,I;DmEt) Amperometric Resonant cantilever
Selective HPLC Immunological/proteomics ,
A tic (SAW
growth MS (ELISA, IFA, Western Blot) Impedance/ coustic{ )
Conductance Optical
IR
Photometry Fluorescence/Luminescence
(Flame, PID) \ // (Bioreporter)
Optical
Light scattering/ N Evanescent Wave
(RS/SERS) (SPR, RWG)

Fig. 1: Classification of biosensor technologies. Acronyms and abbreviations: HPLC: High
Performance Liquid Chromatography, MS: Mass Spectroscopy, IR: Infrared Spectroscopy,
MN: Micronuclei, CA: Chromosomal Aberrations, ELISA: Enzyme-Linked
ImmunoSorbent Assay, IFA: Immuno Fluorescence Assay, SAW: Surface Acoustic Wave,
QCM: Quartz Crystal Microbalance, SPR: Surface Plasmon Resonance, RWG: Resonant
Wave Grafting and RS/SERS: Raman Spectroscopy/Surface-Enhanced Raman
Spectroscopy. Boxes represent the most successful detection/biosensor techniques (after
Bhardwaj et al. 2014).

Microbial assays or cultures to identify toxins, primarily biological toxins or pathogens,

were first described by Koch et al. (1882) as “Koch’s postulates”, a staple of




microbiological science. Ames (1979) developed a test based on chemical agents that
induce bacterial mutagenesis, which is now used as a standard technique to validate the
development of advanced biosensor techniques (Terziyaska et al. 2000; Knight et al. 2004;
Yang et al. 2005). However, the long incubation and culture time of the toxins (days to
weeks) required to produce a response is an inherent limitation of microbial assays.
Additionally, such tests are performed manually and require well-established laboratory
settings. Automation has shown great progress in the last decade to produce commercial
microbial assay systems such as MicroLog by BioLog, USA, VITEK and API series by
bioMerieux, USA and the microbial identification system by MIDI Inc., USA. These
systems allow rapid detection and high accuracy compared to standard manual assays
(Lavallee et al. 2010). The microbes used in commercial assays either produce natural
signals or are engineered (bioreporters) to produce signals in response to toxins. The
natural microbial systems are limited to Vibrio fisheri, a marine organism, e.g. Microtox
by Aquatox Research Inc., USA and ToxAlert by Toxalert International Inc., USA. The
bioreporter technology using genetically engineered microbes is a promising cell-based
biosensor (CBB) technology for environmental surveillance and will be discussed
separately in CBB, section 1.3.

As compared to biological toxins, chemicals can be easily produced in large scale and they
can be customized for their intent of use (Ganesan et al. 2010). Quimby 2002 and
Sferopoulos 2009 reviewed the progress in detection of chemical toxins, particularly
CWAs and TICs.  Spectroscopy, including mass, infrared, near infrared, and
chromatography, including high performance liquid chromatography (HPLC) are sensitive,

accurate and are the industry standard to detect chemical toxins. However, these are



sophisticated analytical techniques that are expensive; require technical skills, long
turnaround time, sophisticated instrumentation and sample processing such as acid
digestion for inductively coupled plasma-mass spectroscopy (ICP-MS), alkyl halides for
infrared spectroscopy, and solvent/mobile phase optimization for HPLC. By contrast
colorimetric detection, the chemical reaction of toxins with substrate or solution resulting
in a specific color change, is relatively inexpensive, portable, rapid and easy-to-use.
Commercial examples of such assays include chemical detection papers, and colorimetric
kits. However, colorimetric detection is not accurate and correlate poorly with standard
spectroscopy and chromatography techniques (Erickson 2003; George et al. 2012).
Additionally, they are designed for detection of a single analyte and therefore several
chemical kits or reactions are required if multiple analytes are present (Sun et al. 1992).

Almost every living entity is able to adjust to adverse environmental conditions (i.e., stress)
by undergoing relevant cellular and molecular changes at the genomic or proteomic level.
Stress is broadly referred to as any “disturbance to normal development” affecting
structure, function, stability, growth and/or survival. Eukaryotic cells, from yeasts to
mammals, respond and adapt to environmental stress by an evolutionary conserved
endogenous system through a network of signal transduction pathways expressing stress
biomarkers. Biomolecules such as DNA, proteins, carbohydrates and lipids can act as stress
biomarkers. Cells activate signaling cascade leading to activation and induction of stress
biomarkers in response to stressors, which are either inactive or under expressed during
optimal growth conditions. There are numerous environmental stimuli that can act as
stressors and can be categorized as biotic (living) or abiotic (non-living). Biological toxins

or infectious agents are considered biotic stressors. Abiotic stressors are: hyper/hypo



thermal, hypoxia, reactive oxygen species, radiation, starvation, hypo/hyper osmotic
conditions, mutations, heavy metals, toxic agents and exposure to certain drugs.

Although the stress-response is organism-specific and toxin-specific, the general stress
response pathways, referred to as damage repair and removal systems, have been found for
all organisms (Fulda et al. 2010). Depending on severity and duration of stress, there are
three outcomes of cellular response to stress. First, cell damage can be successfully repaired
with no genetic alteration. Second, if the cell damage is beyond repair then removal by
apoptosis takes place. Third, sometimes DNA repair is not successfully repaired and cells
evade apoptosis, they will carry forward the genetic alteration. Second and third outcomes
are highly detrimental, demanding cytotoxic and genotoxic assays for their assessment.
Current gold-standard cytogenetic assays to test genotoxicity include micronuclei,
chromosomal aberration and comet assays. These assays are widely accepted for their
accuracy. However, the difference in end-point biological detection can lead to contrary
results demanding a battery of tests (Goethem et al. 1997; Kawaguchi et al. 2010).
Additionally, the inherent limitation of these cytogenetic assays is the long turnaround time
of several hours-days and the requirement of specially trained personnel, which limits their
applications to laboratory settings. Therefore these assays are not suitable for applications
in resource-limited settings required for environmental surveillance. The advent of
microarray and nanotechnology allowed the development of automated assays to develop
faster, smaller and easier-to-use biosensor designs for CBTs: such as TIGER (triangular
identification for genetic evaluation of risk), APDS (autonomous pathogen detection
system), RAPTOR, QTL, BioVEris and Nano-nose (Brown, 2004). Polymerase chain

reactions and immunoassays employ cell lysis (examples of cell-free endpoint detection)



and chromophore or fluorophore dye (labels), which limit their potential. The progress in
cell-based and label-free detection/biosensor technologies is discussed in the next section.
Several studies report involvement of a conserved sequence of elements, called Stress
Response Elements (STRE) in yeast, which regulate the expression of genes whose
products provide protection against most, if not all, environmental stressors (Jamieson
1998). STRE are proposed to be generally activated in response to diverse classes of
stressors and became to be known as “general stress” transcription factors. This general
stress response results in altered expression, induction and repression of ~ 900 genes in
yeast (Gasch et al. 2000). Among these 900, RAD54 (Walmsley et al. 1997 and Knight et
al. 2004), HSP70 (So et al. 2007 and La Terza et al. 2008), CASP3 (Kojio et al. 2006 and
Vachova et al. 2007) and NSMase (Jaffrezou et al. 1998 and Matmati et al. 2008) are
characterized for their strong induction during cellular stress, such as oxidative, heat, UV,
ionizing radiations and chemotherapeutic agents or drugs. Ambiguity in the specificity of
CASP3 assay Kits (Pozarowski et al. 2003 and Vachova et al. 2007) and the acute and cyclic
expression of NSMase in response to toxins (Jaffrezou et al 1998) deter the employment of
these two proteins for the development of an environmental biosensor.

HSP70 and RAD54 are highly conserved from yeast to human, and their stress-response
mechanisms have been well understood (Richter et al. 2010; Heyer et al. 2006; Jamieson
1998). HSP70s, alias molecular chaperons, are key players in facilitating de novo folding
of polypeptide chains produced by ribosomes into functional proteins under normal
physiological conditions. Under stress conditions, the HSP70s are involved in correct
refolding of proteins, preventing aggregation of unfolding proteins and even degradation

of damaged or denatured protein. For all these functions high copy numbers of HSP70s are



required, which are automatically upregulated in response to stress via activation of heat
shock factor 1 in eukaryotes. RAD54, alias DNA repair and recombination proteins, were
originally identified in yeast with sensitivity to UV radiations. Among different types of
DNA damages, double strand breaks are considered the most lethal for cell survival. DNA
double strand breaks are repaired by two major pathways, non-homologous end joining
(most rapid repair) and homologous recombination (most accurate repair). RAD54 is a core
factor in homologous recombination, which serves as a non-mutagenic DNA damage
tolerance pathway that is well characterized in response to genotoxins. Proverbially,
RAD54 serves like a Swiss Army Knife, required at every stage of homologous
recombination, repair and chromatin remodeling in response to DNA damage caused by
genotoxins and other classes of toxins. RAD54 is the most studied stress protein biomarker

used to develop yeast bioreporters for environmental sensing (Cahill et al. 2004).

1.3 CELL-BASED BIOSENSORS

The information from functioning live cells is clearly more useful and reliable than those
from cell-free preparations. The salient feature of a CBB is that it measures the actual
amount of an analyte that is available for activity in the target site (bioavailability), not the
total concentration of analyte (Bahl et al. 2004). CBB tests also allow dynamic studies, an
important attribute for continuous environmental monitoring as compared to endpoint
detection by ELISA and polymerase chain reaction. Since the year 2000, many efforts have
been made to develop CBB technologies (Pancrazio et al. 2001; Stenger et al. 2001; Gu et
al. 2004; Van der Meer et al. 2008; Banerjee et al 2009 and 2010; Xu et al. 2013). No

doubt, mammalian CBB produces human-like functional response and prove an excellent



choice for developing screening device for environmental surveillance (Banerjee et al.
2009). However, mammalian cells are fragile, as they have no cell wall and demand
stringent growth conditions and maintenance. These characteristics are unfavorable for
developing a robust environmental CBB, which is required in a field application, requiring
long-term stability and an extended shelf life. Additionally, most mammalian CBB
technologies are based on cellular electrical properties such as the electrical cell-substrate
impedance sensor (ECIS), bioelectric recognition assay (BERA), field effect transistor
sensor (FETSs), or light addressable potentiometric sensor (LAPS) etc. CANARY (Cellular
Analysis and Notification of Antigen Risks and Yields) is an ECIS-based biosensor
technique that can detect < 50 pathogen particles in < 3 minutes (Rider, 2003; Brown 2004).
While CANARY was the first and true “detect to protect” class of biosensors, its shelf life
is normally limited to two days at room-temperature, although that can be extended to 2
weeks with additional genetic engineering to over-express certain protective genes in the
cells (Petrovick et al. 2010). Unlike mammalian cells and electric detection, the use of
microbial cells and the optical detection technique to measure the functional response to
toxins has great potential to be developed into a specific, robust and portable design for
environmental application.

Microbes are robust, easy to grow and modify genetically for use in the detection of toxins.
Such cells contain two essential elements; a promoter gene that is turned on (transcribed)

when a toxin is present, and a reporter gene that then produce a visible signal (Fig. 2).
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Fig. 2: Schematic of bioreporter technology. A promoter/regulator gene responds to stress,
which in turn results in transcription of a reporter gene that is then translated into visible
reporter protein/enzyme. The accumulation of visible reporter enzyme is directly related to
the stress levels (after Harms et al. 2006).

Naturally occurring biomolecules such as DNA, protein, lipid and carbohydrates are
thought to adapt to, or combat stress. These molecules are linked to genes that can be
engineered and replaced with a label or marker. The engineered microbial cell is called a
bioreporter, which is one of the most successful CBB technologies for environmental
monitoring (Gu et al. 2004; Harms et al. 2006; Van der Meer et al. 2008; Xu et al. 2013).
Since the first bioreporter employed prokaryotes (Bahl et al. 2004), bacteria have been the
primary choice for this technology (Van der Meer et al. 2010), despite the considerable
differences between compared to eukaryotes.

Yeast, a single-celled eukaryote, is a better choice among microbes to develop a CBB
(Baronian, 2004). The stress response elements (STRE)-regulated induction of proteins in
response to stress is a well characterized mechanism, which is particularly well studied for

oxidative stress conditions (Jamieson et al. 1998). Generation of reactive oxygen species

10



(ROS) by organisms in response to oxidants, such as peroxide (H202) and photochemical
damage by UV radiation (when UV acts on O2 converting it to highly unstable O3
molecules, ozone) are major stress and toxicity mechanisms. Several yeast bioreporters
have been developed to study stress response (Terziyska et al. 2000; Afanassiev et al. 2000;
Knight et al. 2002; Leskinsen et al. 2005; Bovee et al. 2007; Alonso et al. 2009).
Bioreporters for intracellular detection of HSP70 and RAD54 stress proteins have been
developed as portable sensors for environmental applications (La Terza et al. 2008 and
Knight et al. 2004). A commercially developed assay, Green Screen Assay (Cahill et al.
2004) uses a RAD54 promoter green fluorescent protein (GFP) reporter gene to measure
cytotoxicity and genotoxicity (Jia et al. 2002), and to improve high throughput screening
(Knight et al. 2002) and portability (Knight et al. 2004). The Green Screen Assay has been
used for environmental and pharmaceutical applications. However, although, the yeast
model has shown promising results and potential in academia, it is not widely accepted for
commercial applications because of the required prolonged incubation with toxins (Harms
et al. 2006). This is the major limitation towards the development of a rapid detect-to-

protect biosensor for environmental surveillance.

1.4 LABEL-FREE CELL-BASED BIOSENSORS

Label-free cell-based biosensor (LF-CBB) technologies have been developed and
commercialized since 1990, when Biacore (now GE Healthcare) first introduced their
surface plasmon resonance (SPR)-based instrument. There has been a lot of progress in
LF-CBBs since then. Depending on the nature of the transducers, the successful LF-CBBs

can be broadly divided into two categories, optical and electrical (Comley 2008; Harigan
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et al. 2010; Fang 2011). Commercially available LF-optical CBB technologies including
SPR and resonant waveguide grafting (RWG) and LF-electrical CBB are impedance-based

detection systems (Fig. 3).
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Fig. 3: Mechanisms and examples of commercial label-free cell-based biosensors. Surface
plasmon resonance (SPR) (a) and resonant waveguide grafting (RWG) (b) are optical
sensors that use surface bound evanescent wave to characterize the alteration in refractive
index (6) generated by metal surfaces and leaky nano-grafting structures, respectively.
Electrical cell-impedance sensors (ECIS) (c) are based on the impedance of the cell to
current flow between and within the cell. The change in refractive index and the current is
directly related to stress in the environment (after Fang 2011).
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SPR and RWG use surface bound evanescent waves to characterize the alteration in the
local refractive index at a sensor surface. Electromagnetic waves in SPR are generated by
a metallic surface made of gold or silver (plasmonic metal nanoparticles, PMNPSs) through
plasmon resonance. In RWG, the electromagnetic waves are developed by the diffraction
of broadband light through a leaky nano-grating structure. The change in refractive index
in the case of optical sensors, and current in the case of electrical ones is directly related to
the stress conditions in the environment that act on the cells. However, these sensors have
not found widespread commercial success as compared to ELISA detection because of the
several problems that are described by Comely (2008) and Hartigan (2010), which are
listed below:
1. Low sensitivity and selectivity
2. High cost of the instruments and plates, which prohibit their applications for
continuous environmental surveillance and primary screening
3. Stringent growth conditions of mammalian cells do not allow the development of
portable and/or wearable designs.
These limitations have led to the continued search of new types of LF-CBB techniques that

are ultra-sensitive, accurate, multiplex, portable and continuous.

1.5RAMAN  SPECTROSCOPY AND  SURFACE-ENHANCED RAMAN

SPECTROSCOPY (RS AND SERS)

Raman spectroscopy (RS) is an optical-based sensing technology, which is used to observe

light scattering from the sample with energy different from the incident light (Fig.4).
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Fig. 4: Schematic of various interactions of a molecule with monochromatic light.
Unlabeled arrows indicate other types of scattering, known such as Thompson scattering
and Compton scattering, and unknown (after Ansari 2008).

Most of the incident photons are transmitted, although some of the photons are absorbed
or scattered in different directions. The majority of the scattered light has the same energy
as the incident light (elastic scattering). However, a small amount (1 photon per 108-10%
incident photons) is in-elastically scattered, which is the basis of RS. RS produces rich and
narrow spectral peaks as compared to fluorescence spectroscopy, which are based on light

absorption and produces few and broad peaks (Fig. 5).
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Fig. 5: Raman vs. fluorescence spectrum (after Ansari 2008).
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Raman signals are often weaker and accompanied by fluorescence, which interfere with
the desired Raman signals. To address this limitation, several modified techniques have
been developed to enhance Raman signals, such as resonance Raman scattering (RRS),
hyper Raman scattering (HRS) and surface-enhanced Raman scattering (SERS). The cross-
section area of different types of spectroscopy is directly related to its sensitivity. SERS
has the highest cross section area among all RS types, comparable to fluorescence

spectroscopy (Table 1).

Table 1: Raman cross-section areas of different types of Raman spectroscopy (RS)
compared to fluorescence spectroscopy (Kneipp et al. 2002).

Type of Spectroscopy Raman Cross Section (cm2/molecule)
Normal/ Spontaneous RS 1031 - 102

Resonant RS 1027 — 10

Surface Enhanced RS 1016

Fluorescence 106 _ 107

In the mid-1970s, it was first reported that the intensity of the Raman scattering for a
molecule might be dramatically increased when the analyte is in close proximity to
colloidal metal NPs or rough metal surfaces with SPR properties, a phenomenon called
Surface-Enhanced Raman Scattering or SERS (Fleischm et al. 1974; Jeanmaire et al. 1977).
The enhancement factor in SERS can be on the order of 10'%-10%, allowing the detection
of a single molecule, once considered unthinkable (Kneipp et al. 1997; Doering et al. 2002).

The sensitivity of RS in the presence of plasmonic metal nanoparticles can equal or exceed
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fluorescence sensitivity (Rossi et al. 2005; Lutz et al. 2008). SERS can be performed
without labels (label-free) as well as by employing labels (label-based), using Raman
reporters such as crystal violet, cresyl violet, Rose Bengal, rhodamine6G and p-
mercaptobenzoic acid. These Raman reporters are non-fluorescent and when attached to
SERS NPs gives sharper Raman spectral peaks. Several researchers have decorated pH-
sensitive Raman reporters on SERS substrates to create cellular maps with a pH range of
2-8 (Kneipp et al. 2007; Wang et al. 2008). Such information can be very useful to study
the cellular response to various environmental stressors. Undoubtedly, Raman reporters
can facilitate SERS detection of multiple analytes (Maltzahn et al. 2009). However, SERS
signal intensity of Raman reporters or dyes is significantly attenuated in protein/dye
mixtures and conjugates, a major limitation of label-based SERS immunosensing (Zhang
et al. 2009). In label-free detection the analyte is either directly applied to the SERS
substrate (Au/Ag) or is captured and immobilized by specific interactions with antibodies,
aptamers or related molecules. Much research has been devoted to develop label-free SERS
sensors (Pal et al. 2006; Qi et al. 2007; Stokes et al. 2008; Lin et al. 2008).

The application of RS/SERS towards development of CBB (Notingher et al. 2006,
Notingher 2007; Chan et al. 2008; Han et al. 2009) and detection of cellular components
such as nucleic acids (Cao et al. 2002; Pal et a. 2006; Vo-Dinh et al. 2002; Culha et al.
2003; Wabuyele et al. 2005; Fabris et al. 2007) proteins and amino acids (Grubisha et al.
2003; Tuma 2005; Jun et al. 2007; Li et al. 2008; Lutz et al. 2008; Culha 2012) and lipids
(Nan et al. 2006; Wang et al. 2008) has been reviewed. DNA and protein arrays for

simultaneous detection of multiple analytes also have been reported (Cao et al. 2002; Jun
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et al. 2007). However, there is no CBB for the detection of specific proteins using

intracellular SERS immunosensing.

1.6 SERS SUBSTRATES

Plasmonic metal nanoparticles (PMNPs) such as Au and Ag exhibit strong scattering and
robust photo stability to generate intense and stable Raman signals compared to QDs and
fluorescence dyes/materials (Ansari 2008). Scattering of a single 80 nm PMNP can be as
bright as the fluorescence of 10° QDs or 10° dye-doped beads of 100-nm diameter (Ansari
2008; Schultz et al. 2000). Like QDs, PMNPs can also be size-tuned for emission of
specific color wavelengths (Fig. 6a, Stamplecoskie et al. 2011,). Their optical properties
strongly depend on type of material, size, shape and other physio-chemical properties (Fig.
6b, Mulvanev 1996; Oldenberg et al. 1998; Lazarides et al. 2000; Mock et al. 2002; Lee et
al. 2006 and Prathna et al. 2011). Spherical NP of 50-60 nm diameter is the optimal size
for high SERS intensity (Fig. 6¢c, Stamplecoskie et al. 2011) and cell uptake (Fig. 6d,
Chithrani et al. 2006). Interestingly, Ag NP exhibits much higher scattering property than
Au NP of similar shape and size, which makes Ag NP a better SERS substrate over Au NP

(Kerker 1987 and Lee et al. 2006).
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Fig. 6: Size dependent Ag NPs properties. Ag NPs UV-Vis absobance maximum shifts to
higher wavelength, with increasing size (a) and increasing pH (b). SERS signal intensity
of rhodamine 6G at 1365 cm™ as a function of Ag NPs size (c) and cell uptake as a function
of Au NPs size (d). Black line indicates best curve fit and the green line is the polynomial
fit to the data points (c), to guide readers’ eyes to easily observe the trend in SERS intensity
w.r.t. Ag NPs size. Red and blue data points (c) correspond to two completely different
batches of Ag NPs measured one year apart. 50-60 nm is the optimal size for high SERS
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sensitivity and cell uptake (a and c are after Stamplecoskie et al. 2011; b after Prathna et
al. 2011 and d after Chithrani et al. 2006).

Au and Ag NPs are used as PMNPs because they can induce SPR at visible excitation
wavelengths (400-700 nm), which are commonly used for biological detection and imaging
(Lee et al. 2006). Since the discovery of the SERS technology, researchers have been
attempting to develop a SERS substrate that is biologically compatible and can be used
within a single cell. Although the methods of synthesizing Au and Ag NPs are well known,
their toxicity and rapid aggregation in buffer and culture media is a concern (Turkevich et
al. 1951; Frens 1973; Lee et al. 1982; Ansari, 2008). Therefore, they must be coated with
nontoxic organic compounds (Yu, 2001; Su, 2005; Wei, 2007; Kumar, 2008; Liu, 2010;
Li, 2012; Potara, 2012) with little or no Raman background. Each metallic SERS substrate
has its own advantages and disadvantages in developing biosensors. However, Au is
reported to be more compatible for biological applications compared to Ag, but to have
less SERS potential (Kerker 1987; Lee et al. 2006). Different shapes/architectures of Au
and Ag have been developed to increase compatibility and/or SERS signals (Pande et al.
2007; Kumar, 2012).

Advances in nanotechnology have generated many nanomaterials that are being engineered
for diagnosis and therapeutic applications. To fully realize their potential in physiological
systems they must reach their sub-cellular targets with high efficiency and specificity.
Indeed, such intracellular delivery of SERS sensors to live cells is necessary for continuous
and dynamic monitoring of their responses to environmental toxins. Physical and chemical
properties including surface charge, polarization and other functionalities at the surface

primarily govern the delivery efficiency, while the inclusion of targeting ligands such as
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antibodies, aptamers and DNA strands confer specificity. The ideal composition of the
sensor depends on the application. For intracellular applications of NPs, efficient delivery
to the site of interest (mostly intracellular organelles) is a prerequisite. Any cell,
microbial or animal, expresses a very large number of specific protein molecules
In response to stress, toxin or disease conditions. The most widely studied
biomarkers include CASP, HSP, RAD and several others, are in range of 103 to
10°% molecules per cell (yeast to animal cell, respectively) as baseline levels. A
typical charge-driven passive diffusion has three limiting steps including slow
endocytosis, entrapment in endosomes and little or no movement through dense cytoplasm
into target organelles. Therefore, passive diffusion technically fails to efficiently deliver
high payload with uniform intracellular distribution of sensor molecules required for
intracellular immunosensing. Most charge-driven uptake of NP is through receptor-
mediated endocytosis, which is slow but can be increased by ligands attached to the NP
(Wadia et al. 2004; Ye et al. 2012). After internalization, depending on the different modes
of endocytosis, NPs can be exocytosed or the endosome can undergo internal rupture and

release of cargo to organelles (Fig. 7).
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Fig. 7: Three limiting steps in efficient delivery of NPs for intracellular applications. First,
endocytosis of NPs through cellular membrane occurs by different mechanisms based on
the property of the cell and the NPs. Second, encasing of internalized NPs in small
endosomal vesicles, which grow and fuse with lysosome (endocytic pathway), followed by
sorting of the NPs and their exocytosis or entrapment. Third, rupture release of NPs from
endo-lysosomes results in their passage to cellular organelles (after Chou et al. 2011).
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The presence of the cell-wall in yeast and other microbial cells as compared to mammalian
cells represents an additional barrier that makes the intracellular delivery of cargo very
challenging. Several techniques that ameliorate this problem involve active, facilitated and
passive delivery. Active techniques include electroporation, bombardment using
microprojectiles, and microinjection (Hashimoto et al. 1985; Johnston et al. 1988; Riveline
et al. 2009). However, these techniques are primarily designed and tested to deliver DNA
(transformation). Facilitated uptake by conjugation of cationic polymers (Yezhelyev et al.
2008; Kievit et al. 2009), cell permeability peptides (Stewart et al. 2008; Heitz et al. 2009),
or ligands, including transferrin (Choi et al. 2010), RGD (Oba et al. 2008) and folic acid
(Bharali et al. 2005) have all been reported to increase NP uptake.

TATHAZ2, a combination of two viral peptides, has emerged to be one of the best ligand-
facilitated approaches to confer efficient delivery of NPs into cells (Wadia et al. 2004;
Kumar et al. 2007; Kumar et al. 2008; Ye et al. 2012). TAT stands for “trans-activator of
transcription”, a regulatory protein encoded by TAT gene in HIV-1 virus, and the HA
stands for “hemagglutinin”, a glycoprotein present on influenza virus’s surface. The
mechanism of internalization (macropinocytosis) and lack of toxicity of TATHAZ2 have
been established (Wadia et al. 2004; Ye et al. 2012). TATHA2-mediated intracellular
delivery is a lipid raft-dependent form of micropinocytosis that facilitates uptake of NPs
by a receptor-and energy-independent mechanism (Wadia et al. 2004; Ye et al. 2012; Herce
et al. 2014). By contrast, receptor- and energy-dependent endocytosis is slow and typical
of charge-driven cellular uptake of NPs (Chithrani et al. 2006; Yen et al. 2009; Cho et al.
2010). The fundamental mechanism of TATHA2-mediated uptake of NPs is proposed to

be universal among cells from different species and kingdoms (Herce et al. 2014; Wadia
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et al. 2004). Briefly, cellular internalization is facilitated by a TAT moiety, which is a very
rapid process (an hour or less), while endosomal rupture release is controlled by the HA2
moiety, a rate limiting step that can take up to several hours (Wadia et al. 2004). Like any
other cell penetrating peptides, TAT is rich in highly cationic arginine molecules, which
have a high binding affinity to deprotonated fatty acid chains that are abundant in plasma
membrane. The TAT-fatty acid complex inserts and nucleates a channel in the plasma
membrane leading to cellular internalization of NPs and concurrent protonation of fatty
acid chains, which are available to repeat the next cycle. Besides the plasma membrane,
the endosome plays a vital role in cellular uptake because most NPs, including those that
are TAT functionalized, are entrapped by this structure. However, HA2 moieties are able
to protonate the endosome (macropinosome) in TATHAZ2-mediated delivery. This results
in conformational changes in the a-helix of the HA2 hydrophobic face to increase the
lateral pressure and surface tension, resulting in endosomal rupture release of the NPs (Ye
etal. 2012).

There are very few reports on delivery of Au and Ag NPs in living cells by TATHA2
facilitated delivery and electroporation, respectively (Kumar 2008; Lin et al. 2009; Yu et
al. 2011; Yuan et al. 2012). Single 18-nm Au NP is functionalized with ~ nine MAbs for
targeting and TATHAZ delivery peptides towards intracellular sensing (Sonia et al. 2008).
The relationship between size of NP and the number of MAbs can be extrapolated to
estimate the number of 60-nm SERS substrate required to detect a given number of protein
molecules expressed by a single cell, protein to MAb ratio is 1:1. Accordingly, for
intracellular detection of 5x10* protein molecules inside yeast, roughly 4000 60-nm SERS

sensor molecules with preferentially uniform intracellular distribution are estimated to be
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required. Additionally, proteins such as RAD54, which are abundant in the cytosol and

nucleus, ~7000 molecules in yeast (Mazin et al 2010) will require at least 4000 sensor

molecules to be internalized into a single yeast cell. To estimate the number of Au NPs, a

mild iodine/potassium iodide (I12/K1) solution can be used to selectively etch the Au NPs,

removing Au NPs exclusively from the cell surface and not the internalized, without

leading to any significant toxicity and change in cell morphology (Cho et al. 2009).

Advantages and disadvantages of intracellular delivery techniques in the context to

development of a SERS CBB are tabulated (Table 2).

Table 2: Comparison of three types of strategies to deliver NPs inside cells.

Property Passive Active Facilitated
Uptake  relies  on | Direct manipulation | Decorating the
inherent of cell by making | SERS substrate

Basis physicochemical holes or creating | with functional
properties of SERS | pores using physical | molecules;
substrate without any | methods  including | biological or
cell alteration microinjection or | chemicals)

electroporation without  cell
manipulation
High as the
techniques  involve
Damage Little/none cell manipulation Little/none
1-60 min depending
on type and number of

Time Several hours (12-24 | repetitions 1-6 hrs

needed for | hours)

delivery

Number of

cells treated

per expt. Billions Thousands Billions
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Extra cost Higher cost of

and labor proteins  and
None $Thousands one-time | more labor

investment to buy | required  for
instrument, and some | conjugation of

labor ligand.
Intracellular
distribution
Endosomal entrapment | Primarily in cytosol, | Uniformly
may or may not reach | distributed
organelles within cell to
cytosol and
organelles
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CHAPTER 2 STATEMENT OF RESEARCH, OBJECTIVE, HYPOTHESES &
SPECIFIC AIMS

2.1 STATEMENT OF RESEARCH

Almost all current biosensor technologies detect the molecule of interest using exogenous
or endogenous labels. Those inside the cell include bioreporters, whereas the typical
extracellular technique is ELISA. However, these techniques present several limitations,
discussed in chapter one. Most noteworthy, the label-based design introduces uncertainty
in detection due to indirect measurement of the signals from the label-conjugated analyte,
wherein the intensity of the label is measured and not the analyte. In addition, a cell-free
detection has inherent limitation of end-point measurement, which requires lysing the cell
to extract analyte concentration

To overcome these limitations, | developed a SERS immunosensor for extracellular
detection of proteins expressed by yeast in response to potential TICs and CWAs. The
SERS immunosensor fulfilled the critical attributes of a RISE detect-to-protect class of

biosensor for environmental surveillance that can be used in resource-limited settings.

2.2 OBJECTIVE AND HYPOTHESES

The objective of the project was to design a SERS immunosensor, compare its sensing
attributes with industry-standard ELISA technique, and develop a proof-of-concept
prototype microchip design for applications in environmental surveillance. The following

hypotheses were tested to meet the objective:
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H1: The SERS immunosensor prepared using Ag NPs will outperform ELISA in the
extracellular detection of the stress proteins, RAD54 and HSP70 by allowing label-free
detection with sensitivity > ELISA and turnaround time < 2 hours.

H2: The SERS sensor will be efficiently delivered intracellularly with uptake of > 4000
sensor molecules/cell within 12 hours towards development of a SERS immunosensor for

intracellular detection.

2.3 SPECIFIC AIMS

Below is a list of specific aims to test the two hypotheses. Please refer to chapter 3 for
details on methodology and the subsequent chapters for the results and summary of each.
Almost all results on the specific aims have been published (Bhardwaj et al. 2013,
Bhardwaj et al. Analyst 2015; Bhardwaj et al. SPIE 2015). Written permissions have been
obtained from the journal editors to use the content of my publications. Please see
appendices for the permission emails.

2.3.1. Specific aim#1: Extracellular detection of stress proteins using ELISA

2.3.2. Specific aim#2: Fabrication of colloidal SERS sensor

2.3.3. Specific aim#3: Extracellular detection of stress protein using SERS sensor aka
SLISA

2.3.4. Specific aim#4: Efficient intracellular delivery and detection using SERS sensor

2.3.5. Specific aim#5: A case study: on-chip SLISA.
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CHAPTER 3 MATERIALS AND METHODS
3.1 MATERIALS AND METYHODS FOR EXTRACELLULAR DETECTION OF

STRESS PROTEINS USING ELISA

3.1.1 YEAST GROWTH
The culturing and handling of yeast was adapted from standard protocols (Clontech 2009;
MacDonald et al. 2001). Briefly, the dehydrated YPD broth and YPD Agar (Sigma Aldrich
USA) were dissolved in de-ionized (DI) water, 50 g/l and 65 g/l, respectively and sterilized
using Barnstead SterileMax Sterilizer for 15 minutes at 1 bar and 121 °C. The 20 pl
inoculum/10 ml YPD broth were added and incubated for ~ 3 days in shaker incubator
(VWR USA) 30 °C and 150-200 rpm. For growth on solid YPD agar media the cell
inoculum was spread over the solidified agar plates using a sterilized loop (Sigma Aldrich
USA). The plates were inverted and incubated at 30 °C for 3-5 days to allow full
development of colonies. The stock liquid and solid cultures were stored at 4 °C, and
remained good for a few months. The number of cells in the culture was determined using
absorbance at 600 nm measured using a CaryWinUV spectrophotometer (Varian/Agilent
Technologies, Switzerland). Cell density was calculated by the Beer-Lambert equation
(Von der Haar 2007) and confirmed using a hemocytometer and agar colony counts. The
log phase densities of yeast culture is typically 106-108 cells/ml; early log phase (< 10),

mid log phase (1 to 5x10°) and late log phase (> 5x10°).

3.1.2 TOXINS EXPOSURE
The cells in log phase (107 cells/ml) were harvested and exposed to UV radiation using a

handheld UV lamp (UVP LLC USA), and hydrogen peroxide (H202) (Sigma Aldrich
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USA). One ml culture of yeast was exposed to 3 incremental doses of each toxin and H20:2
at concentrations of 5, 50 and 500 mM for 60 minutes and UV A, B and C (365, 302 and

254 nm, respectively) for 15 minutes.

3.1.3CELL LYSIS
The cells exposed to toxins and those not exposed (controls) were washed twice with
phosphate buffer saline (PBS) and lysed using a yeast-protein extraction reagent (Y-PER)
(Thermo Fisher Scientific USA), in a mild lysing buffer, following manufacturer’s
instructions (appendix I). Briefly, the cell pellet was incubated with 1 ml. Y-PER in the
presence of 10 pl protease inhibitor cocktail (Sigma Aldrich USA) for 20 minutes at room
temperature with intermittent agitation, followed by collection of supernatant after
centrifugation at 14,000 g for 10 minutes (model 5415C, Eppendorf USA). The quality of
protein extraction was validated by scanning for maximum UV absorption in range 200-

400 nm (Marenchino et al. 2009).

3.1.4 TOTAL PROTEIN ESTIMATION
The quantity of total protein in the extract was estimated using a commercial BCA kit
(Thermo Fisher Scientific USA), following manufacturer’s instructions. Briefly, 25 pl of
standard (BSA), sample (cell-extract) and blanks (the diluent and lysing buffer) were
loaded in duplicate in 96 well-plates. The 200 pl of the BCA reagent was added, mixed,
and incubated for 30 minutes at 30°C in an Enviro-Genei (Thomas Scientific, USA). A
micro plate reader (Synergy HT from BioTek USA) was employed to determine
absorbance at 562 nm, followed by average blank subtraction, standard curve preparation,

and subsequent determination of protein concentration. Please see chapter 4, section 4.3
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for brief information and the instruction manual in the appendix Il for detailed information

on principle of the BCA assay.

3.1.5 SPECIFIC STRESS PROTEIN ESTIMATION
The specific proteins, RAD54 (Cedarlane Laboratories, Inc. USA) and HSP70 (Thermo
Fisher Scientific Inc. USA) were quantified in yeast extract using commercial ELISA assay
kits, following manufacturer’s instructions. Brief information on the general principles of
all ELISA kits used in the study is reported below. Please see the instructional manual for
detailed information on the individual ELISA kits, appendix Illa for RAD54 and appendix

I11b for HSP70.

ELISA

Proteins were detected using the standard sandwich ELISA kit/technique. Briefly, 100 ul
of standard, sample and blank were loaded in duplicate in the micro titre plate supplied in
the kit with wells pre-coated with monoclonal antibody (MAb) specific to the protein being
detected, and incubated for 2 hours at 37°C. The preparation was then aspirated and several
detection reagents were added: biotin-conjugated polyclonal antibody (PAb) for 1 hour,
avidin-conjugated horseradish peroxidase for 30 minutes, chromogen substrate solution for
20 minutes, and finally a stop solution, usually sulphuric acid. The absorbance was
measured at 450 nm using a Bio Tek micro plate reader, followed by the determination of

specific protein concentration from a standard curve. ELISA assay required ~ 6 hours.
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* Please refer to the instruction manuals, appendix I-111, of the commercial kits used in
the study for details on principles and protocols. Certificates of Analysis of the products

are available online.

3.2 MATERIALS AND METHODS FOR FABRICATION OF COLLOIDAL SERS

SENSOR

3.2.1 SYNTHESIS OF COLLOIDAL SERS SUBSTRATES
Two widely used SERS substrates, colloidal Au and Ag NPs were prepared by the single-
step citrate reduction of their salts, gold (lll) chloride trihydrate or sliver nitrate,
respectively (Sigma Aldrich USA) (Lee et al. 1982) with some modifications to mitigate
particle-specific toxicity (Xiu et al. 2012; Levard et al. 2012; Bondarenko et al. 2013).
Briefly, 1% trisodium citrate dehydrate (Sigma Aldrich USA) was added rapidly while
stirring to a boiling solution of either 1 mM Au or Ag salt solution that was cooled to room
temperature after reaching wine-red (Au) or yellow-greenish (Ag) color. The parameters
affecting transformation of NPs to ions by oxidation and dissolution were controlled at the
time of synthesis and storage to mitigate NP-specific toxicity. All glass materials were
washed with aqua regia prepared by mixing hydrochloric acid and nitric acid (Sigma
Aldrich USA) in three parts to one, followed by DI water and were then oven-dried.
Ultrapure DI water was used for preparing all solutions. Exposure of NPs to light, cold

temperature and centrifugation was minimized.

3.2.2 PHYSICAL CHARACTERIZATION OF SERS SUBSTRATES
The size, shape, distribution, surface charge and concentration of colloids was determined

using state-of-the-art analytical instruments; a UV-Vis spectrophotometer (Cary Varian,
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Agilent Technologies, USA) a laser Doppler micro-electrophoretic analyzer (Zetasizer
nano-ZS, Malvern, UK), a transmission electron microscope (TEM CMZ200, Philips,
Netherlands) and an inductively coupled plasma mass spectrometer (ICP-MS ELAN DRC-

I1, PerkinElmer, USA).

3.2.3 SELECTION OF ACTIVE SERS SUBSTRATE

The SERS potential/activity of Au and Ag NPs was evaluated using Rhodamine 6G (R6G)
(Sigma Aldrich USA) as a probe molecule. The average SERS enhancement factor (EF)
was calculated using a simple equation (Payne et al. 2005):

EF = (Nvol/lsurf).(Nsurf/Ivor)

Nvor and Nsurf indicate the number of probe molecules in the aqueous sample volume and
on the surface of the SERS substrate, respectively. Ivor and lsurr are the corresponding
Raman and SERS intensities. The R6G characteristic peak at 1503cm™ and the footprint
area A was considered for the calculation of EF. Ag NPs showed significantly higher
activity than Au NPs and therefore, Ag NP substrate was used for the fabrication of SERS

immunosensors as described in the following section.

3.2.4 FABRICATION OF SERS SENSOR
The MADbs for RAD54 and HSP70 (Abcam Plc USA) were conjugated to Ag NPs via a
bifunctional mercapto-methyl-thiazoleacetic acid linker (MMT LK) from Sigma Aldrich
USA using standard carbodiimide chemistry using a protocol adapted from a previous
report (Li et al. 2006). The reported protocol was modified to increase yield and stability
by following a reported MAbs-to-MMT-to-Ag NPs conjugation methodology (Kumar et

al. 2007). Briefly, the MMT Lk (10 ul, 10 mM prepared in 15% ethanol) activated with a
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carbodiimide-N-hydroxysuccinimide reagent was mixed with 10 pg MADbs for 1 hr at room
temperature with intermittent mixing. The MMT-MADs solution was passed through an
Amico ultracentrifugal filter units of molecular weight cut off 10 KDa (Sigma Aldrich
USA) by centrifugation. The conjugate was mixed with 1 ml Ag NP colloids (roughly
7x10%° NPs per ml) for 1 hr. Two blocking agents from Sigma Aldrich USA, mPEGSH
(methoxy-poly-ethylene-glycol-sulfhydryl) for primary blocking and BSA’s FAFGF
(bovine serum albumin fatty-acid free and globulin-free) preparation for secondary
blocking were sequentially added and incubated for 20 minutes each, followed by a single
centrifugation at 2500g for 20 minutes. This produced the MAbs-Ag NP immunosensor.
Sensors with targeting MAbs for RAD54 and HSP70 is expected to diffuse passively and
exhibit slow and poor cell uptake. Therefore, to achieve efficient intracellular uptake, a
fusogenic delivery peptide with cell permeability and endosomal rupture-release
properties, TATHAZ2 from AnaSpec Eurogentec USA, was conjugated to the Ag NPs. For
synthesis of the SERS immunosensor with targeting as well as delivery peptides, an equal
ratio of MADbs for targeting and delivery was used, and TATHA2 was added prior to the

blocking agents.

3.2.5 CHARACTERIZATION OF SERS SENSOR
Besides physical characterization, similar to the SERS substrate mentioned in 3.2.4, the
immunosensor was also chemically characterized for the conjugation at each step using a
Raman spectro-microscope. A drop of sample at each conjugation step was air-dried on a
microscope slide and the Raman spectra were acquired. The methodology for Raman

instrumentation and analysis is reported separately in section 3.3.2.
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3.2.6 SELECTIVITY TESTING OF SERS SENSOR
The selectivity of the SERS immunosensor was tested by measuring standard proteins in
pure solution (direct SERS by adsorbing proteins on the Ag NPs) and in mixture with R6G.

Clearly delineated peak/s characteristic of proteins were used for their quantification.

3.3 MATERIALS AND METHODS FOR EXTRACELLULAR DETECTION OF

STRESS PROTEINS USING SERS SENSOR AKA SLISA

3.3.1 SERS INSTRUMENTATION AND MEASUREMENT
The RamanStation 400F uses an excitation laser source of 785 nm wavelength, average
power of 100 mW at the sample and a spot size of 100 microns under Raman spectroscope
Built-in Spectrum software was used for processing the spectra, including baseline
correction, normalization, background subtraction, peak assignment and resolution. All
spectra were acquired using a laser exposure time of 5-10 seconds (5 acquisitions of 1-2
seconds each). The Raman microscope was used for low sample volumes and chemical
characterization of the SERS sensor. A drop of sample was placed on a pre-cleaned glass
slide and manually focused under a 20x objective, scanning the sample from center to the
edge. The Raman spectroscope was used for high throughput screening of the sample. 200
ul of sample volume was loaded in a glass bottom well plate in duplicate and analyzed at
three different spots per sample (2x3 spectra for each sample) to obtain a mean intensity of
the Raman peaks. The experiment was repeated three times (n=3). The intra- and inter-
batch variation in intensity of the Raman peaks was reported as the mean + S.D. to assess

reproducibility (Malvaney et al. 2003).
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3.3.2 ESTIMATION OF PROTEINS
Yeast was grown to 107 cells/ml and exposed to incremental doses of stress toxins, H202
at 5, 50 and 500 mM for 60 minutes, and UV A, B and C for 15 minutes. The cells were
then lysed using mild Y-PER, reported in section 3.1.3. To detect RAD54 and HSP70
proteins, 10 ul cell lysate was incubated with SERS immunosensor for 90 minutes to allow
ample time for interaction between antigen and antibody, followed by SERS measurement.
The yield of specific proteins was calculated from the SERS calibration curves of standard

proteins.

3.3.3 COMPARISON OF TWO SENSORS, ELISA VS. SLISA
The performance of SLISA was compared to industry-standard ELISA in terms of RISE
detection. Other sensor attributes, including the limit of detection (LOD), correlation

coefficient (R?), reproducibility etc. were also compared.

3.4 MATERIALS AND METHODS FOR INTRACELLULAR DELIVERY AND

DETECTION USING SERS SENSOR

3.4.1 CELLULAR TOXICITY STUDIES
SERS substrates and sensors were incubated with yeast normalized to 10° Ag NPs per cell.
The growth inhibition effect of Ag NPs was studied using nanoparticle concentrations of
1,10 and 100 ppm for 3, 6 and 12 hours. The cell mortality was determined by agar plating,
and growth inhibition was assessed by optical density at 600 nm and dye exclusion assay
using trypan blue from Sigma Aldrich USA (Almeida et al. 2008; Xiu et al. 2012). The

silver ions (Ag+) and chitosan nanoparticles (80-200 nm, prepared using ionic gelation
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method reported by Janes et al. 2001) were included in the study as positive and negative
controls, as they are well characterized for their cytotoxicity and biocompatibility
properties, respectively. Electroporation apparatus and the cuvettes from Bio RAD USA,
designed especially for yeast was used to test the cytotoxicity effect of
active/electroporation-mediated intracellular delivery of Ag NPs (Lin et al. 2009; Yu et al.
2011). Almost every possible parameter (electric field strength, pulse duration and pattern,
temperature and electroporation media) was investigated to identify the least toxic
electroporation settings. Cellular morphological damage in response to electroporation was
assessed using SEM and toxicity by colony formation assay. Electroporation exhibited
high toxicity even at the lowest achievable electric field strength (E) and time (1 ms) and
was therefore determined to not be a good choice towards development of a SERS

immunosensor for intracellular detection, and was not investigated for cell uptake.

3.4.2 CELLULAR UPTAKE STUDIES
The number of Ag NPs and their localization after intracellular delivery via passive and
TATHAZ2-faciliated diffusion was estimated by ICP-MS and in situ by TEM, respectively
(Cho et al. 2009; 2010; Zhu et al. 2008; Sen et al. 2011). The cells were lysed to release
the Ag NPs, and were then dissolved by acid digestion to Ag™ and measured using ICP-
MS. The cells were thin-sectioned (25-50 nm thick) using a Porter-Blum MT-1
Ultramicrotome (DuPont-Sorvall USA) and a diamond knife (DDK USA) to observe the
intracellular distribution of Ag NPs using TEM. The intracellular Ag NPs localization and
yield was estimated after selective removal of Ag NPs from the cell surface using a mild

12/K1 etching procedure and validated by SEM 6330F (Jeol USA) (Cho et al. 2009; 2010).
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The TATHA2 mediated delivery method was able to efficiently deliver Ag NPs into yeast
cells and was therefore considered further for intracellular detection to test the feasibility

of CBB-SIST.

3.4.3 SENSOR STABILITY AND INTRACELLULAR DETECTION
SERS immunosensor with targeting and delivery peptides were incubated with cells (CBB)
for 3, 6 and 12 hrs at room temperature, followed by three washings with PBS using
centrifugation (Kumar et al. 2007 and 2008). The SERS immunosensor and CBB were
tested for stability and the intracellular signals of the nano-bioconjugate using a Raman

spectro-microscope.
3.5 MATERIALS AND METHODS FOR A CASE STUDY

3.5.1 FABRICATION OF A PROTOTYPE MICROCHIP
Polymethyl methacrylate, common name plexiglass, from McMaster-Carr, Inc., Atlanta,
GA, USA, was used to fabricate the microchip (2x3 wells). The dimensions of the
microchip were 30.5x25.5x1 mm (LxWxH) with a 3 mm step around the perimeter of
the top to fit a lid and a 1 mm step at the bottom to accommodate a commercial

microscope coverslip (30x25 mm).

3.5.2 ON-CHIP SLISA: A CASE STUDY
Yeast cells grown in YPD were harvested in early saturation phase of growth and

distributed into the first row of the microchip (Al through A3, Figure 8), covered with a

plexiglass lid, and stored as slurries of 107 cells at 4°C until use.
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Fig. 8: Microchip Design.

H,0, was added to experimental wells and DI water to the control well. A single-time
multiple-dose study employed peroxide concentrations of 5, 50 and 500 mM for 60
minutes. Y-PER supplemented with protease inhibitor cocktail was added to the cells and
incubated for 20 minutes at RT. The supernatant (cell extract) was transferred using an
ultrafine pipette tip into the second row of wells (B1 through B3) and incubated with
the colloidal SERS immunosensor for RAD54 SERS detection by incubating for 90
minutes at RT. The H202-RAD54 dose-response relationship was translated to a three-tiered
scheme of toxicity established by the us EPA

(http://www.epa.gov/oppt/aegl/pubs/humanhealth.htm), Immediately Dangerous to Life

and Health concentrations (IDLHs). Three-tiered toxicity guideline levels are intended to

describe the risk of chemical toxins to human health.
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CHAPTER 4 EXTRACELLULAR DETECTION OF STRESS PROTEINS USING
ELISA

The purpose of this chapter is to determine levels of stress biomarker proteins, normalized
to yeast cell number and total protein concentration, in response to toxins using industry-
standard techniques/kits (specific aim 1). Total protein concentration was determined using
BCA (Bicinchoninic acid) followed by ELISA for the detection of specific proteins. This
work has been published in a full-length research article in Journal of Biosensor &
Bioelectronics (Bhardwaj et al. 2013). Written permission (e-mail) to use publication
content in my dissertation has been obtained from the editor of the journal and a copy of
the e-mail is incorporated in the appendix 1V.

Materials and methods for this specific aim#1 are discussed in chapter 11, section 3.1.

4.1 DETERMINATION OF CELL CONCENTRATION

The concentration of yeast growing in cell culture media was estimated by three standard
microbiological methods:
(i) Indirect spectrophotometric/turbid-metric method: absorbance (Aeoo nm),
converted to cell number/volume using the Beer-Lambert equation:

(i) Direct method (cell counting in hemocytometer chamber):

(iiiy  Direct method (colony count using agar plating):

Method iii gives the concentration of viable cells as they form colonies, but such cell
clusters take 3-4 days to develop, and therefore was not used for regular practice unless

otherwise mentioned.. Spectrophotometric and hemocytometric methods on the other hand
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rapidly determine concentration and were employed for regular cell concentration

determination.

4.2 PURITY ANALYSIS OF PROTEINS IN CELL EXTRACT

The yeast cell extract had pure proteins, as evident from maximum absorption ~ 280 nm
and the absorbance ratio 260/280 = 0.64 (Fig. 9), which is comparable to previous work
(Marenchino et al. 2009).
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Fig. 9: Absorption spectra of supernatant after cell lysis. Protein characteristic peak
maxima around 280 nm and absorption ratio 260/280 nm = 0.5503/0.8534 = 0.64.

4.3 ESTIMATION OF TOTAL PROTEIN

The bicinchoninic acid (BCA) assay is a biochemical colorimetric assay to determine total
protein concentration in a solution, including cell lysates. The mechanism of the BCA assay
is primarily dependent on two reactions. First, the peptide bonds in the proteins reduce
copper (1) sulfate present in the BCA solution (Cu?* to Cu®). This is a temperature-
dependent step. Second, each Cu+ ion chelates two molecules of BCA forming a purple
colored product that is quantified by As9s nm and shows a linear response to increasing

protein concentration. Accordingly, the protein concentration in cell lysate or in other
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samples is typically determined by using a BSA protein standard to develop a calibration
curve.

The BSA calibration curve was linear in the range 20-200 pg/ml (Fig. 10). The estimated
yield of total protein was 60 pg per ml of yeast culture (107 cells), which is comparable to

previous work (von der Haar 2007).
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Fig. 10: BSA standard curve. A useful linear range of protein concentration up to 200 ug/ml
is achieved.

4.4 ESTIMATION OF SPECIFIC STRESS PROTEINS USING ELISA

The batch of 107 cell mI yielded 60 ug ml protein and was analyzed for specific stress
proteins using a standard commercial ELISA technique. Stress-biomarker proteins,
RAD54 and HSP70, were measured when yeast cells were exposed to H202 at 5mM,
50mM and 500 mM concentrations for 60 minutes each, and when cells were exposed to
UV A, B and C at 365 nm, 302 and 254 nm, respectively for 15 minutes each. The
experiments were repeated three times (n=3) loading the samples in duplicate each time,
and were graphically represented along with mean + SD. Detection of stress-biomarker

proteins, RAD54 and HSP70 is reported below.
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An increase in expression of RAD54 protein (Fig. 11 and Fig. 12) and HSP70 (Fig. 13 and

Fig. 14) occurred in response to H202 and UV.
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Fig. 11: Quantitation of RAD54 expressed by yeast cells exposed to H202 for 60 minutes
and detected by ELISA. Control: baseline levels expressed by cells, without exposure to
H20:2. Significant difference was observed between treatments groups as well as wrt

control (P<0.05, n=3).
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Fig. 12: Quantitation of RAD54 expressed by yeast cells exposed to UV for 15 minutes
and detected by ELISA. Control: baseline levels expressed by cells, no UV exposure.
Significant difference was observed between treatment groups as well as wrt control

(P<0.05, n=3).
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Fig. 13: Quantitation of HSP70 expressed by yeast cells exposed to H202 for 60 minutes
and detected by ELISA. Control: baseline levels, no H202 treatment. Significant difference
was observed between treatment groups as well as wrt control (P<0.05, n=3).
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Fig. 14: Quantitation of HSP70 expressed by yeast cells exposed to UV for 15 minutes and
detected by ELISA. Control: baseline levels, no UV treatment. Significant difference was
observed between treatment groups, except UVC compared to UVB, as well as wrt control
(P<0.05, n=3).

When yeast cells were exposed to H202 for 20-60 min, and to UVA and UVB for 5-15

minutes a continuous increase in levels of stress-proteins RAD54 and HSP70 was observed
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for up to 60 minutes (Figs. 11-14). Baseline or constitutive levels of RAD54 and HSP70
were roughly 400 and 50 pg per ml culture, respectively. The induction of RAD54 in
response to UV (Fig. 12) is rapid and higher compared to H20:2 (Fig. 11). RAD54 induction
in response to the two toxins was 5-6 folds wrt baseline levels, control. Although, HSP70
cellular expression levels were low compared to RAD54, HSP70 (inductive isoform)
showed an ~8-fold higher induction in response to toxins (Fig. 12 and Fig. 13). In contrast
to HSP70, which did not show any significant increase in response to UVC as compared
to UVB, RAD54 induction in response to different doses of UV was incremental. RAD54
and HSP70 induction levels in response to toxins are in agreement with previous reports
(Cole et al. 1987; Scott et al. 2003 and Wang et al. 2012).

All aerobic organisms, including yeast, suffer exposure to oxidative stress caused by
reactive oxygen species (ROS), which is a major pathway in stress tolerance and toxicity
mechanisms (Jamieson et al. 1998). ROS is ubiquitous in nature and has numerous sources
including H202 and UV. Radiation acts on the stable form of elemental oxygen (O2) to
form highly unstable ozone molecules (Os), which are sources of ROS. Undoubtedly,
besides oxidative stress there are several other pathways of stress including those due to
carbonyl groups, glyoxals, and methylglyoxals, among other chemical agents. However,
none of them are well characterized because of the intricate interplay between these
numerous pathways. However, the difference between induction of RAD54 and HSP70 in
response to UV may be explainable. RAD54 nomenclature is derived from being
RADiation sensitive, which supports the finding of a continuous increase in levels of
RAD54 in response to UV as compared to HSP70. UV is reported to cause photochemical

damage to cellular DNA, which is repaired by DNA enzyme (RAD54) and hence, UV
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induction of RAD54 is more significant than that of HSP70. Although heat was not
included in the study, interestingly, RAD54 is not responsive to heat stress (Cole et al.
1987). On the other hand, Heat Shock Protein (HSP) can be speculated to express higher
sensitivity to heat, similar to higher RADiation sensitivity of RAD54, as observed in this

study.

4.5 SUMMARY

Stress proteins, RAD54 and HSP70 were tested for their expression in response to
incremental doses of H20:2 at 5, 50 and 500 mM concentrations for up to 60 minutes and
to UV, A, B and C for 15 minutes. HSP70 and RAD54 showed 4 to 8 fold induction in

response to both peroxide toxins and UV light exposure.
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CHAPTER 5 FABRICATION OF COLLOIDAL SERS SENSOR

The purpose of this chapter is to select the best active SERS substrate between Au and Ag
NPs and use it for the synthesis of the SERS immunosensor (specific aim 2). This work
has been published in a full-length research article in Journal of Biosensor & Bioelectronics
(Bhardwaj et al. 2013). Written permission (e-mail) to use this publication content in my
dissertation has been obtained from the editor of the journal and a copy of the e-mail is
incorporated in the appendix IV.

Materials and methods for this chapter, consistent with specific aim #2, are discussed in

chapter 111, section 3.2.

5.1 SYNTHESIS AND CHARACTERIZATION OF SERS SUBSTRATES

Almost spherical Au and Ag NPs were synthesized using a conventional citrate reduction
method (Lee et al. 1982). They were ~60-nm diameter and displayed a narrow size
distribution (polydispersity index < 0.15) as well as the expected characteristic color and
absorption peak (Fig. 15). Roughly 50-60 nm spherical NP is the best size to achieve high
SERS activity and cell uptake (Stamplecoskie et al. 2011; Chithrani et al. 2006). The
substrates were highly negatively charged (-40 mV) due to citrate groups. Citrate is the
most commonly used carboxylic acid because it acts as a reducing agent as well as a
capping (coating) agent for Au and Ag NPs. The citrate-cap is significant for two reasons.
First, the oxy (O°) and hydroxyl (OH") groups of the citrate offer a high repulsive force that
provides stability to the NPs. Second, these groups are easily replaced by other more
reactive functional groups such as thiol (SH), thereby, allowing facile conjugation of

biomolecules to the NPs. The concentration of the two substrates, estimated using 1CP-
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MS, was 100 ppm (0.1 mg/ml), which is roughly equivalent to 7x10%° NPs/ml. The shape,
size, charge and concentration of the Ag NPs are in good agreement with other groups that

used a similar citrate reduction process (Emory et al. 1998; Kahraman et al. 2010).
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Fig. 15: Characterization of colloidal Au (top row) and Ag (bottom row) NPs-based SERS
substrates. Characteristic red color of Au and yellow-greenish Ag (left) with absorption
peak at 525 and 435 nm, respectively (middle) indicates the formation of NPs. TEM image
(right) indicates the NPs are almost spherical with ~50-60 nm size.

5.2 SELECTION OF ACTIVE SERS SUBSTRATE

The prominent peak of R6G at 1503 cm™ and the footprint area 20A? was considered for
the calculation of SERS EF using the equation given in section 3.2.3. The Nsur IS estimated
to be 4.87 x 10 and the Nvol to be 2.47 x 10*. The ratio of lsut to Ivor for AgNPs is
estimated to be 8.92 x 107 and therefore the EF is calculated as 4.52 x 10°. However, the

Au NPs resulted in lower SERS intensity (Isuf) and therefore the lower EF of 2 x 10°.
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Theoretical calculations indicate that single Au and Ag NPs can reach the maximum EF to
103-10* and 108-107, respectively (Kerker 1987). The EF of the colloidal Ag NPs is
comparable to 3D silver shells (Payne at al. 2005), which is an improvement over other
conventional geometries such as colloids and films (Malvaney et al. 2003). Considering
more than 200x difference in SERS activity of the Ag NPs as compared to Au NPs, Ag

NPs colloids were used for the fabrication of SERS sensor.

5.3 PHYSICOCHEMICAL CHARACTERIZATION OF SERS SENSOR

The size of the Ag NPs after conjugation of MADbs for stress proteins increased from 60 to
98 nm, polydispersity increased from 0.12 to 0.16, the charge decreased from -40 to -18
mV and their characteristic yellow-greenish color changed to light grey due to slight

aggregation, which is typically observed during sensor fabrication (Fig. 16).
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Fig. 16: Physical characterization of Ag NPs-based SERS substrate (left column) and
sensor for RAD54 detection (right column). Negligible color change, characteristic of
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immunosensor fabrication (inset images) and increase in average size (histogram) of SERS
substrate after antibody conjugation (immuno-sensor) is observed (a). TEM images of bare
AgNPs (SERS substrate, left) and RAD54 antibody (white dots and filaments, right)
conjugated AgNPs (immunosensor).

The SERS immunosensor was chemically characterized by acquiring Raman spectra at
each step of sensor fabrication as shown in Fig. 17: a) Preparation of Ag NPs b)
Conjugation of MMT cross linker to Ag NPs (Ag NPs-MMT) and c) conjugation of MAbs
to Ag NPs-MMT solution (SERS immunosensor). The noticeable bands around 1060 cm™
and 245 cm™ are assigned to nitrate (NO?*) stretching and are used to monitor the
conjugation process. The successive decrease in this band confirms the replacement of
nitrate groups by the functional groups of the linker and the MADs. Previous work has
employed the nitrate band for characterization of Ag NPs, and as an internal standard
during sensor fabrication (He et al. 2011; Kora et al. 2012). Likewise, the decrease in
intensity of the nitrate peaks and the addition of two main bands around 1300 cm
characteristic of the MMT linker have been reported (Li et al. 2006). Three Raman active
aromatic amino acids, tryptophan (W), Phenylalanine (F) and tyrosine (YY) contributed to
the Raman signals with peaks around 1390 and 712 (W), 1005 and 600 (F), 1133 and 853
(Y). The successive conjugation of MAbs to the linker via amide bonds (CO-NH) is
validated by the weak peaks originating from amide | (C=0 around 1240 and 1290), amide
Il (out-of-phase C-N stretching around 1454 and 1494) and amide Il (in-phase C-N
stretching between 1560 to 1660). The Raman peaks of proteins are in good agreement

with the literature (Tuma 2005; Han et al. 2008).
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Fig. 17: Chemical characterization of the SERS sensor for RAD54 detection. Weak
nitrate (NO*) peaks characteristic to Ag NPs (a) and strong peaks of MMT Lk (b)
are replaced by peaks associated with proteins or MAbs (c). The solid and the dotted
arrows represent decrease in characteristic peaks of Ag NPs (NO*) and the MMT
Lk, respectively. Protein bands are assigned to aromatic amino acids (W:
Tryptophan, Y: Tyrosine and F: Phenylalanine) and amide bonds (I: C=0, II: C-N°,
I11: C-N'""where O is out-of-phase and In for in-phase, after Bhardwaj et al. 2013).

5.4 SELECTIVITY TESTING OF SERS SENSOR

Bovine serum albumin (BSA) has traditionally been used as a blocking agent to avoid non-
specific binding. However, all BSAs are not alike in their preparation and therefore differ
in their non-specific blocking resistance (Xiao et al. 2012). Crude BSA and other ionic

blocking agents such as casein, gelatin and dry milk have high globulin content and fatty
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acids, which have high affinity to biomolecules circulating in a real environment
(Buchwalow et al. 2011). Therefore, a fatty-acid-free and globulin-free (FAFGF)
preparation of BSA (Sigma#A7030) was used. The selectivity of the SERS immunosensor
coated with FAFGF-BSA and mPEGSH blocking agents was tested by detection of
standard protein mixed with R6G. There was no R6G characteristic peak at 1503 cm™, but
the distinct characteristic protein peak at 1390 cm™ was observed (Fig. 18), which indicates

selectivity of the SERS immunosensor for RAD54 detection.
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Fig. 18: Selectivity of the RAD54 SERS sensor. The Raman spectrum of the RAD54 SERS
sensor showing a peak at 1390 cm™ (top and middle) due to carboxylic groups in the
protein. Note that while the characteristic peak of R6G at 1503 cm™ is present in the Raman
spectrum of R6G (bottom), it is missing in the Raman spectrum of RAD54 mixed with
R6G (top), which indicates the sensor’s selectivity. Each spectrum is background
subtracted using a spectral calculator (after Bhardwaj et al. 2013).

5.5 SUMMARY

Colloidal spherical SERS substrates, Au and Ag NPs of ~ 60-nm size were prepared. Ag
NPs exhibited ~ 200x increased activity as compared to Au NPs. Therefore; to achieve
higher sensitivity, the SERS immunosensor was fabricated using the Ag NPs SERS

substrate. The sensor was fully characterized for their physical and chemical properties
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including shape, size, charge, concentration, polydispersity and chemical conjugation. The
SERS sensor did not exhibit non-specific binding, as evident from selectivity testing of

SERS sensor in presence of R6G.
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CHAPTER 6 EXTRACELLULAR DETECTION OF PROTEINS USING SERS
SENSOR AKA SLISA

This chapter focuses on the quantification of RAD54 and HSP70 proteins expressed in
response to H202 and UV using a SERS-Linked ImmunoSensor Assay (SLISA) (specific
aim 3). The sensing attributes include correlation in accuracy of detection and performance
of SLISA compared to ELISA. This work has been published in a full-length research
article in Journal of Biosensor & Bioelectronics (Bhardwaj et al. 2013) and SPIE Defense,
Security and Sensing proceedings (Bhardwaj et al. 2015). Written permission (e-mail) to
use publication content in my dissertation has been obtained from the editor of the journal
and a copy of the e-mail is incorporated in the appendix IV.

Materials and methods for specific aim #3 are discussed in chapter 111, section 3.3.

6.1 ESTIMATION OF PROTEINS USING SLISA

The carboxylic (COO-) band at ~ 1390 cm™ is qualitatively as well as quantitatively distinct
in the SERS immunosensor (Fig. 18 and Fig. 19), suggesting ionic interactions between
antigen and the antibody. Therefore, the levels of proteins expressed in response to toxins
were quantified using COO™ band. The schematic and qualitative information on SERS
immunosensor is shown (Fig. 19). The bifunctional MMT linker (Lk with SH and COOH
groups at the end) covalently binds to the Ag NP via a metal-sulphur (M-S) bond and to
the antibody via a peptide bond (CO-NH). The spectrum characteristic of ring-containing
aromatic amino acids is dominant in direct SERS of the RAD54 protein, but disappears in
the immunosensor, perhaps because the agglutination of antibody with antigenic
determinant region, epitope occurs via aliphatic-rich region. The Lk band at ~1280 cm™

serves as an internal standard.
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Fig. 19: Schematic representation of the SERS sensor (aka SLISA, left) and the
characteristic SERS spectra (right). SLISA gives qualitative information on chemical
conjugation of the sensor and the interaction of antigen with antibody (after Bhardwaj et
al. 2015).

6.2 COMPARISON OF SENSING ATTRIBUTES, ELISA VS. SLISA

Label-free SLISA showed good correlation in accuracy with the traditional label-based
ELISA assay for the extracellular detection of HSP70 and RAD54 expression to H202 and
UV toxins (Fig. 20A and Fig. 20B). A several fold increase in the levels of RAD54 (~5x)
and HSP70 (~8x) was observed in agreement with previous reports (Cole et al. 1987; Wang

etal. 2012).
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Fig. 20: Correspondence of SLISA with ELISA for the extracellular detection of stress
proteins. Both techniques show good correlation (R?) in the detection of proteins, HSP70
(A) and RAD54 (B), from yeast cells after UV and H202 exposure. SERS intensity (x10°)
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is measured at 1390 cm™ and the ELISA intensity is measured at 450 nm. The error bars
represent SD of n=3 (after Bhardwaj et al. 2013).

SLISA and ELISA detect HSP70 at LOD 50 pg/ml and thus have the same sensitivity.
However, SLISA was more sensitive than ELISA for RAD54 detection, 10 vs 50 pg/ml.
The increased sensitivity of the SLISA for RAD54 detection is due to its higher Raman
activity, possibly because of a stronger interaction of RAD54 with the SERS sensor
compared to HSP70. RAD54 is a fairly large protein relative to HSP70 (84KD with 738
amino acids vs. 70 KD with 642 amino acids) with more repeated SERS active aromatic
amino acids. Nonetheless, their low electron density renders them poor scattering
molecules that are dependent on their adsorption or interaction with the sensor, which in
turn depends on protein aggregation, surface charge, and the ionic species present in the
suspension. Considering that no aggregating agent/ions were used in the study, the
interaction is likely governed by surface charges on both the proteins and the SERS
immunosensor. The RAD54 protein has a higher isoelectric point (pl) than HSP70, 8.85 vs
5.48. Hence, RAD54 appears to show high affinity towards the negatively charged
colloidal SERS sensor that has pH 7-8. A similar effect of charge on the interaction of
proteins to the Ag NPs is reported (Kahraman et al. 2010).

Although SLISA is simple and sensitive as compared to ELISA, the latter is more
reproducible. The reproducibility of SLISA is particularly decreased with increasing
protein concentration, as reported previously (Kahraman et al. 2010). SERS is an
aggregation-based phenomenon that leads to an increase in optical scattering area.

However, aggregation is a random process, hence, the decrease in SERS signals. The
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reproducibility (< 20% deviation in SERS signal intensity), sensitivity (LOD < 0.05 ng/ml)
and detection range (LRD 0.05-2.5 ng/ml) of the colloidal SERS sensor to measure proteins
is comparable to that achieved by the more labor-intensive, time-consuming and costly
lithography approach to array Au and Ag NPs on solid substrates (Malvaney et al. 2003;
Lee et al. 2011). SERS assays technically fail to accurately quantitate proteins, which is a
major inherent limitation of SERS immunoassay designs (He et al. 2011, Anal. Chem.).
This may be due to the following two reasons. First, failure to effectively discriminate
between Raman signals of antigen from antibody conjugated SERS substrate (background)
at practically relevant pico-levels (He et al. 2011, J. Raman Spectrosc.). Second, antibody
is a large protein molecule that leads to binding of antigen outside the zone of
electromagnetic enhancement from the SERS substrate (He at al. 2011, Anal. Chem.).
Therefore, the distance-dependent and aggregation-based nature of signal enhancement
limits the SERS quantitation potential. Use of aptamers to replace the SERS immunosensor
with an aptasensor to decrease the distance between SERS substrate and the antigen, as
well as a different Raman signature of aptamer from antigen helps improve quantification
by SERS (He et al. 2011, Chemical Sci.). Compared to several other Raman instruments,
the PerkinElmer RamanStation 400F offers some technical advantages, including high
power (100mW), which offers higher sensitivity. In addition, a large spot size (100 pum)
allows better averaging and reproducibility of signals analyzed from a large scanning area
(Zheng et al. 2014). Further, scanning in mapping mode over conventional point focus
further improves reproducibility (Lee et al. 2011).

SLISA offers direct detection of proteins based on the chemical signatures characteristic

of specific proteins. However, because ELISA employs an indirect approach of detection
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employing label-conjugated analytes, there is an increased chance of interference.
Additionally, SLISA is rapid and simple, allowing measurement of proteins in two hours
and requires no mandatory washing, secondary antibody binding, enzyme-substrate
reaction, additional reagents and expense, characteristics of ELISA. Most noteworthy,
SLISA gives qualitative information on SERS immunosensor’s fabrication, stability and
antigen-antibody binding, which ELISA fails to do without the addition of western blotting.
In short, SLISA outperforms the traditional ELISA assay in allowing RISE detection

(Table 3). The RISE properties of SLISA allow its applications in resource-limited settings.

Table 3: Performance comparison (RISE): ELISA vs. SLISA

Rapid Inexpensive Simple Effective
Time (hrs.)  Well-plate Reagents #Steps Qualitative Quantitative
Not reusable Primary & secondary Ab >7 Label-Based LOD: 50 pg/ml
ELISA >6 Wells pre-coated Enzyme, Substrate &  Several washings  Indirect Detection
with antibodies  Label #1 each R%: 0.99
Primary MAb <3
SLISA <2 Reusable No need of Enzyme, No Washing Label-Free LOD: 10 pg/ml
Substrate & Label Direct Detection ~ R% 0.97
6.3 SUMMARY

The SLISA is able to quantify induced levels of RAD54 and HSP70 expression in response
to toxins. The SLISA has good correspondence with ELISA in extracellular detection of
proteins. Most noteworthy, SLISA has an edge over ELISA by allowing label-free

detection and giving qualitative information on immunosensing. Additionally, SLISA
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allows RISE detection as compared to ELISA and hence it has potential for applications in

resource-limited settings.
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CHAPTER 7 INTRACELLULAR DELIVERY AND DETECTION OF PROTEINS
USING SERS SENSOR AKA CBB-SIST

The purpose of this chapter is to describe a method for the efficient delivery of colloidal
Ag NPs into yeast cells and to describe the development of the first CBB-SIST, consistent
with specific aim #4 described in Chapter 2. For intracellular detection of proteins, ~5x10*
protein molecules in yeast, roughly 4000 60-nm SERS sensor molecules are required. The
nanoparticles should display a uniform intracellular distribution with no significant
cytotoxicity. Three intracellular delivery strategies were investigated to achieve the goal,
passive and TATHA2-facilitated diffusion, and electroporation. TATHAZ2 is a fusogenic
peptide, which allows rapid and high uptake of NPs across cell membrane/s via
macropinocytosis, without any endosomal entrapment and cytotoxicity (Wadia et al. 2004;
Ye et al. 2012). Additional emphasis was placed on the development of a high throughput
and portable CBB-SIST. This work has been published as a communication research article
in the journal Analyst (Bhardwaj et al. 2015). Written permission (e-mail) to use the
content of this publication in my dissertation has been obtained from the editor of the
journal and a copy of the e-mail is incorporated in the appendix V.

Materials and methods for this specific aim #4 are discussed in chapter 111, section 3.4.

7.1 CELLULAR TOXICITY

A Bio RAD MicroPulser Electroporation Apparatus was used to test electric field strength,
E=0.875 kV/cm, optimized for rapid intracellular delivery of Ag NPs for SERS detection
without any significant cytotoxicity (Yu et al. 2011). However, severe physical damage
(Fig. 21) and toxicity to yeast was observed even at lowest electroporation dose, E= 0.5

kV/cm for single pulse of 1 ms, inconsistent with previous observation in animal cells (Yu
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et al. 2011). Results suggest that electroporation of yeast cells to deliver plasmonic metal

NPs are not a suitable strategy for intracellular SERS immunosensing.

Fig. 21: Damaging effect of electroporation shown by SEM. i): cell with no AgNPs, but
electroporation ii): cells with Ag NPs, but no electroporation and iii): cells with Ag NPs as
well as after electroporation, cell damage indicated by arrows (after Bhardwaj et al. 2015).

The damaging effect of electroporation to cells in the presence of Ag NPs could be
attributed to heat generation, a characteristic phenomenon of metal NPs in the presence of
electric field/laser (Govorov et al. 2007). The accelerating voltage of 200 kV from TEM
lead to Ag NPs melting, changing shape or vaporization (Fig. 22), consistent with previous

reports (Takami et al. 1999).
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Fig. 22: Ag NPs vaporization (A & B) and shape change (C) on exposure to 200 kV in
TEM.

The use of Ag NPs for passive diffusion and TATHAZ2-functionalized Ag NPs for
facilitated diffusion, both induced dose- and time-dependent growth inhibition. At 1 and
10 ppm for up to 12 hr Ag NPs exhibited cell mortality of <5% and 15%, respectively. At
the highest dose, 100 ppm for 12 hours, the Ag NPs exhibited < 30% cell mortality and
Ag" resulted in almost 100% mortality (Fig. 23). Sixty-nm chitosan NPs were used as a
negative control in the cytotoxicity study, as the chitosan polymer is considered non-toxic
and safe for applications in drug delivery. The suspending solution was non-toxic. Among
silver-treated groups, Ag® was used as a positive control and showed a significant
difference (P<0.05) in cell mortality, but no significant difference (P>0.05) was observed
between the cells exposed to bare (BR-) Ag NPs vs TATHAZ2-functionalized Ag NPs. A
similar lack of toxicity of Ag NP in microbial cells has been reported (Xiu et al. 2012) by

using a coating of thiol-PEG around Ag NPs to block Ag* dissolution.
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Fig. 23: The growth inhibition effect of Ag. The growth inhibition (toxicity) of non-
functionalized or bare- (BR-) and TATHA2- (TH-) functionalized Ag NPs as
compared to control (CT), chitosan (CH), TH and Ag+. Significant difference is
P<0.05 (after Bhardwaj et al. 2015).

In agreement with previous reports on Ag NP toxicity, two major points can be deduced.
First, the dissolution of Ag NPs to Ag* is the major cause of toxicity (Xiu et al. 2012).
Second, the degree of cell uptake of Ag NPs (bioavailable dose) influences the Ag NPs cell
toxicity (Yen et al. 2009). The significant difference in bioavailability of Ag NPs delivered
via passive and facilitated diffusion is definitely another critical factor controlling toxicity,

as discussed in the next section.

7.2 CELLULAR UPTAKE
The cell uptake (adsorption + internalization) of Ag NPs into yeast was studied following
a mild 5 min 12/KI etching procedure, reported previously (Cho et al. 2010). This process

effectively removed the Ag NPs from the yeast surface (Fig. 24).
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Fig. 24: SEM images of yeast cells before and after 12/K1 etching. A and B are cell masses,
though not clearly visible due to their complete coverage by Ag NPs. C and D have been
etched using I2/K1 solution, a process that removes the Ag NPs and reveals the cell surfaces
(after Bhardwaj et al. 2015).

TATHAZ facilitated delivery resulted in rapid (within 3 hours) and high internalization (~
15 fold, > 4000 Ag NPs per cell) of TATHA2-Ag NPs compared to bare-Ag NPs (Fig. 25).
A several fold difference in internalization of Ag NPs by the two strategies seems to be
due to the difference in endocytic pathways. TATHA2-mediated delivery is due to
macropinocytosis, a rapid receptor-independent form of endocytosis in which the transport
vesicle is composed of membrane-lipid drafts (Wadia et al. 2004; Ye et al. 2012). This is
in contrast to the relatively slow, receptor-mediated endocytosis, which is typical of inward
budding of plasma membrane vesicles that contain proteins and specific receptors. The
charge-driven cellular uptake of NPs, for example, is controlled by this receptor-mediated

process (Chithrani et al. 2006; Zhu et al. 2008; Cho et al. 2010; Yen et al. 2009).
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Fig. 25: Kinetics of Ag NPs uptake in yeast via passive and TATHAZ2-facilitated diffusion.
Ag NPs are quantified using ICP-MS. Total uptake is adsorption + internalization. BR:
bare and TH: TATHAZ2-functionalized. Significant increase in number of Ag NPs cell
uptake is observed upto 12 hours in TH-Ag NPs-internalized group, while other groups
show Ag NPs uptake saturation in 3-6 hours (after Bhardwaj et al. 2015).

Passively diffusing Ag NPs reach internal saturation by 6 hours, while TATHAZ2-Ag NPs
show significant increases even at 12 hours (Fig. 26). The rapid and preferentially uniform
intracellular distribution of TATHA2-Ag NPs, (i.e., no compartmentalization), was
observed within 3 hours (Fig. 26, A). However, the bare-Ag NPs were primarily found
adsorbed to the cell surface, with little/no internalization. Where the passively diffusing
bare-Ag NPs were internalized, they were entrapped in endosomes and failed to become

uniformly distributed (Fig. 26, B).
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Fig. 26: In situ TEM images to observe intracellular distribution of Ag NPs into yeast after
surface etching. Ag NPs are observed after 3 hours of TATHAZ2-facilitated diffusion (A)
and 12 hours of passive diffusion (B). AgNPs aggregates appear as dark spots. Endocytic
pathway: Endocytic Vesicle (EV), Endosome (E) and Late Endosome (LE); Nucleus (N)
and Mitochondrion (M). Scale bar is 0.5 um (after Bhardwaj et al. 2015).

The high cellular uptake/internalization of Ag NPs by TATHA2-mediated diffusion over
passive diffusion exposes the cells to a much higher dose of Ag NPs (~ 15 fold difference
in bioavailable dose). The degree of Au and Ag NPs uptake, the bioavailable dose, directly
impacts the cell toxicity (Yen et al. 2009). Therefore, TATHAZ2-facilitated strategy was
selected for the efficient delivery of Ag NPs for the intracellular SERS detection of

proteins.

7.3 INTRACELLULAR DETECTION

Development of the CBB-SIST requires stability and reproducibility of the sensor and its
intracellular signals. The SERS sensor developed by delivering Ag NPs using the TATHA2
peptides was stable for at least 3 hours (Fig. 27), which is the time required to deliver >

4000 sensor molecules into yeast towards detection of RAD54 and HSP70 proteins.
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Fig. 27: Stability of RAD54 SERS sensor. The SERS sensor, functionalized with targeting
and delivery peptides, after 3 hours (a) 6 hours (b) and 12 hours (c). Stability of sensor
decreases with time, as indicated by decrease in peaks characteristics to MMT linker at
1285 cm* and carboxylic group of proteins at 1390 cm™.

The intense and distinct peaks characteristic to the MMT linker at ~ 1285 cm™ and protein’s
carboxylic group at ~ 1390 cm indicate stability of the SERS sensor. The decrease in
characteristic peaks over time indicates a decrease in stability of the sensor. The stability
of the AgNP-Lk-MAD conjugate is evident from the metal-sulphur bond between Ag NP
and MMT in range of 400-600 cm™, and the peptide bond between MMT and MADb ranging

from 1500-1700 cm™.

Although the SERS sensor with targeting and delivery peptides was stable and generated

reproducible extracellular signals, no reproducible signals were obtained intracellularly
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from CBB-SIST (Fig. 28). Reproducibility of intracellular signals from the sensor is critical
towards development of a CBB-SIST. The chemical fingerprint of the sensor is
qualitatively almost similar to the protein of interest, in this case RAD54 and HSP70 (Fig.
19). The only reliable basis to measure proteins intracellularly is to accurately quantitate

the difference in Raman intensities of the SERS sensor (background) and the proteins.
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Fig. 28: Raman spectra of the CBB-SIST. CBB-SIST are the yeast cells internalizing SERS
sensors functionalized with targeting and delivery peptides. Intersecting lines in images on
right show point of focus where the Raman spectro-microscope laser was focused (50x
objective, laser spot size 20 um and depth of focus 40 um). The laser was focussed on
aggregates of the sensor molecules, visible under the microscope. Signal generation was
negligible and irreproducible.

Direct analysis of peak intensities as well as chemometrics failed to discriminate analyte

signals from background.

7.4 SUMMARY

A SERS sensor was delivered efficiently and uniformly into yeast cells with > 4000 sensor

82



molecules in 3 hours without any significant toxicity. All of these characteristics and are
pre-requisites for the development of the first CBB-SIST. The sensor was stable for at least
3 hours and produced strong and reproducible Raman signals extracellularly. However,
signal generation and reproducibility was not achievable inside the cell. Direct analysis as
well as chemometrics completely failed to discriminate analyte signals from background.
Development of the proposed first portable and high throughput CBB-SIST will require
overcoming these obstacles. The discussion section gives detail on the possible changes in

the technical design of the sensor to develop first CBB-SIST.
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CHAPTER 8 A CASE STUDY: ON-CHIP SLISA

The purpose of this chapter is to describe the development of a portable on-chip SLISA
prototype and translate its application to the environmental surveillance of chemical toxins,
known as well as unknown. The H202/RAD54 dose-response relationship is correlated to
the EPA’s three-tiered scheme of exposure to dangerous chemicals (IDLHSs) to signify
applications of the on-chip SLISA in resource-limited settings. This work has been
published as a full-length research article in SPIE DSS proceedings (Bhardwaj et al. 2015).
My on-chip SLISA prototype invention is also under patent submission by the FIU
Technology Management and Commercialization. Written permission (e-mail) to use this
publication and patent content in my dissertation has been obtained from the journal editor
and from the licensing manager of FIU Technology Management and Commercialization.
Copies of the e-mails are incorporated in the appendix 1V.

Materials and methods for this specific aim #5 are discussed in chapter 111, section 3.5.

8.1 FABRICATION OF A PROTOTYPE MICROCHIP

The SERS microchip design is robust, small, ergonomic and/or offers technical advantages
over current designs (Fig. 29). For example, portable microfluidic SERS chip designs are
expensive and complex, as they require separate loading, mixing and detection zones
(Quang et al. 2008). Paper-based anSERS designs by contrast are simple and inexpensive,
but can only be used once (Diagnostic anSERS, Inc. USA, Yu et al. 2013). Additionally,
almost all commercial plates or microchips used for ELISA and SERS detection are
manufactured using polystyrene or polypropylene, which are inexpensive but have high

Raman background signals.

85
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Fig. 29: Schematic of on-chip SLISA. A six-well glass-bottom reusable microchip
(dimensions LxXWxH is 30.5x25.5x1 mm) that offers RISE detection of proteins in just 3-
steps and 2 hours (after Bhardwaj et al. 2015).

Glass has a negligible Raman signal and therefore it is a better choice to fabricate plates
for RS/SERS applications (Marz et al. 2011). However, glass is expensive as compared to
the aforementioned polymers and complicates the fabrication of the plate. Instead of using
a whole-glass SERS chip design (Marz et al. 2011), a glass-bottom fabrication approach is
economical as well as technically sound, as the Raman laser focuses on the bottom of the
plate. A Commercial 8-well chip fabricated by Applied BioPhysics Inc., USA uses a
somewhat similar design, microscope slide to mount plexiglass wells. However, the edges

of glass slides protruding from corners of the chip are not safe and robust to handle and
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transport. Additionally, the BioPhysics chip is specific for adherent mammalian cells and
ECIS applications. The on-chip six-well microchip design (Fig. 28) is inspired from a
PerkinElmer glass-bottom 96 well-plate (poly-D-lysine coated glass-bottom,
Cat#6005530) that was used for high throughput screening in specific aima#3, and the

BioPhysics 8-well chip design.

8.2 A CASE STUDY

Applications of SLISA for first responders in resource-limited settings were demonstrated
using a six-well glass-bottom microchip (Fig. 29). H202 and RAD54 were chosen as model
toxin and stress protein, respectively for the case study. H20:2 is a chemical toxin on the
EPA’s priority list and was a better choice over UV toxin, as it is a chemical toxin and a
simulant of TICs and CWAs. Three levels of dangerous H,O, concentrations have been
examined, but not yet clearly defined by the EPA and ATSDR. The first tier is < 75 ppm
and is defined as tolerable, with transient health effects. The second tier of < 1000 ppm has
long-lasting, disabling effect, while third tier is > 1000 ppm and is life-threatening (Fig.
30). Doses up to 5000 ppm dose of H,O, have been reported to be tolerated by organisms,

therefore the tier Il dose might be revised in the near future.
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Fig. 30: Translation of dose-response relationship to assess environmental risk of toxins.
The H,0,-RAD54 dose-response curve is translated to three-tiered guideline levels,
IDLHSs, defined by EPA-ATSDR-CDC. The color code indicates the severity of health
effects, guided by levels of RAD54 proteins expressed in response to H202 toxin. The
asterisks represent the levels of RAD54 expressed in response to H20:2 (after Bhardwaj et al.
2015).

Stereotypically, on-chip SLISA can be a potential global biosensor for pre-regulatory or
primary screening of toxins, as its H202-RAD54 dose-response relationship curve can be
used to translate the information from diverse classes of toxins, known as well as unknown
(Cahill et al. 2000 and Gasch et al. 2000). A comprehensive screening validation program,
which successfully assessed a yeast-based GreenScreen Assay to study expression of
RAD54 in response to 102 environmental toxins, support a wide market of on-chip SLISA
developed in this project (Cahill et al. 2000). Yet another federally-funded genomic

expression program explored ~ 900 genes involved in the environmental stress responses of
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yeast to diverse environmental toxins (Gasch et al. 2000). Please note, on-chip SLISA to
measure RAD54 might not be a good choice to monitor stress conditions including non-
genotoxic oxidative stress, reductive stress, heat, osmotic shock and amino acids starvation,
as RAD54 does not show reciprocal response to these environmental stressors (Gasch et al.
2000). Measurement of HSP70 in response to these stress conditions could help overcome
this limitation.

A critical consideration when establishing dose-response curves for environmental risk
characterization is that the response of proteins to the toxins is assumed to be monotonic,
I.e., increasing dose of stress toxins increases the stress proteins. However, the latest
findings of non-monotonic dose-response (NMDR) curves has implications for
environmental screening/surveillance and risk characterization, which is based on the EPA’s
monotonic model using a slope factor to characterize environmental risk (Savitz 2014). A
more detailed study is required to develop a robust and stable monotonic dose-response
curve for decision making to avoid NMDR or extrapolating information by developing
correct quantitative models from NMDR curves (Savitz 2014). The multi-phasic response
of NSMase to H202 observed in this study (data not reported) is an example of an NMDR
curve, which was the reason for not using the NSMase stress marker protein in this study
(Jaffrezou et al. 1998). Development of a robust and reproducible dose-response
relationship will require a comprehensive study to investigate a wide range of doses,
primarily in the lower range if the aim is to quantitate, and determine kinetics. Undoubtedly,
yeast is an excellent choice of human surrogate for the proposed environmental application,
to achieve portability and long shelf-life compared to a mammalian cell-based-biosensor

technology (Baronian 2004). However, it is apparent that differences in chemical-specific
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and organism-specific dose-response curves will exhibit discordance when translating the
data to untested toxins and organisms, such as from yeast to human as in this application

(Canhill et al. 2004).

8.3 SUMMARY

The SLISA demonstration discussed in chapter 5 was translated to a proof-of-concept
portable technology using a six-well microchip. The microchip design is simple, small,
robust, inexpensive and reusable as compared to current ELISA, SERS and many other plate
designs. The on-chip SLISA requires a three-step assay, which can measure proteins within
2 hours. The H202-RAD54 dose-response relationship was translated to the EPA’s three-
tiered scheme of toxin guidance levels to potentially help first responders and minimize

human health-risks in event of suspected environmental contamination.
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SUMMARY AND FUTURE WORK

The on-chip SLISA developed in this project is primarily designed for environmental
surveillance of toxins. The project represents a rapid and simple proof-of-concept yes/no
detection model, and a semi-quantification of very specific proteins generated in response
to model toxins. SLISA is capable of the qualitative and semi-quantitative detection
required for primary screening to characterize environmental risk.

The SLISA is developed using Ag NP colloids that offer several fold SERS enhancement
factor (~ 250x greater than Au NPs), which enable sensitive detection of proteins at pico
levels. As compared to the competing industry-standard ELISA technology, SLISA allows
the RISE detection of proteins without using any label and also provides qualitative
information on the immunosensing, such as fabrication, stability and antigen-antibody
interaction. However, ELISA is more reproducible than SLISA, probably because SLISA
IS an aggregation-based technique. Although lithography to control inter-particle distance
between sensor molecules can improve SERS reproducibility (Lin et al. 2009; Lee et al.
2011), lithographed substrates cannot be used for intracellular immunosensing, as the
delivery will be invasive and damaging. Colloidal substrates are flexible and capable of
penetrating cell membranes without damaging cell. TATHAZ2-facilitated delivery of
colloidal Ag NPs offer efficient intracellular uptake into yeast over passive diffusion and
electroporation strategies. TATHAZ2-facilitated delivery is rapid, and allows high and
largely uniform cell uptake of Ag NPs without any significant cytotoxicity. Although the
SERS sensor was stable and was successfully delivered into cells, it failed to detect

intracellular signals from sensor and the development of the proposed first CBB-SIST was
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not achieved.

SLISA was demonstrated on a microchip (on-chip SLISA) for portability and ease-of-use,
pre-requisites for applications in resource-limited settings. Additionally, the H202-RAD54
dose-response relationships were correlated to the three-tiered levels of toxicity established
by the EPA, CDC and ATSDR. As a critical consideration, the biomarkers’ response to
toxins is assumed to be monotonic, i.e., increasing dose of stress toxins increases the
amount stress proteins. The EPA’s guideline levels are based on a monotonic model to
derive a slope factor towards characterizing environmental risk. However, the latest
findings of non-monotonic dose-response (NMDR) curves have implications for
environmental screening/surveillance and risk characterization (Savitz 2014). A more
detailed study is required to develop a robust and stable monotonic dose-response curve
needed for making decision.

Use of yeast as sensor organism in the SLISA design confers portability and robustness to
the CBB compared to the mammalian CBB designs (Baronian 2004; Banerjee et al. 2009).
In the future, SLISA can easily be translated to a portable biomedical and environmental
sensor technology using an on-chip SLISA design and a portable handheld point-and-shoot
Raman spectrometer (Zheng et al. 2014). However, the SLISA developed in this study
needs further optimization and a change in technical design from immunosensor to
aptasensor to be capable of quantifying proteins with high accuracy, which is a major
requirement in biomedical diagnostic assays, may be needed. SLISA and CBB-SIST
cannot replace the industry-standard ELISA and cytogenetics for comprehensive screening
and quantitation of proteomic and genomic biomarkers in organisms responding to stress

toxins.
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An antibody-based SERS design is likely not the best choice for a SERS sensor-based
detection of proteins, either in the extracellular or the intracellular environments.
Antibodies are very large protein molecules with molecular weights of several hundred
KDs, similar to its target antigen. However, agglutination of antibody with antigen requires
only a small chain of amino acids, the antibody’s paratope interacts to antigen’s epitope.
The remaining redundant amino acid sequences limit the number of targeting sites that can
be functionalized on the SERS sensor. Additionally, the resemblance of structural unit,
amino acids in antibody and antigen result in a similar Raman signature, as noticed in this
study. This complicates the discrimination of signals from background (SERS substrate
functionalized with antibody) and analyte (antigen). The other major limitations of using
antibodies are their sensitivity to temperature, which technically limits their shelf-life, and
that of any immunosensor, including SLISA and ELISA to just few months. In last decade
aptamers have emerged as an ideal alternate to antibodies (Keefe et al. 2010). Aptamers
are very small and stable synthetic oligonucleotide or peptide sequences that bind to
specific targets and have entirely different fingerprints (background) than antigens.
Aptamers are easily modified to stably conjugate to almost any substrate without any need
of a linker, unlike a SERS immunosensor, which require a bifunctional linker to conjugate
antibody to the SERS substrate. Furthermore the metal-thiol bond in an aptasensor is far
more stable than a typical peptide bond in an immunosensor design. A linker molecule also
increases the distance between a SERS substrate and the antibody. This extra distance not
only decreases sensitivity of the SERS sensor, but also increases the size of the sensor,
limiting its cellular uptake. Therefore, replacement of the targeting peptide-antibody with

an aptamer (Pang et al. 2014; Zheng et al. 2014) can be an alternative towards development
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of the first SERS sensor for intracellular detection of proteins, and can possibly also
increase sensitivity of the SERS sensor. Indeed, a SERS aptasensor has been developed for
the sensitive, multiplex and simultaneous detection of four analytes using a single aptamer

(Zheng et al. 2014).
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APPENDICES

Y-PER

INSTRUCTIONS Thermo

Y-PER™ Yeast
Protein Extraction Reagent
78990 78991

Number Description
THIN) Y-PER Yeast Protein Extraction Reagent, 500mL, sufficient reagent for 100-200g of wet cell pellet
TR0 Y-PER Yeast Protein Extraction Reagent, 200mL, sufficient reagent for 40-Rig of wet cell peller

Storage: Store product at room tempeeature,

Introduction

The Thermo Scientific Y-PER Yeast Protein Extraction Reagent is a mild detergent formulation that is superior w the
classical methods of protein isolation from yeast. In studies with Sacoharomyces cerevistee, yields of soluble protein
typrcally exceed those achieved by glass bead disruption. ¥ -PER Reagent is effective for extracting soluble proteing from
Seccharonyces cerevisine, Schizosaecharoyces powibe, Bacillus subailis and Excherichia coli as well as a variety of gram-
positive bacteria.

Yeast protein extraction and purification has traditionally been difficult and time consuming. The yeast cell is diffioult to lyse
because of its complex proteinaceous cell wall that provides rigidity 1o the weak plasma membrane, Techniques for protein
extraction from yeast often invelve harsh mechanical treatment while using strong reducing agents, chemicals and pH and
tenmperature extremes. The popular glass bead lysis protocol requires special equipment and must be performed at 4°C. The
low wields of profein commonly obtained with this technique are the result of denaturation and proteins nonspecifically
brinding to the glass beads. In contrast, Y-PER Reagent uses a simple room temperature protocol that can be completed in
20 minutes and reguires no special equipment.

General Guidelines for Yeast Cell Disruption

¢  Fresh Cells and Frogen Cells: Y-PER Reagent is capable of extracting proteing equally well from recently harvested
cells and frozen cells.

¢ Cell Density and Straln Yarlatlon: Differeaces in growth rate among organisms, growth temperature and media
composition can lave dramatic effects on the number of cells harvested from a given volume of culture. For this reason,
several suggestions for the amount of Y-PER Reagent to use fora given cell pellet (wet cell paste) weight are provided.

¢ Saccharmmyees cerevisdae: Y-PER Reagent is equally effective on cells grown to saturation or cells isolated from log-
phase growth in either rich or synthetic defined media.

o Schizosaccharontyces powbe: Y-PER Reagent performs best on cells grown in synthetic defined media such as
Edinburgh Minimal Media (EMM). To achieve adequate results from eells grown in rich media such g YES, cells must
e harvested during log-phase growtle To increase protein yvield fom 5. pombe cultures grown past log-plase, increase
temperatuee fo 45°C during lysis and wse protease inhibitors.

¢ Bacillus subrilis: Y-PER Reagent will not lyse 8. sibiilis sposes. When using sporulating straing, cells must be harvested
during log-phase growth. For straing unable to sporulate, cells may be grown to saturation before harvesting.

o Enzyme Activity: Because all proteins differ in structure, solubility and stability, there is no guarantee that a particular
protein will retain optimal activity in the presence of ¥-PER Reagent. However, ¥-PER Reagent does not interfere with
the activity of fi-galactosidase. Y-PER Reagent is also compatible with affinity-hased purification protocols for
glutathione S-transferase (GST) and histidine-tagged fusion proteins.

Note: Y-PER Reagent containg detergent and, therefore, is not compatible with protein assays that are incompatible with
detergents.
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04T W Markhon Rod  Aockiond, 1L 61108 US4 |E15) 9887318 e
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Procedure for Protein Extraction
1. Pellet cells by centrifugation at approximately 3000 = g (e.g.. 500 rpm for Beckman JA-20 rotor) for 5 minutes at 4°C.
Mote: Cells may be processed immediately after centrifugation or the cell pellet may be frozen at -20°C or -80°C.

2. Resuspend cells in an appropriste amount of Y-PER Reagent as indicated in Table 1. Vortex gently or pipetie up and
down until the mixture i homogeneous.

Noter To provent degradation of proteins, add protease inhibitors {e.g., Thermo Scientific Halt Protease Inhikitor
Cocktail, EDTA-Free, Product No, B7T85) to the sample.

Table 1. Volume of Thermo Sclentific Y-FER
Reagent to add per millkgram of cell pellet.

Wet Cell Pellet Y-PER Reagent
Welght |mg) Volume {ul)
L1 125-230
100 250-300
250 A23-1230
500 1230 - 2500

3. Agitate the mixiure at room temperature for 20 minutes.

4. Pellet the cell debris by centrifuging at 14,006 = g for 10 minutes.

Note: Typically, greater than 90% of the soluble protein is extracted at this point and may be used for furher purification
of analysis. A second extraction may increase vield, but is usually not necessary,

5. Reserve the supernatant (i.e., lysate) for amsalysis, further purification amd'or protein concentration determination.

Note: Y-PER. Reagent containg detergent and, therefore, is not compatible with protein assays that are incornpatible with
detergents.

Related Thermo Scientific Products

ROH3S DNase L, 50040 units

RTTHS Halt™ Protease Inhibitor Cocktall, EDT A-Free { [00X), ImL

BTTH Halt Protease Inhibivor Cocktall, contains sufficient reagents to treat 100mL of sample
THIAE B-FER™ Bacterial Froteln Extraction Reagent, 50dmL

T Bond-Breaker™ CEP Solutlon, SmL, enhances lysis of stationary-phase veast cells
THETO Yeast DNA Extraction Kit, for exiraction of genomic and plasmid DMNA from 5 cerevisioe
75708 Yeast B-Galactosidase Assay Kii

This prreatuct {"Predusct”) i warmanted 1o opete or perform substantially in conformance with pablished Product specifications in effect m the time of sale,
as st ot in the Product decumemation, specifications and'or accompanying packoge ments (“Documetarion™) and to be free from deficts in maienal and
wurkmanship, Unliss atherwise exprossly sathorised in witing, Products am supplsd for rescanch vse amly, No claim of susabalily for wse in applications
mogahabed by FIRA, (s madu, The warrandy prosaded herin i valid amly when wsed by properly trimad indnidualks. Unless ofherwise sated in e
Ducumestation, this wamrasty is limited 1o one vear from date of shipment when the Presduct is subjected 1o normal, proper and intended wage. This
wamasty does il extend 1o anyene oter than the edigmal purchaser of the Product {*Buyer")

Mo odher warrantics, expross sr implivd, are granted, including withod imitation, implicd warranties of merchantability, Giness for any particalar
purpose, or pom infringement, Bayer's exclusive remedy for mon-comferming Froducts during the warranty perisd is lmdted (o0 replacement of or
reland Tor the non-cenforming Frodeciis).

Thare is ne cbligation (o replace Products as the result of 1) accident, disaster or event of force mageure, {id) misuse, fmult or negligence of or by Buyes, (i}
e of the Produets in & manner for which tey were not designed. or |iv) Enproper siorage s handlisg of the Froduces.

Cumeni prodhect metnecbions are availabde ol wew thermoepien e compreree, Fora Bxed copy, call BI0-ATE-372% or contacd your keeal distribatar,

0 200 T Thermo Fisker Sciemtific Inc. All rights rosrved. Unliess otheradse indscated. all trademarks are propseely of Therma Fisber Scientifie Ine. and
subsidiones. Frimod m the USA
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Pierce™ BCA Protein Assay Kit

23225 23227 1296.9

Number Description
13115 Flerce BCA Proteln Assay Kit, sufficient reagents for 00 test-tube or SO00 microplate assays
13227 PFleree BCA Proteln Assay Kit, sufficient reagents for 230 test-abe or 2500 microplate assays

Kit Contents:

BCA Reagent A, LO0DmL (in Product Mo, 232257 or S00mL {in Product No. 23227), containing
sodium carbonate, sodivm bicarbonate, bicinchoninie acid and sodium tarieate in 0,18 sodium
hydroxide

BCA Reagent B, 23mL, containing 4% cupric sulfate

Albundn Standard Ampules, Zmg/ml, 10« lmL ampules, containing bovine serum albumin (BSA)
at 2oog'mL in (1L9% saline and 0.05% sodium azide

Storage: Upon receipt store at room temperature. Product shipped at ambient temperature.

Note: If either Reagent & or Reagent B precipitates upon shipping in cold weather or during long-term
storage, dissolve precipitates by gently warming and stirring solution. Discard amy kit reagent than
shows discoloration or evidence of microbial contamination.

Table of Contents

Introduction ..
Preparation ni’ Sla.mlamd-i and Wur].mg P.n.agn. 1l [rcqunr-.\d for boeth aqqay |:arnm:dun. g]

3 —

Test Tube Procedures { Sample o WR ratio = 1:20) .. 3
Microplate Procedure (Sample to W ratio = 1:8).. 3
Troubleshooting..... A
Related Thermo Su.|-.||t|ﬁ-. Pmdu-.b 3
Additional Information ... 5
References e, 1
Introduction

The Thermo Scientific™ Pieree™ BCA Protein Assay i a detergent-compatible formulation based on bicinchoninic acid {BCM
for the cologimetric deteetion and quantitation of total protein. This method combines the well-knewn reduction of Cu™ w Cu™'
Ty protein in an alkaline medivum (the biuret reaction) with the highly sensitive and selective colorimetric detection of the
cuprous cation (Cu”') using a unque reagent containing bicinchoninic acid.' The purple-colored reaction product of this assay is
Torrmed by the chelation of two molecules of BCA with one cuprous jon. This water-soluble complex exhibitg a sirong
absorbance at 562nim that is nearly linear with increasing profein concentrations over & broad working range (20-2000ug'mL).
The BC A method i not a true end-point method; that is, the final coles continues to develop. However, following incubation,

the rate of contimued color developiment is sufficiently sbow to allow large numbers of samples 1o be assayed together.

The macromolecular structure of protein, the number of peptide bonds and the presence of four pamicular amino acids
{cysteine, cvating, tryptophan and tyrosine) are reported to be respongible for color formation with BCA® Studies with di-,
tri- and tetrapeptides suggest | that the extent of color formation caused by more than the mere sum of individual color-
producing functional groups.” Accordingly, protein concentrations generally are determined and repornted with reference o
standards of a common protein such as bovine serum albumin (BSA). A geries of dilutions of knewn concentration are
prepared from the protein and assayved alonggide the unknown{s) before the concentration of each unknown is determined
based on the standard curve. If precise quantitation of an unknown protein is required, it is advizable to select a protein
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standard that is similar in quality 1o the unknown; for examgle, a bovine gamma globulin (BGG) standard (see Belated
Thermo Scientific Products) may be used when assaying immunoglobulin samples.

Two assay procedures are presented. OF these, the Test Tube Procedure requires a larger volume (0. LmL) of protein sample;
however, because it uses a sample to working reagent ratio of 1:20{v/v), the effect of interfering substances is minimized.
The Microplate Procedure affords the sample handling ease of a microplate and requires a smaller volume {10-25L) of
protein sample; however, because the sample to working reagent ratio is LR (wiv), it offers less flexibility in overcoming
interfering substance concentrations and obtaining low levels of detection

Preparation of Standards and Working Reagent (required for both assay procedures)

Ao Preparation of Diluted Albumin (BSA) Standards

Use Table | asa guide fo prepare a set of protein standards. Dilute the contents of one Albumin Standard (BEA) ampule into
several clean vials, preferably using the same dilwent as the sampleis). Each ImL ampule of 2mg/ml Albumin Standard is

sufficient to prepare a set of diluted standards for cither working range suggested in Table 1. There will be sufficient volume
for theee replications of each diluted standard.

Table 1. Preparation of Diluted Albumin (BSA) Standards

Dilution Scheme for Standard Test Tube Protocel and Microplate Procedure (Working Range = 20-2.00dpg/ml)

Yolume of Diluent Yolume and Sowrce of BSA  Final BSA Concentration

Vial Ly [ITI ] Leml)

A i 34 of Stock 2000

B 125 375 of Stack L300

C 123 325 of Siock LG00

i) 175 175 of vial B dilution T80

E 313 325 of vial C dilution 06

F 113 325 of vial E diluion 250

G 125 325 of vial F dilution 125

H 40 100 of vial G dilution 15

1 4010 0 (i = Blank

Dilution Schere for Enhanced Test Tube Protocol {Working Range = 3-250pg'mL)
Volume of Diluent Yolume and Sewrce of BSA  Final BSA Concentration

Vial (ul) (uL} {ug/mL)
A Tau | ek of Stock 250

B 400 A00 of vial A dilution 125

C 430 300 of vial B dilution hil]

D 400 400 of vial C dilution 5

E 400 100 of vial D dilution 5

F 400 L] . 0= Blank

B. Preparation of the BCA Working Reagent (WR)
I, Use the following formula to detenmine the total volume of WE required:
(# standards + # unknowns) = (# replicates) « (volume of WE per sample) = fotal volume WE required

Example: for the standard test-tube procedure with 3 unknowns and 2 replicates of each samgle:

(% standards + 3 unknowna) « (2 replicatesh = (2mL} = 48mL WER required

Note: 2.0mL of the WE is required for cach sample in the test-tube procedure, while only 200 pl of WR reagent is
requined for cach sample in the microplate procedure.

2. Prepare WR by mixing 30 parts of BCA Feagent A with | part of BCA Reagent B (3001, Reagent AcB). For the above
example, combine 30mL of Reagent A with 1mL of Reagent B.

MNote: When Reagent B is first added w Reagent A, turbidity is observed that quickly disappears upon mixing to vield a
clear, green WE. Prepare sufficient volume of WE based on the number of samples to be assayed. The WR is stable for
several days when stored in a closed container at room femgperature (RT).
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Procedure Summary (Test-tube Procedure, Standard Protocol)
EO paila "B° 1 il "B° 0. il Bangle + 207 Werbing Beage ligidale: 0 mia. al 30 Bpeeliophilonelt
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% ma
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Mix mering reageel Nixwel Thin ol EETR(R{430

Test-tube Procedure (Sample to WR ratio = 1:20)

I
2
i

Pipette 0. 1mL of each standard and unknown sample replicate into an appropriately labeled eat wbe,
Add Z0mL of the WE to each tbe and mix well.
Cover and incubate tubes at selected ternperature and time:

v Standard Protocol: 3790 for 30 minutes (working range = 20-2000pg'mL)
+  RT Protocol: RT for 2 hours {working range = 20-2000ug/mL}

+  Enhanced Protocol: G0°C for 30 minutes (working range = 5-250pg/mL)
Notes:

v liereasing the incubation time o temperature increases the net 362nm absarbance for each test and decreases both
the minimum detection level of the reagent and the working range of the protocol.

o Use a water bath to heat tubes for either Standard (37°C incubation) or Enbanced (60°C incubation) Protocol. Using
a forced-air incubator can introduce significant error in color development because of uneven heat transfer.

Cool all tubes o RT.

With the spectrophetometer set to 562nm, zero the inatrument on a cuvette filled only with water. Subsequently, measure
the absorbance of all the samples within 10 minutes.

Note: Because the BCA assay does ot reach a true end point, color development will continee even after coeling 1o BT,
However, because the rate of color developrment is low at BT, no significant error will be introduced if the 562am
absorbance measurements of all tubes are made within 10 minutes of each other.

Subtract the average 562nm absorbance measurement of the Blank standard replicates from the 562nm absorbance
measurement of all other individual standard and unknown sample replicates.

Prepare a standard eurve by plotting the average Blank-corrected $62nm measurement for each BSA standard va. its
concentration in pgiml. Use the standaed curve to determing the profein concentration of cach unknown samgle,

Microplate Procedure (Sample to WR ratio = 1:8)

Pipette 23uL of cach standard or unknown sample replicate into a microplate well {(working range = 20-2000uwg/mL}
{e.g.. Themo Scientific™ Pierce™ 96-Well Plates, Product Mo, 15041},

Note: If samgle size is limited, 10uL of cach unknown sample and standard can be used {sample to WR ratio = 120,
However, the working range of the assay in this case will be limited 1o 123-2000ng/mL.

Add 200uL of the WER to each well and mix plate thoroughly on a plate shaker for 30 seconds.
Cover plate and incubate at 37°C for 30 minutes.
Cool plate o RT. Measure the absorbance al or near 362mm on a plate reader.

Notes:

¢ Wavelengths from $40-590nm have been used successfully with this methid.

¢ Because plate readers use a shorter light path length than cuvette spectrophotometers, the Microplate Procedure
requires a greater sample to WER ratio to obtain the same sensitivity as the standand Test Tube Procedure. 17 higher
Sh2nm measurements are desired, increase the incubation time to 2 hours,

¢ Increasing the incubation time or ratio of sample volume to WE inereases the net 562nm measurement for each well
and lowers both the minimum detection level of the reagent and the working range of the assay. As long ag all
standards and unknowns are treated identically, such modifications may be useful.
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5. Bubtract the average 562nm absorbance measurement of the Blank standard replicates from the 362nm measurements of
all other individual standard and unknown sample replicates.

6. Prepare a standard curve by plotting the average Blank-comected 362nm measurement for cach BSA standard vs. its
concentration in pg/ml. Use the standard curve to determine the protein concentration of each unkrown samgle.

Naote: T using curve-fitting algorithms associated with a microplate reader, a four-parameter | quadratic) or bess-fit curve
will provide more accurate results than a purely linear fit, If plotting results by hand, a point-to-point curve is preferable
to 8 linear fit to the standard points.

Troubleshooting

Frohlem

Paossible Cause

Soluthen

Mo color in any tubes

Sample containg a copper chelating
agent

Dialyze, desalt or dilute sample

Increase copper concentration in working reagent
|eg., use 5002, Reagent AB)}

Remwve interfering substances from sample using
Product No. 23215

Blank absorbance is OK,

Strong acid or alkaline buffer, alters

Diialyze, desalt, or dilute sample

bt standards and working reagent pH

samples show less color | Color measured at the wrong wavelength | Measure the absorbanee at $62nm

than expected

Color of samples appears | Protein concentration is too high Dilute sample

darker than expected Sample containg lipids or lipoproteins Add 2% SDS to the sample to eliminate

interference from lipids’

Remove interfering substances from sample using
Product No. 23215

All tubes {including
blank) are dark purple

Buffer containg a reducing agent

Buffer containg a thiol

Buffer containg biogenic amines

Dialyze or dilute sample
Remwve interfering substances from sample using
Product No. 23215

{catecholamines)
Meed to measure color at | Spectrophotometer or plate reader does | Color may be measure at any wavelength between
a different wavelength not have 562nm filier S0 and 39000, altough the slope of standard

curve and overall assay sensitivity will be reduced

A Interfering substances

Centain substances are known to interfere with the BCA assay including those with redwcing potential, chelating agents, and
strong acids or bases. Because they are known to interfere with protein esfimation at even minute concentrations, avoid the
fellowing substances as components of the sample buffer:

Ascorbic acid EGTA Iron Impure sucrose
Catecholamines Impure glycerol Lipids Trypophan
Creatinine Hydrogen peroxide Melibiose Tyrosine
Cysteine Hydrazides Phenol Red Uric acid

(rther substances interfore o a lesser extent with protein estimation using the BCA assay, and these lave only minor
{iolerable) effects below a certain conceniration in the original sample. Maximum compatible concenirations for many
substances in the Standard Test Tube Protocol are listed in Table 2 (see last page of Instructions). Substances were
compatible a1 the indicated concentration in the Standard Test Tube Protecol if the ereor in protein concentration estimation
caused by the presence of the substance was less than or equal to 10%. The substances were tested using WR prepared
immediately before each experiment. Blank-corrected $62nm absorbance meagurements (for a 1000pg/mL BSA standard +
substance) were compared to the pet 562nm measurements of the same standard prepared in 0.9% saline. Maximuam
compatible concentrations will be lower In the Microplate Procedure where the sample to WE ratio is 18 (viv).

Furthermere, it is possible 1o have a subatance additive affect swch that even though a single component is present at a
concentration below its listed compatibility, a sample buffer containing a combination of substances could interfere with the
AREAY.
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I11 ELISA, A. RAD54

FOR IN VITRO AND RESEARCH USE OMLY

MWOT FOR USE IN CLINICAL DIAGNOSTIC PROCEDURES

[ INTENDED USE ]

The kil is a sandwich enzyme immunoassay for in vitro quantitative measurement of RADS4LZ in human lissue

homogenates and other biological fuids.

11th Editen (Revised In July, 2013)

[ REAGENTS AND MATERIALS PROVIDED ]

SER945Hu 96 Tests

Enzyme-linked Immunosorbent Assay Kit
For RADS4 Like Protein 2 (RADS4L2)
Organism Species: Home sapiens {Human)
Instruction manual

Reagents Quantity | Reagents Quantity
Pre-coated. ready o use 96-well strip plata 1 Plale sealer Tor 96 wells 4
Slandard 2 Standard Diluant 1=20mL
Datection Reagent A T=120pL Agzay Diluent A 1=12mL
Datection Reagent B 1= 120pL Aszay Diluent B 1=12mlL
TMB Substrate 1=9mL Stop Solution 1=BmL
Wash Buffer {30 * concenirate) 1=20mL Instructicn manual 1

[ MATERIALS REQUIRED BUT NOT SUPPLIED ]

1. Microplate reader with 450 £ 10nm filter.

2. Pracision single or multi-channel pipettes and disposable tips.

3. Eppendorl Tubes for diluting samples.
4. Delonized or distilled water.

5. Absorbant paper for blotling the microliter plata.

6. Container for Wash Solution

[ STORAGE OF THE KITS ]

1. For unopened kit: All the reagents should be kepl according lo the labels on vials. The Standard, Detection
Reagent A, Detection Reagent B and the 96-well strip plate should be stored al -20°C upon recaipl while

the cthers should be at 4 °C.

2. For opened kit: When the kil is opened, the remaining reagents still need 1o be stored according to the
above storage condition. Besides, please return the unused wells to the foll pouch containing the desiccant

pack, and reseal along entire edgs of zip-seal.
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Note:

Itis highly recommendad lo use the remaining reagents within 1 month provided this is within the expiration date

of the kil. For the expiration date of the kit, please refer lo the label on the kit box. All componants are stable until

this expiration date.

[ SAMPLE COLLECTION AND STORAGE ]

Tissue homogenates - The preparation of ssue homogenates will vary depending upen tssue lype. For this

assay, lissues ware rinsed in ce-cold PBS(0.01molL,pH 7.0-7.2) 1o remove excess blood thoroughly and
weighed before homogenization. Minced the lissues lo small pleces and homogenized them in 5-10mL of
PBS with a glass homogenizer en ice{Micro Tissue Grinders waoks, toe). The resulling suspension was
sonicalad with an ultrasonic cell disrupler or subjected to two freeze-thaw cycles 1o further break the cell
membranes. After that, the homogenales were centrifugated fer 5 minules al 5000=y. Remove the supermalte
and assay immediately or aliqual and store al =-20°C.

Other biclogical fluids - Centrifuge samplas for 20 minutes at 1000=g. Remove parliculates and assay

immediately or slore samples in aliquol at -20°C or -B0°C for laler use. Avold repeated Treeze/thaw cycles.

Note:

1.

Samples to be used within 5 days may be stored at 4°C, otherwise samples must be stered at -20°C (=1
menth) or -B0°C (=2 months) lo aveid loss of bioaclivity and conlamination.

Sample hemolysis will influenca the resull, so hemolytic spacimen should nol be detected.

Whan performing the assay, bring samples 1o room lemperatura.

[ REAGENT PREPARATION ]

Bring all kit components and samples lo room lemperalure {18-25°C) before use.

Standard - Reconsliule the Standard with 1.0mL of Standard Diluent, kept for 10 minules al room
lamperature, shake genlly(nol 1o feam). The concentration of the standard in the stock selution is 20ng/mL.
Please prepare T lubes containing 0.5mL Standard Diluent and produce a double dilution series according o
the picture shown below. Mix each tube thoroughly before the next ransfer. Set up 7 paints of diluted
standard such as 20ng/mL, 10ng/mL, SngimL, 2.5ngimL, 1.25ng/mL, 0.625ng/mL. 0.312ng/mL, and the last
EP tubes with Standard Diluent is the blank as Ong/mL.

500pL 500uL 500uL 500uL 500pL S00uL

A TATYAY A

Fokisrs i . my
naar "_'._ﬂ 0,
= W ; [u] |

— v/ W/
Tubea 1 2 3 ] 5 ] 7 ]
ngmb 20 10 3 25 1.25 0625 0312 1]
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Detection Reagent A and Detection Reagent B - Brieflly spin or centrifuge the slock Detaclion A and
Detection B before use. Dilule 1o the working concentration with Assay Diluent A and B, respeclively
{1:100).

4. Wash Selution - Dilute 20mL af Wash Sclution concentrala (30=) with 580mL of deienized or distiled water
o prepars BO0mL of Wash Solution {1=).

5. TMB substrate - Aspirate the needed dosage of the salution with sterlized tips and do nol dump the residual
soluticn into the vial again.

Note:
Making serlal dilution in tha wells directly is nol parmitted.
Prepare standard within 15 minutes before assay. Please do nol dissalve the reagents at 37°C directly.
Pleasa carefully reconstilule Standards or working Delection Reagent & and B according toe the instruction,
and aveld feaming and mix gantly until the crystals are completely dissolved. Ta minimize imprecision caused
by pipelling, use small volumes and ensure thal pipetiors are calibrated. It is recommended o suck more
than 10pL for ence pipelting.

4. The reconstituted Standards, Detection Reagent & and Delection Reagent B can be used only once.

5 Il erystals have formead in the Wash Solution concantrate (30=) warm 1o room lemperaturs and mix gently
unitil the crystals are completely dissolved.

6. Conlaminated water or container for reagent preparation will influence the datection result.

[ SAMPLE PREPARATION ]

1.

Cloud-Clone Corp. s only responsible for the kit itsall, bul not for the samples consumed during the assay.
The user should calculate the possible amount of the samples used in the whole tesl. Please reserva
sufficiant samples in advance.

Pleasa predict the concentration before assaying. If values for these are nol within the range of the standard
curve, users must determine the oplimal sample dilutions for their particular experiments. Sample should be
diluted by 0.0maliL PBS(PH=7.0-7.2).

If the samples are nol indicaled in the manual, a preliminary experment o determine the validity of the kil is
NEeCassary.

Tissue or cell exlraction samples prepared by chamical lysis buffer may cause unexpecled ELISA resulls due
1o the impacts from certain chemicals,

D to the possibility of mismatching between antigen frem other origin and antibedy used in our kits (e.g.,

antibody targets conformational epilope rather than linear epilope), somea nalive of recambinant proleins
from ather manufacturars may nol be recognized by our products.

Influenced by the factors including call viability, cell number or sampling tme, samples from cell cullure
suparnalant may not be datecled by the kit

Fresh samples without long Ume siorage is recommanded for the test. Otherwise, protein degradation and
denaturalization may accur in those samplas and finally lead 1o wrong results.

[ ASSAY PROCEDURE ]

1.

Datermina walls for diluted standard, blank and sample. Prepare 7 wells for standard, 1 well for blank.
Add 100yl each of dilutions of standard (read Reagent Preparalion), blank and samplas inlo the appropriate
walls. Cover with the Plale sealer. Incubate for 2 hours at 37°C.
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Remove the liquid of sach wall, don't wash.
Add 100yl of Detection Reagent A working sclution to each well. Incubate for 1 hour at 37°C afler covering
it with the Plate sealar.

4. Aspirale the solution and wash wilh 350pL of 1% Wash Seclution to each well using a squirl bollle,
mulli-channel pipelte, manifold dispenser or autowasher, and lel it it for 12 minutes. Remava the remaining
liguid from all wells completely by snapping the plate onlo absorbent paper. Totally wash 3 times. After the
last wash, remove any remaining Wash Buffer by aspiraling or decanting. Inverl the plate and blot it against
absorbent papar.

5 Add 100uL of Detection Reagent B working solution to each well. Incubate for 30 minules at 37°C afler
covering il with the Plale sealer.

6. Repeal the aspiration/wash process for lolal 5 times as conducted in slep 4.

Add 90yl of Substrate Solution 1o each well. Cover with a new Plale sealer. Incubate for 15 - 25 minutes al
37°C (Dol excead 30 minutes). Protect from lighl. The liquid will turn blue by the additien of Substrate
Salution.

B Add 50pL of Stop Solution 1o each well. The liguid will turn yellow by the addition of Stop solution. Mix the
liguid by tapping the side of the plate. T color change does nol appear uniferm, gently tap the plate to ensure
thorough miging.

9. Remove any drop of waler and fingerprinl on the battom of the plate and confirm there is no bubble on the
surface of the liquid. Then, run the microplate reader and condue! measurement at 450nm immediataly.

Mote:

1. Assay preparation: Keep appropriate numbers of wells for each experiment and remove extra wells from
micraplate. Rest wells should be resealed and slored al -20°C.

2. Samples or reagents addition: Please use the freshly prepared Standard. Please carefully add samples
1o wells and mix genlly to avoid foaming. Do nol touch the well wall. For each slep in the procedure, total
dispensing timea for addition of reagents or samples to the assay plale should nol exceed 10 minutes. This
will ensure equal elapsed time for each pipetting step, without interrupticn. Duplication of all standards and
specimens, although not required, is recommended. Te avoid cross-contamination, change pipelle tps
between additions of slandards, samples, and reagenls. Also, use separated reservairs for each reagent.

3 Incubation: To ensure accurate resulls, proper adhesion of plale sealers during incubalion sleps is
necessary. Do nol allow wells 1o sit uncovered for extended perods belwsen incubation sleps. Once
reagents are added to the well sirips, DO NOT let the strips DRY al any tme during the assay. Incubation
tirme and lemperatura must ba controlled.

4. Washing: The wash procedure is critical. Complate remeval of liquid al each step is essential for good
performance. After the lasl wash, remove any remaining Wash Solution by aspirating or decanling and
remove any drop of water and fingerprint on the battom of the plate. Insufficient washing will resull in poar
precision and false elevaled absorbance reading.

5 Contrelling of reaction time: Observe the change of color after adding TMB Substrate (e.g. observalion
ance every 10 minules), if the color is loo deep, add Stop Solution in advance lo avoid excessively sirong
reaction which will resull in inaccurate absorbance reading.

6. TMB Substrate is easily conlaminated. Please protect it from light.
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7.  The envirenmenl humidity which is less than 60% might have soma effects on the final parformance,

theralora, a humidiller is recommended Lo be used al that condition.

[ TEST PRINCIPLE ]

The microfiter plate provided in this kil has been pre-coalad with an anlibody specific 1o RADS4LZ. Standards or

samples are then added (o the appropriate microliter plate wells with a biotin-conjugated antibody spacific to
RAaDS4LZ. Mext, Avidin conjugated lo Horseradish Peroxidase (HRP) is added to each microplate well and
incubated. After TMB subslrate solution is added, only those wells thal contain RADS4LZ, biotin-canjugated
antibedy and enzyme-conjugated Avidin will exhibil a change in color. The enzyme-substrale reaction is
lerminated by the addition of sulphuric acid solution and the color change is measured spectropholometncally at
a wavelength of 450nm £ 10nm. The concantration of RADS4LZ in the samples is then determinad by comparing
the 0.0, of the samples o the standard curve.

[ CALCULATION OF RESULTS ]

Avarage the duplicate readings for each standard, control, and samples and subtract the average zero standard

oplical density. Construct a standard curve by plotling the mean 0.0, and concentration for each standard and
draw a best (it curve through the points on the graph or creale a standard curve on log-log graph paper with
RADS4LZ concentration on the y-axis and absorbance on the x-axis. Using some plot software, for instance,
curva axpert 1.30, s also recommended. If samples have been diluted, the concentration read from the standard
curva must ba multiplied by the dilution factor.

[ IYPICAL DATA ]

In order to make the calculation easier, we plol the O.D. valus of the standard (X-axis) against the known
concantralion of the standard (Y-axis), although concentration is the independent variable and O.D. value s the
dependant variable. However, the O.0. values of the slandard curve may vary according lo the conditions of
assay perlormance (e.g. operator. pipetting lechnigue, washing lachnique or lemperature affects), platting log of
lhe data lo eslablish standard curve for each test is recommendad. Typical standard curve baelow is provided for
referance only.
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Optical Density

Typical Standard Curve for RADS4L2, Human ELISA.

B. HSP70
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I INTRODUCTION

The HSP70 high sensitivity ELISA kit is a complete kit for the
quantitative determination of inducible Heat Shock Protein 70
(Hsp70) in serum and plasma samples of human, mouse, and rat
origin. It does not detect other Hsp70 family members such as
Hsc70 (Hsp73), Grp78, Dnak (E. coli), or Hsp71 (M. tuberculosis).
Please read the entire kit insert before performing this assay.

| Hsp70 is a molecular chaperone whose expression is induced
upon exposure of the cell or organism to conditions of stress. It
prevents protein aggregation and promotes the refolding of
proteins that become damaged in response to environmental
insults, pathogens, and disease. Its activity is essential for cellular
survival and recovery under stress conditions, as well as for the
maintenance of normal cellular function wunder non-stress
conditions™. Hsp70 has been implicated to play a role in a variety
of disease and physiological processes such as hyperthermia,®
hypertension.® toxic exposure to chemical agents,® hypoxia,”
ischemia,®® inflammation,’® autoimmunity,> "' apoptosis,'® 7
-:_:anc:e-r,13 organ transplantation,” and bacterial”™™® and vira
infections. Hsp70 is also a key regulator of many normal
WO physiological processes including aging,™'® spermatogenesis, '**"
menstruation,®' and physical activity such as exercise®. The
Hsp70 High Sensitivity ELISA kit is designed to evaluate and
monitor Hsp70 in these processes, providing a key research tool to
understand the role of Hsp70 in physiclogy and disease.
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- | REAGENT PREPARATION
~Enm
) ' 1. Wash Buffer
Bring all ' Prepare the wash buffer by diluting 50 mL of the supplied
;if:;:‘jm | Wash Buffer Concentrate with 850 mL of deionized water.
standard and This can be stored at room temperature until the kit
assay buffer to expiration, or for 3 months, whichever is earlier.
room tempera- .
ure far at least | 2. 125ng/ml Hsp70 Intermediate Standard
0 minutes | Label one 12x75 mm polypropylene tube as A. Pipet 400pl
E:::r?g | of the assay buffer into tube A. Remove 5yl of the assay
' | buffer from the tube for a final volume of 395ul. Add 5pl of
the Hsp70 High Sensitivity Standard stock solution. Vortex
| gently. Keep the intermediate standard on ice for optimal
| performance.
e | 3. Hsp70 Standard Curve
- | The assay buffer as well as diluted standards and samples
Plastic tubes should be kept on ice and used within 60 minutes of
must be used | preparation for optimal performance. If ice is not available,
for Elﬂr’:{sd | room temperature assay buffer may be used and the diluted
preparstian. standards and samples should be used within 20 minutes of
' preparation.

[ 5L FEHTTE S4B L SEE L SEHal Sl S0l SO0 L

| YT TATETATE'
BN o lloillciliolfliolflclliolllo

L5,
! '
— 1250 ngpmi Aismimi 0.7 refml D20 rg/mL

123 npmi. G5 ngdmL L36 ngiml a5 rpiml
| Label seven 12x75 mm polypropylene tubes #1 through #7.
Pipet 900yl of the assay buffer into tube#1. Pipet 500l of
the assay buffer into tubes #2 through #7. Add 100 pl of the
' 125ng/ml Hsp70 Intermediate Standard from tube A into
| tube #1. Vortex gently. Add 500pl of tube #1 to tube#2 and
vortex gently. Continue this for tubes #3 through #7.

lsoom | soouL 500 4t 500 L 500
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| Serum and Plasma Preparation
" Enzo
| 1. Collect whole blood in either clotting tubes for serum or
Bring all | EDTA tubes for plasma.
Feage':l;l | 2. Allow serum to clot for 30 minutes.
mrdand 3. Centrifuge at 1000 x g for 15 minutes at 4°C.
assay buffer to 4. Place supernatants in a clean tube.
Efemfc:fr;tﬁ:;?t | 5. The supernatant may be aliquotted and stored at or below -
30 minutes | 20°C, or used immediately in the assay.
prior to
h |
opening. ASSAY PROCEDURE
! Refer to the Assay Layout Sheet to determine the number of wells
| to be used. Remove the wells not needed for the assay and return
Mistandards | them, with the desiccant, to the mylar bag and seal. Store unused
and samples | wells at 4°C.
™ | 1. Pipet 100yl of the assay buffer into the SO (Ong/ml standard)
' wells.
| 2. Pipet 100p! of Standards #1 through #7 to the bottoms of the
Pre-tinse each appropriate wells.
pipelbpwith | 3 Pjpet 100p! of the samples to the bottoms of the appropriate
reagent. Use
fresh pipet tips | wells.
gma:féh | 4. Seal the plate. Incubate for 2 hours shaking* at room
standard, and | temperature.
reagent . 5. Empty the contents of the wells and wash by adding 4004l of
e wash buffer to every well. Repeat 3 more times for a total of
' 4 washes. After the final wash, empty or aspirate the wells
Pipet ml:t 0 ' and firmly tap the plate on a lint free paper towel to remove
reagents o the
5“:“55 af the any remaining wash buffer.
;‘“;:;;f:”"'d | 6. Pipet 100l of yellow antibody into each well except the
contamination. | blank.
R | 7. Sealthe plate. Incubate for 1 hour shaking” at room
ot | temperature.
Prior to the | Wash as above (Step 5).
ddition of
:nul:,g: | 9. Add 100p! of blue conjugate to each well except the blank.
Eﬂgf::: o | 10. Seal the plate. Incubate for 1 hour shaking® at room
ensure there s temperature.
i |
e, 11. Wash as above (Step 5).
ths wells. 12. Pipet 100yl of substrate solution into each well.
Remaining [
wash buffer 13. lincubate for 30 minutes shaking™ at room temperature.
may cause |
.,a,:‘;:inn if 14. Pipet 100ul of stop solution into each well.
assay results. |
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I 15. After zeroing the plate reader against the substrate blank,

| read optical density at 450nm. If plate reader is not capable

| of adjusting for the blank, manually subtract the mean OD of
the substrate blank from all readings.

*Shaking is preferably carried out on a suitable plate or
orbital shaker set at a speed to ensure adequate mixing of

| the contents of the wells. The optimal speed for each shaker
| will vary and may range from 120-700rpm.

CALCULATION OF RESULTS

| Several options are available for calculating the concentration of

Hsp70 in the samples. We recommend that the data be handled
Mutiply | by an immunoassay software package utilizing a 4-parameter
zm:mhms logistic curve fitting program. If data reduction software is not

by the dilution readily available, the concentrations may be calculated as follows:

factor used '

during 5?"""5 | 1. Calculate the average MNet OD for each standard and sample

preparstion. | by subtracting the average blank OD from the average OD
for each standard and sample.
Average Net OD = Average OD - Average Blank OD

2. Plot the average Net OD for each standard versus Hsp70
concentration in each standard. Approximate a straight line
through the points. The concentration of the unknowns can

| be determined by interpolation.

| Samples with concentrations outside of the standard curve range

| will need to be re-analyzed using a different dilution.
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' TYPICAL RESULTS
| The results shown below are for illustration only and should not be

| used to calculate results from another assay.

Optical Density

30

25

20

05

oo

Product Manual

Sample Net OD  Hsp70 (ng/ml)
S0 0104 0
S1 2810 '12.50

s2 51.5?4 55.25

83 0.864 3.13

S4 ‘0481 156
s5 0200 078
S6 0211 0.39

57 _:{]163 :cfzu_ -
Unknown 1 1.291 ;4.93
Unknown 2 0.372  1.08

/’
pd
0.0 2i5 5.0 ?:5 iE;.CI

HspT0 Concentration (ng/mL)
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