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ABSTRACT

Interfacing of graphene (and other 2D materials) with biocomponents has led to its translation into
a wide spectrum of applications in biotechnology, biomedicine and energy via development of a
wide spectrum of novel bio-nanodevices. Graphene is the newest member of carbon-allotrope
family, which consists of various nanomaterials including carbon nanotubes and quantum dots.
The fundamental electronic, vibrational and optical phenomena derived from this stable, free-
standing nanomaterial in the form of an atomically-thick, 2D flat sheet is what makes graphene

unique.

Several 2D materials, including graphene, are being investigated intensively for their unique
physicochemical properties arising from their atomically planar structure. They possess a range of
fundamentally superior properties including the highest surface area to volume ratio, high
conductivity and exceptional optical and electrical phenomena. These properties could enable the
development of efficient graphene biointerfaces for fabricating multifunctional biomedical devices
and alternate energy sources. To successfully define the capabilities and limitations of such
devices, it is important to understand the mechanisms involved in systems where biological

components are interfaced with graphene.

One of the ways to characterize graphene is using Raman spectroscopy which has shown to be a
powerful tool to study materials. Although the electrical properties of graphene have been
extensively studied for numerous applications including biosensing, research on graphene
phononics to investigate nanobiointerface is limited. To gain insight in this field, we interfaced
monolayer graphene with different cell systems - cancerous: Glioblastoma multiforme (GBM)

cells and normal: Astrocytes, and investigated the interaction using Raman spectroscopy. The 2D
XXi



Raman peak of graphene with GBM cells showed a large blue shift, ~6.3 cm, indicating a high
degree of p-doping compared to when interfaced with astrocytes, ~2.3 cm™. This is attributed to
the different metabolic activity and surface chemistry among the two cell types. Such sensitive
doping of graphene is attributed to its large quantum capacitance and the surface potential of the

GBM cell was calculated to be ~310 mV.

Following the cell study, we then investigated different cerebrospinal fluids (CSFs) obtained from
patients with diseases affecting the central nervous system (CNS) including ALS, multiple
sclerosis (MS) and other forms of motor neuron diseases (MND). The CSF with ALS n-doped the
graphene lattice (red-shifted the 2D peak) to a different degree compared to other disease groups
(MS and MND). Currently, there are no reliable biomarker to accurately detect ALS and often,
patients with monomelic amyotrophy, primary lateral sclerosis and cervical myelopathy are
misdiagnosed as ALS. Hence, the graphene-bio interface could potentially be used as a diagnostic
tool for detecting ALS. The graphene platform could also be used to monitor the progression of
ALS disease. CSF samples from SOD1%%%*A transgenic rat model corresponding to different stages:
early symptomatic (onset) and end point were investigated, which exhibited different n-doping
trends. This offers a technique to monitor the progression of the disease, which has been difficult

to quantitatively measure until now.

We further investigated the utilization of the graphene- bio interfaces in other fields including
bioenergy. Here, we interfaced graphene (reduced graphene oxide, rGO) with electrogenic bacteria
(Geobacter sulferreducens) to understand the electron transport mechanism. In this study, the high
conductivity and flexibility of graphenic sheets was leveraged. When rGO sheets interfaced with

Geobacter sulferreducens, the electrons produced by the electrogenic bacteria by metabolizing the

xXii



substrate are transferred to the rGO sheets, adding ~34400 electrons per um? under steady state as
confirmed by phononic characterization. The interaction of bacteria with rGO led to addition of
electrons (n-doping) (~5.3 cm™) in the rGO lattice. This interface was also studied in a microbial
fuel cell (MFC) like device, where the introduction of graphene in the anode chamber resulted in
an estimated 2-fold higher rate of electron transfer. The flexible rGO sheet conforms to the
bacterial cell, connecting the membrane proteins and enhancing the efficient transport of the
electrons from the cellular surface. Exploring the bacterial-graphene interaction and the energetics
involved at a single cellular level would help us understand the nano-biointerface and utilize it for

fabricating efficient nanodevices.

In addition, the interaction of graphene quantum dots (GQDs) with bacteria was characterized
using Raman spectroscopy. In this study, we observed an enhancement in the bacterial peaks due
to the presence of GQDs. Previously, SERS of bacteria was observed using various metal

substrates including silver and gold. This is the first time, GQD was used as the SERS substrate.
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CHAPTER 1

1. Introduction

1.1. Graphene

Graphene is a planar sheet of sp? hybridized carbon atoms arranged in a honeycomb lattice(Schedin
et al. 2007; Mohanty and Berry 2008; Mohanty et al. 2011; X. Wang, Zhi, and Millen 2008;
Pumera 2011) and is the precursor of all graphitic material including fullerenes (0D), carbon
nanotubes (1D) and graphite (3D). This wonder material is associated with numerous superlatives.
It is the thinnest known material (~0.3 nm, vibration modes are active). The n-electrons(Geim and
Novoselov 2007) within a single-layer of atoms(Novoselov et al. 2004) ensure that the effect of
events on graphene’s carrier density remains confined to graphene. In contrast, the effect of a
molecular event on graphite surface is diminished due to its thickness (distribution of the effect
over thickness). Due to this, graphene exhibits a high quantum capacitance which changes the
density-of-states of graphene with a small electric field from interfacing molecules, making it
extremely sensitive to doping. Here, the quantum-coupling of the electric-field from the molecular
dipoles on graphene is enhanced, significantly influencing the conductivity of graphene. Graphene
exhibits ultrahigh mobility (200,000 cm?/V/s; highest ever measured), which acts as a signal-
amplifier (AI/Vps « nA p) for ultrasensitive detection. The high mobility originates from its =n-
orbitals being atop its lattice plane reducing scattering(Meyer et al. 2007; Geim and Novoselov
2007). Graphene also exhibits strong phonon coupling with phononic energies which is extremely
sensitive to its Fermi level(Das et al. 2008b; Basko, Piscanec, and Ferrari 2009). Further, graphene

possesses a large interfacial area providing an ideal platform for attachment of large biological



cells(Nguyen and Berry 2012; Paulus et al. 2014). These properties are considered tremendously

advantageous for various applications, especially in the biomedical field.

Numerous procedures have been developed to synthesize graphene. Novoselov et al.(Novoselov
et al. 2004) first synthesized graphene micromechanical cleavage method which uses scotch tape
to peel the graphitic layers apart. This method produces very high quality graphene. However, it
is rather tedious with extremely low throughput and produces graphene of micro-scale dimensions,
which demand precision handling (large areal graphene such as inch scale would enable easier
handling and processing). Another way to synthesize large quantity of graphene is via exfoliation
of graphite with strong acids/ oxidizing agents(Hummers and Offeman 1958) and subsequent
reduction of the resulting graphene oxide using various chemical, electrochemical, thermal and
photocatalytic processes(Dreyer et al. 2010; Tung et al. 2009). Graphene oxide (GO) consists of
several oxy-functional groups (carboxyl, carbonyl, hydroxyl, epoxy, etc) sp® bonded on the sp?
graphenic structure which helps in the exfoliation and subsequent stabilization in solution(Si and
Samulski 2008). The subsequent reduction of GO into reduced GO (rGO) can be effectively done
using a variety of reagents including hydrazine(Dikin et al. 2007; Stankovich et al. 2007),
hydrogen plasma(Zhu et al. 2010; Sundaram et al. 2008), microbes(Zhu et al. 2010; Salas et al.
2010), and even microwave(Voiry et al. 2016). However, the quality of rGO produced is generally
lower than that of the micromechanical exfoliated graphene(Schwamb et al. 2009), due to the
resilient oxy-functional groups in GO such as the carbonyl groups, which are difficult to remove
upon reduction(Gao et al. 2009; Stankovich et al. 2006) as well as some defects. Later, the
chemical vapor deposition (CVD) process was employed to produce large-scale, and single or few
layered graphene on various substrates. Here, hydrocarbon precursors such as CHs are fed into the
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reactor at a high temperature, which will be decomposed to carbon radicals on catalytic metal
surfaces and then form graphene(Zhang, Zhang, and Zhou 2013). Ni is one of major substrates
used for CVD graphene process due to its highly-matched lattice with graphene(Batzill 2012).
However, the high solubility of carbon (C) in Ni limits the yield of monolayer graphene sheets.
Another promising substrate is Cu, which possesses low solubility of C resulting in a self-limiting
deposition mechanism on Cu surface. CVD growth of graphene using Cu was pioneered by Ruoff
et al.(Xuesong Li et al. 2009) producing continuous, high quality, and large scale monolayer
graphene (>95% of area mono layered). The CVD produced graphene is then transferred onto
arbitrary substrates such silica to investigate its various properties. However, the CVD graphene
suffers from some critical issues including lower mobility and formation of wrinkles, tears, and

other structural defects during the transfer process.

1.2. Characterization of Graphene

Various characterization tools, including atomic force microscopy (AFM), TEM, and Raman
spectroscopy, have been utilized to characterize the structure and properties of graphene. In our
study, the main emphasis will be given to Raman spectroscopy which is a fast and non-destructive
method. Further, it offers high resolution, provides electronic and structural information, and is

also applicable at both laboratory and mass-production scales(Andrea C. Ferrari and Basko 2013).

1.2.1. Raman spectroscopy

Raman scattering is referred to the inelastic scattering of photons by optical phonons which is
typically classified as two photon events, namely the simultaneous annihilation of an incident

photon and the formation of a scattered photon. The probability of Raman scattering is much lower



than Rayleigh scattering and happens when some of the energy of the incident photon (A9;) is lost
during the interaction process, thereby creating a scattered photon with lower energy (Ad,.). Such

event is referred to as a Stokes (S) process. The energy lost during this interaction must correspond
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Figure 1.1. Mechanism of Raman spectroscopy involving inelastic scattering processes
(Stokes and Anti-Stokes)

to a phonon energy, hd; — hid,, = hL, since the sample should return to a stationary state.
Alternatively, the incident photon can leave the crystal with an increased energy, hd,. = h¥; +
hQ, after the interaction with the system if the sample was already in an excited vibrational state.

This corresponds to the Anti-Stokes (AS) process (Figure 1.1).

Stokes processes are studied more in literature due to its higher probability(P. Y. Yu and Cardona
2005) where the measurements are conducted by plotting the intensity of the scattered light as a

function of the difference between scattered photon energy and incident energy, referred to as the
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"Raman shift". The unit of Raman shift is generally represented as cm™, even though it should

resemble that of energy.

Electrons play a big role in determining the Raman scattering process on phonons including their
movements and scattering behavior. Therefore, one can effectively probe the electrons via phonons
to investigate any modifications of the electronic properties of a system attributed to edges, doping,
defects or magnetic fields by observing the widths, positions, and intensities of the Raman
peaks.(Andrea C. Ferrari and Basko 2013) In this section, the phononic properties of graphene

probed using Raman spectroscopy, will be discussed.
1.2.1.1. The Raman spectrum of Graphene

Raman spectroscopy has become increasingly famous to characterize carbon nanomaterials like
graphene. In case of graphene, this scattering technique is essentially advantageous due to the non-
existence of band gap, rendering incident radiation of any wavelength resonant. Thus, the Raman
spectra of graphene provides information ranging from the atomic structure as well as the
electronic properties. However, it is essential to understand the phonon dispersion of graphene to
accurately interpret the Raman spectra of graphene. Monolayer graphene consists of 2 carbon
atoms, A and B, and thus represented by 6 phonon dispersion bands: three acoustic branches (A)
and the other three optic (O) phonon branches (Figure 1.2a), two being doubly degenerate(Malard
et al. 2009; Andrea C. Ferrari and Basko 2013). The Raman spectra of graphene is represented by
3 characteristic peaks as shown in Figure 1.2b. The D peak, also known as the disorder-induced
band, occurs around 1350 cm-1, G peak around 1580-1590 cm™ and 2D (also called G”) peak

between 2600-2700 cm™.



The G band is associated with the doubly degenerate (iTO and LO) phonon mode and corresponds
to the high-frequency E2g phonon at the Brillouin zone center, I'. The D band originate from a
second order process involving iTO phonon near the Brillouin zone corner, K and a defect. It is
strongly dispersive with the laser excitation energy due to Kohn Anomaly at K. The 2D band is
also a second order process which involves two iTO phonons near the K point. This peak is always
present regardless of the presence of defects since its process involves momentum conservation
satisfied by two phonons with opposite wave vectors(Andrea C. Ferrari and Basko 2013; Malard

et al. 2009).
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Figure 1.2. Characterization of graphene phonons. a) Dispersion of graphene phonons depicting
the iLO, iTO, oTO, iLA, iTA and oTA phonon branches(Malard et al. 2009); i: in-plane, o: out-
of-plane, A: acoustic, O: optical, T: transverse, L: longitudinal. b) The Raman spectrum of
monolayer graphene showing D, G and 2D bands, and c¢) First-order G band phononics (Left);
intervalley process involving the second-order double resonance process for the D-band with one-
phonon and a defect (Center top) and intravalley process for the D’ band (Center bottom); and
second-order resonance Raman processes involving 2 phonons (Right top) for the 2D band double
resonance process, and for the 2D band triple resonance process for monolayer graphene (Right
bottom). The resonance points are indicated by the open circles near the K point (left) and the K’
point (right). Physics Reports. 2009, pp 51-87




The G band process involves one phonon mode (where the wave vector g = 0) and is the only one
which follows the normal first order Raman scattering process in graphene. Alternatively, the D
and 2D bands, which are second order processes, are associated with the double resonance (DR)
Raman process. The DR Raman process starts with the absorption of a photon of energy, Ej.ser
by an electron of wave-vector k around K (as shown in Figure 1.2c, the center and right side),

which is then scattered inelastically by a phonon or a defect of wave vector g and energy Ephonon

to a K’ point (related to K by time reversal symmetry(Dresselhaus, Dresselhaus, and Jorio 2008)),
with a wave vector k + q. The electron then gets scattered back to a k state, and recombines with

a hole at a k state, thereby emitting a photon.

The DR Raman process involves three scattering events which should fulfill two resonance
conditions: a) the intermediate k + q state represents a real electronic state, and b) either the initial
or the final k state indicates a real electronic state(Reich and Thomsen 2004). There is another
special case when it comes to graphene, known as the triple resonance (TR) Raman process,
wherein the valence band is almost a mirror band of the conduction band, that is relative to the
Fermi energy. As shown in the bottom right side of Figure 1.2c, the hole from a K point is scattered
to a K’ point by a phonon wave vector + (, instead of scattering back the electron (from K’ to K
point) by a wave vector — ¢. Here, the scattering processes of both the electron and hole is
considered resonant, thus the electron-hole recombination occurs around the K’ point in resonance
states. This could potentially explain the higher intensity of the 2D bank peak compared to the G

peak(Malard et al. 2009).



1.3. Understanding graphene biointerfaces

The integration of biological cells with graphene material has significantly evolved over the years
with a wide range of applications including biosensing, disease detection and drug delivery. Hence,
understanding the fundamental interaction mechanism involved at the interface of graphene and
cells is essential. To successfully integrate 2D nanomaterials in the development of biomedical
devices, it is imperative to understand the mechanism involved during the interaction between
interfaced biological components (such as cells) and the nanomaterials. Due to the complexity of
the system, numerous factors must be considered, including the characteristics of the involved
material, the type of interactions pertaining to different biological components and, the outcomes

of such biological activities.
1.3.1. Graphene Chemistry

An important attribute of nanomaterials is its large surface area to volume ratio.(Cheng et al. 2013)
This property has enabled the extensive integration of nanotechnology in biomedical analysis.
Graphene is an extreme example in this regard. Every atom in a monolayer graphene lies on the
surface and are exposed on both sides with a theoretical maximum of 2600 m?/g for a sp’
hybridized carbon sheet. It is important to understand how the exceptionally high surface area of
a single layer graphene could affect the surface phenomena involved when it interfaces with
biological entities. Furthermore, due to its 2-D planar structure and flexibility, it conforms well to
the cell membrane.(Mohanty et al. 2011; Nguyen and Berry 2012; Deng et al. 2016) Another
important property to consider is the number of layers of graphene. This is because the surface
area of graphene gradually decreases with increasing number of layers. Hence, it is necessary to

control the graphene’s number of layers to fully utilize its useful characteristics. Additionally,
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graphene materials exist in different forms, with distinct surface chemistry. Graphene oxide (GO)
sheet contains several types of lattice disorders and oxygen functional groups, including hydroxyl,
carboxy and epoxy groups. This results in GO being a high resistance material(Eda, Fanchini, and
Chhowalla 2008; Pope and Aksay 2015; Dreyer et al. 2010; Sreeprasad and Berry 2013), as well
as being a heavily self-doped material. A monolayer GO sheet (~1 nm) is thicker than graphene
(0.34 nm) due to the presence of various functional groups, structural/lattice defects and adsorbed

water molecules(Eda, Fanchini, and Chhowalla 2008).

1.3.2. Dimensionality of Graphenic Structures

The compatibility between the dimensions of the biological systems and the materials plays a
crucial role in developing an efficient bio-interface. Graphene materials with different dimensions
including OD, 1D, 2D and 3D have been utilized for fabricating functional biointerfaces. The target
biological structure defines the appropriate dimension of the graphene material. Further, the size

of these materials influences their mechanical and chemical properties.

The interface formed with a biological entity like cell can be intercellular or intracellular depending
on the nanomaterial used. Graphene materials which can exist as freestanding systems including
graphene quantum dots (0D) can be readily internalized via endocytosis. This process results in an
extracellular interface whereby GQDs can directly interact with organelles or cytosol, giving
insights about the subcellular entities. In contrast, substrate bound graphene sheets often form

intercellular interface through which the surface properties of the cells could be examined.
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1.3.3. Surface Chemistry of Biological Systems

Along with the characteristics of the graphene materials, another significant factor to understand
is the surface science of the biosystems. Different applications can be developed based on the
biological system used. For example, bacterial cells have been thoroughly investigated by
interfacing with graphene systems to develop a sensitive and reliable platform for screening
microbes. However, it is important to note there are different types of bacteria based on their
surface chemistries, mainly: gram-negative and gram-positive bacteria. Aside from microbes, there
have been numerous researches to explore the interface of diverse mammalian (human) systems
with graphene to develop an ultrasensitive platform for applications including disease detection.

Some important criteria to consider for different human systems are discussed below:

1. Cells: Cell-material interface are widely studied in the biomedicine field for applications
including reliable and sensitive biosensors. Most cell-material interactions are mediated by
the cell membrane; hence, it is important to investigate the surface chemistry of the
membrane.(Mager, Lapointe, and Stevens 2011) The chemical composition of the outer
cell membrane plays a significant role in such interactions. Diseases like cancer affect the

cells altering their surface characteristics.

2. Tissues: Composed of specialized cells, tissues have specific properties defined by the type
of cells they are composed of. Characterizing material-tissue interface is crucial for
successful development of implants including neural and bone. The integrity of tissue
architecture depends on the proper functioning and organization of the cells which depends

on the polarity or the spatial orientation of the specific cells in their place. Hence, alteration
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or mutation in these cells pertaining to specific diseases significantly changes the properties

of the associated tissues.

3. Biofluids (blood and CSF): Biofluids like blood and cerebrospinal fluid (CSF) can provide
plentiful information regarding the state of the human body. The chemical compositions in
these fluids provide a fingerprint of any disease present. When interfaced with graphene
materials, these chemical components change the properties of graphene due to their

specific dipole moments.

1.3.4. Biocompatibility of graphene

As discussed, the interfaces formed by graphene systems with biological systems are influenced
by various factors. Over the years, the literature on graphene-bio interactions has rapidly increased.
The interaction of graphene with biological entities like cells can be broadly classified into 2
groups: (a) interaction with the outer surface of the cell membrane (extracellular) and (b)
incorporation of the material inside the cell (intracellular). Here, focus will be on exploring
extracellular nano-biointerfaces and understanding the surface chemical properties of biosystems

for applications including disease diagnosis.

One of the main concerns of integrating graphene into biomedical research is its toxicity. As
biointerfaces formed by 0D graphene material (GQDs, fullerenes) are predominantly intracellular,
functionalization of the nanomaterial and the biosystems are typically required to develop
extracellular interfaces.(Sreeprasad et al. 2015) Since majority of the biocompatibility studies of
GQDs and fullerenes are based intracellular interactions, they fall beyond the scope of this review.

Further, the biocompatibility studies on 1D material like CNTs are often inconclusive as the
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toxicology of CNT and CNT based materials often depends on the presence of transition metal
catalysts.(Smart et al. 2006; Y. Liu et al. 2013; Cui et al. 2005) As for 2D graphene systems, the
surface chemistries of each graphene sheets (pristine graphene, GO or reduced GO) differ widely,
so it is unrealistic to expect them to have similar biocompatibilities. Numerous studies on the
interaction of GO (or rGO) with biological systems are available compared to pristine graphene
(mechanically exfoliated or CVD based). In 2010, Kalbacova et al. showed for the first time the
biocompatibility of CVD graphene towards human osteoblasts and MSCs.(Kalbacova et al. 2010)
These cells were plated on graphene and SiO2 substrates by incubating for 48 hrs. Increased cell
growth and density was observed on graphene substrates compared to SiO», as shown in figure

1.3. The favored cell differentiation on graphene film indicates its potential application towards
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Figure 1.3. Optical images of human cells on graphene and SiO; substrate incubated for 48 hrs.

Fluorescent optical images of human osteoblasts incubated on a) graphene substrate, and b) SiO>
substrate, where the actin filaments are stained green and nuclei stained blue. Fluorescent optical
images of human MSCs on c) graphene substrate, and d) SiO2 substrate, where the actin filaments

are stained green. The scale bar is 500 um. Carbon N. Y. 2010, 48 (15), 4323-4329

surface engineering of implants with MSCs, which is a major area of interest in bone reconstruction

surgery.

The biocompatibility studies on graphene substrate showed that graphene provides a great platform

for developing bio-interfaces with wide-ranging applications including implants. In case of neural
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implants, graphene has especially shown to be beneficial due to its exceptional electrical,
electrochemical and mechanical properties. In recent years, research focused on incorporating
graphene in neural interfaces has increased tremendously. In 2011, Park et al(Park et al. 2011)
utilized CVD grown graphene to grow human neural stem cells (hNSCs) and direct their
differentiation towards neurons (Figure 1.4). Previous studies had shown that hNSCs differentiated
more towards glial cells rather than neurons, in the absence of co-cultures and biochemical motifs.
Such directed differentiation towards neurons would be beneficial for utilizing hNSCs for brain

repair and neural regeneration.
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a) Transferred graphene films b) Glass i
2 . Laminins ¢
Transfer of graphene films Coating graphene films
on solid substrate with laminins
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Figure 1.4. Growth and differentiation of human neural stem cells (hNSCs). a) Schematic showing
the proliferation of hNSCs on graphene and glass substrates. CVVD grown graphene was transferred
to a cover glass and then coated with laminins (both graphene and glass regions) to promote hNSC
attachment. The substrates were then incubated with hNSc and allowed to grow and differentiate
(~1 month). b) Optical images (top) hNSCs on glass and graphene after 1 month of differentiation.
The fluorescence images of these systems are also shown (below). The cells were stained with
GFAP (red) for glial cells, TUJ1 (green) for neurons and DAPI (blue) for nuclei. The images show
that the hNSCs adhered more to graphene than to glass. Also, the growth of neurons is more

pronounced on graphene substrate. The scale bar is 200 um. Adv. Mater. 2011, 23 (36), H263—
H267
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Furthermore, with the intent to develop electrically functional implants, Fabbro et al.(Fabbro et al.
2016) incorporated electrically active graphene based substrates (GBSs) towards neuronal growth
and development of neural interfaces. Although previous studies(N. Li et al. 2011) involving
peptide coated graphene exhibited a neuro compatible substrate leading to improved neural
growth, the peptide coating could potentially lead to weaker neuron/interface electrical contacts,
altering the charge transfer properties. Uncoated GBSs produced via liquid phase exfoliation (LPE)
promoted efficient cell adhesion with unaltered neuronal signal properties. This study
demonstrated the impact of graphene on neuronal electrophysiological behavior, indicating its

biocompatibility and potential application in reliable neural implants.

1.4. Graphene Phononics

The properties of graphene have been extensively documented in literature and can be well
characterized using Raman spectroscopy, as discussed earlier. The ultrasensitive nature of
graphene as well as its high quantum capacitance makes it highly susceptible to doping. Graphene
also exhibits strong phonon coupling with phononic energies which is extremely sensitive to its
Fermi level(Das et al. 2008b; Basko, Piscanec, and Ferrari 2009). Further, graphene possesses a
large interfacial area providing an ideal platform for attachment of biological cells with a wide
spectrum of sizes(Nguyen and Berry 2012; Paulus et al. 2014). These properties are considered
tremendously advantageous for various applications, especially in the biomedical field, and are

discussed in detail below.
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1.4.1. Quantum Capacitance

The dipole potential of any biomolecule interfaced with a monolayer graphene significantly
influences its phononic properties.(Sreeprasad and Berry 2013; Geim and Novoselov 2007) When
graphene interfaces with cells or biomolecules, the dipole originating from the interfaced
biomolecule (or cell membrane) apply an electric field. (Deng et al. 2016) The large quantum
capacitance of graphene makes it highly sensitive to doping (electron or hole carriers) by the dipole
induced electric field,(Keisham et al. 2016, 2019) which significantly alters the vibrational
energies of graphene.(Sreeprasad and Berry 2013; Sreeprasad et al. 2015; Geim and Novoselov

4e’\m
hOp

2007) The quantum capacitance of graphene is expressed as: C, = \/n, where e is the charge

of an electron, h is the Planck’s constant, 9 is the Fermi velocity of the Dirac electron, and n is
the total carrier concentration of graphene, including the intrinsic carrier concentration of graphene

as well as the carrier concentration from the potential of the interfaced biomolecules.
1.4.2. Carrier Density and doping

The sensitivity of graphene phononics towards the interfaced biomolecules are directly translated
to the change in carrier density of graphene. Further, any change in the chemical potential of the
cell membrane or the components of the biofluids is amplified by the drastic change in graphene’s
carrier density, due to the confinement of charge carriers to graphene’s monolayer 2-dimensional
plane. These changes in the carrier density of graphene can be quantitatively monitored using
Raman spectroscopy.(Malard et al. 2009; Andrea C. Ferrari and Basko 2013; Das et al. 2008b)
Furthermore, the dopant concentration may be accurately measured due to the sensitive Raman

peak positions changes(Das et al. 2008b): the G band position increases with both n or p-type of
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doping, while the 2D band increases with p-doping and decreases with n-doping,(Andrea C. Ferrari

2007; A. C. Ferrari et al. 2006; Casiraghi et al. 2007; Ni et al. 2008) as shown in figure 1.5.
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Figure 1.5. Correlation of carrier concentration of graphene with its Raman peak positions. a)
Graphs showing the relation between G peak positions of graphene with its electron concentration
(doping). b) Graphs showing the 2D peak positions of graphene as a function of its electron
concentration (doping). The black dots represent the experimental data points and the blue line
represents the theoretical adiabatic DFT calculations. Nat. Nanotechnol. 2008, 3 (4), 210-215

The sensitivity of graphene has been widely utilized to develop graphene-based pH sensors, which
is limited to only changes in the pH. However, biological systems are quite diverse with complex
surface chemistries. Biological entities like cells, tissues and biofluids have unique chemical
components with distinct dipole moments. When interfaced with graphene, these molecules exert
a potential on the graphene lattice, specific to the interfaced biomolecule, as discussed earlier. The
potential arising from the quantum coupling of the dipole moments of the biomolecules with

graphene can be expressed as:
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where ¢, is vacuum permittivity (8.85 x 10°12 F/m), r is the distance from the center biomolecule

to the surface of graphene (~ 1 nm), d = E is the distance of dipole of the biomolecule to the

point of interest, i is the index (representing the distance of the dipole of the interfaced molecule
and the point of interest), and r is vertical distance between the biomolecule to graphene surface

(assume to be 1 nm).(Kim, Keisham, and Berry 2020; Keisham et al. 2019, 2016)
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CHAPTER 2

2. Detection of Cancer Cell via Raman Mapping of Interfaced Graphene: Towards Non-
Invasive Cancer Diagnostics

Previously published as Keisham, B.; Cole, A.; Nguyen, P.; Mehta, A.; Berry, V. Cancer Cell

Hyperactivity and Membrane Dipolarity Monitoring via Raman Mapping of Interfaced Graphene:

Towards Non-Invasive Cancer Diagnostics. ACS Appl. Mater. Interfaces 2016, 8, 48, 32717-

32722

2.1. ABSTRACT

Ultra-sensitive detection, mapping and monitoring of the activity of cancer cells is critical for
treatment evaluation and patient care. Here, we demonstrate that a cancer cell’s glycolysis-induced
hyperactivity and enhanced electronegative membrane (from sialic acid) can sensitively modify
the second-order overtone of in-plane phonon vibration energies (2D) of interfaced graphene via
a hole-doping mechanism. By leveraging ultrathin graphene’s high quantum capacitance and
responsive phononics, we sensitively differentiated the activity of interfaced Glioblastoma
Multiforme (GBM) cells, a malignant brain tumor, from that of human astrocytes at a single-cell
resolution. GBM cell’s high surface electronegativity (potential ~310 mV) and hyperacidic-release
induces hole-doping in graphene with a 3-fold higher 2D vibration energy shift of approximately
6+0.5 cm™! than astrocytes. From molecular dipole induced quantum coupling, we estimate that
the sialic acid density on the cell membrane increases from one molecule per ~17 nm? to one
molecule per ~7 nm?. Further, graphene phononic response also identified enhanced acidity of

cancer cell’s growth medium. Graphene’s phonon-sensitive platform to determine interfaced cell’s
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activity/chemistry will potentially open avenues for studying activity of other cancer cell types,

including metastatic tumors and characterizing different grades of their malignancy.

2.2. Introduction

Cancer is one of the leading causes of death worldwide, and its diagnosis is critical to initiate
therapies(Siegel, Miller, and Jemal 2015). Successful cancer treatment relies on early detection at
high sensitivity and specificity. Hence, it is imperative to develop sensitive detection technologies

that can identify cancer at early stages.

Over the past couple of decades, research efforts have leveraged the sensitive quantum mechanical
effects and high surface area to volume ratio of nanoparticle to develop several cancer
detectors.(Perfézou, Turner, and Merkoci 2012; Choi, Kwak, and Park 2010; Mansoori et al. 2007;
M. Ferrari 2005) Some of the employed nanomaterials include gold nanoparticles,(Bhattacharyya
et al. 2012; X. Huang and El-Sayed 2010; Cai et al. 2008) quantum dots,(Pericleous et al. 2012)
and carbon nanotubes.(X. Yu et al. 2006) These sensors operate on the principle of optical,

magnetic, mechanical, chemical and/or physical actuation at interfacing with cancer biomarkers.

Similarly, Raman spectroscopy (or surface enhanced Raman spectroscopy) and other spectroscopy
methods have been used for determining the chemical fingerprints of cancer biomarkers to
differentiate normal and cancerous cells(\Vendrell et al. 2013). They can also provide information
on the chemistry of the cell membrane molecules. However, such spectroscopic techniques
generally do not provide information about the activity of the cell or its effect on its local
environment. There is a critical need of a sensitive platform, which can detect, differentiate, and
quantify such cell activity. Here, we measure the change in the frequency of one of graphene's
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prominent Raman peaks upon interfacing of a single cell to determine if the cell is hyperactive.
Graphene —a planar sheet of sp? hybridized carbon atoms arranged in a honeycomb lattice(Schedin
et al. 2007; Mohanty and Berry 2008; Mohanty et al. 2011; X. Wang, Zhi, and Millen 2008;
Pumera 2011) — possesses superior properties(Sreeprasad and Berry 2013; Palermo 2013; Geim
2009; Geim and Novoselov 2007) to enable this application: (a) graphene is the thinnest material
(~0.3 nm, vibration modes are active), (b) high quantum capacitance (highly sensitive to doping),
(c) high carrier-phonon coupling with phononic energies sensitive to its Fermi level(Das et al.
2008b; Basko, Piscanec, and Ferrari 2009), and (d) a large interfacial area, providing an ideal
platform for cell attachment(Nguyen and Berry 2012; Paulus et al. 2014). When the cell interfaces
with graphene, the molecular dipoles on the membrane apply an electric field(Deng et al. 2016),
which sensitively changes the charge-carrier concentration of graphene due to its large quantum
capacitance. Further, the cell also injects ions to the membrane, which can gate graphene. The
carrier doping modifies Graphene's Raman peak frequencies, which can be recorded at high
spectral, spatial, and temporal resolution. Since the cell’s activity is manifested in its membrane
chemistry and ion-exchange, the Raman imaging provides the level of activity and chemical
density. Based on this principle, we have developed a facile, non-invasive, Raman-based early-
stage cancer diagnostic device. It is important to note that graphene-based electronic sensors for
cells do not provide spatially resolved activity of the cell. Also, graphene oxide which comprises
of heavy lattice disorders and oxygen functional groups(Dreyer et al. 2010; Sreeprasad and Berry
2013), do not provide a sensitive Raman detection platform due to the lack of clarity of Raman
peaks. The detection study here was methodically conducted for cultured Glioblastoma

Multiforme (GBM) cells immobilized on graphene substrate. GBM, WHO Grade 1V malignant
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astrocytomas, are the most aggressive and common malignant tumor with a poor prognosis of
approximately 14 months(Holland 2000; Mehta et al. 2015). Human astrocytes (normal) were

cultured and utilized as a control.

2.3. Experimental Methods

2.3.1. Cell preparation

For this study, the U138 human Glioblastoma Multiforme (GBM) and normal human astrocyte
(NHA, Lonza Inc.) cell lines were used. Cells were grown in flasks under aseptic conditions,
maintained at 37°C with a 5% CO> humidified atmosphere. Media used in this study was Gibco's
DMEM media without phenol red and supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. This media formulation is required to both ensure proper growth of the
cells, and to prevent unwanted interference with Raman spectroscopy upon analysis due to the

aromaticity of phenol red.

During the preparation of each cell sample, attached cells were checked for confluence and
contamination under a light microscope. Old media was aspirated using a vacuum apparatus, and
10mL of phosphate buffered saline (PBS) was added to flask followed by vacuum aspiration.
Subsequently, 1-2mL of Trypsin was added to the flask with gentle agitation and incubated until
cells were fully detached (1-5 minutes). 10mL of fresh supplemented media was then added back
to the flask and transferred to a conical tube. The cells were then centrifuged at 1000-1500RPM
for 10 minutes and re-suspended in media. Total number of cells and percent viability were

determined using a hemocytometer, to obtain a sample density between 10* - 10° cells.
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2.3.2. Synthesis and transfer of graphene

A 25 um thick 1 in x 3 in Cu foil (99.8%, Alfa-Aesar, annealed, uncoated) was pretreated in 1 M
nitric and 3 M iron (111) nitrate for 10 min to remove the native copper oxide layer and the
contaminants. After the Cu foil had been thoroughly rinsed with copious amount of DI water, it

was immersed in a sonicating bath of Isopropyl alcohol (IPA) and acetone for 30 minutes.

Subsequently, the Cu foil was placed inside the standard 1-inch quartz tube of the home build LP-
CVD system. The reaction chamber was evacuated to ~ 1.5 mTorr and flushed with 100 sccm of
H> (99.9999% purity, Praxair) at total pressure of 650 mTorr for 20 minutes. Then, the temperature
was increased to 1050°C with the same H> condition for 35 minutes. The Cu foil was annealed at
1050°C to increase the grainsize and to smoothen the surface. Afterwards, 10 sccm of CHa
(99.999% purity, Praxair) at partial pressure of 100 mTorr was introduced into the tube for 10
seconds. Following CHa exposure, the reaction chamber was cooled down to room temperature in

40 minutes (25°C/minutes).

Graphene (from CVD) was synthesized on both sides of the Cu foil. One side was spin coated with
PMMA solution to mask the graphene while the other side was exposed to RIE to remove the
graphene present there. The PMMA/graphene/Cu system was placed on dilute HNO3 solution (1:3)
for 1 hour, to etch away the Cu. The PMMA/Graphene system was then transferred to two

consecutive DI water baths to remove any residual ions or impurities.

The PMMA-graphene system was scooped out from the water bath using a 1 cm x 1 cm SiO2/Si
chip (300 nm SiOz). The SiO2/Si chip was cleaned using Piranha solution and then washed with

DI water, acetone and IPA, until the surface was clean. When the SiO2/Si chip with PMMA-
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Graphene was dry (~1 hour), it was heated to 160°C for 25 min and then transferred to acetone
bath (~60°C, 5 min), to remove PMMA. The chip was then washed with IPA and blown dry with

air.
2.3.3. Preparation of graphene-cells ensemble

Monolayer graphene was synthesized via chemical vapor deposition (CVD) process and
transferred onto a SiO2/Si chip (300nm SiO.). The U138 human Glioblastoma Multiforme (GBM)
and normal human astrocyte (NHA, Lonza) cell lines, employed in our study, were grown and
later suspended in Dulbecco's Modified Eagle Medium (DMEM). To interface the cells with
graphene, 3 drops of the cell suspension were deposited on the transferred graphene surface. The
graphene/cell sample was capped using a cover slip to minimize the evaporation of the media. In
order to allow the proper attachment of the cells on the surface, the sample was incubated at 37° C
for 2 and half hours. Optical microscopy and Raman spectroscopy were employed to visualize and
analyze the three samples (probed from the top) including: (1) monolayer graphene on SiO>/Si
substrate, (2) monolayer graphene with DMEM on SiO2/Si substrate, and (3) monolayer graphene

with cell/DMEM (GBM cell and astrocyte) on SiO2/Si substrate.
2.3.4. Data analysis

The data for Raman spectroscopy was obtained using WITEC Raman Alpha 300-RA, with a laser
excitation wavelength of 532 nm and an exposure time of ~5 min. The 100X objective was used
to examine all the graphene samples (on air, with media and with media and cells). The spot size

was determined using the equation:

Spot si 1222
pot size = ——
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Where, A is the wavelength of the laser and NA is the numerical aperture.

Also, all the Raman spectra have been normalized to the intensity of G peak and the 2D Raman

peaks have been custom fitted to Lorentzian curve fit.

2.4. Results and discussion

2.4.1. Cell adhesion

To interface the cell with the graphene, an aliquot of the cell culture suspension was placed on
graphene/SiO; and incubated at 37° C for 1 to 3 hours. The cells showed strong adherence on the
graphene surface when incubated for 2.5 hours. Cells adhered with 1.5-hour incubation time were
susceptible to detachment when exposed to the Raman laser with power as low as 10 mW. Further,
the cell growth medium plays an important role in the cell attachment process. When the cells were
suspended in phosphate buffer solution (PBS), they exhibited poor adhesion to the graphene
surface, even after 3 hours of incubation. The (DMEM) used here contains fetal bovine serum
(FBS), which includes numerous growth factors and proteins that stimulate cell adhesion(Khan,
Auner, and Newaz 2005). At the microscopic level, the spreading of the cell, which flattens it from
the initial circular form is enabled by the polymerization of the cytoskeleton component, actin.
Actin filaments act on the plasma membrane and its polymerization force pushes the membrane
forward, allowing the cell to establish contact with the substrate(Fardin et al. 2010). Figure 2.1
depicts the representative micrograph of a well-adhered GBM cell and a less-adhered cell on the
graphene-SiO> substrate. The cells that are not adhered and still suspended in medium look circular
in shape. As the cell attaches to a surface, it flattens out and forms protrusions (and retractile

regions)(Fardin et al. 2010).
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Figure 2.1. a) A representative model showing the cell attachment process on graphene. b)
Optical images showing a less-adhered GBM cell and a well-adhered cell on graphene/SiO>
surface. Scale bar 10 um. ACS Appl. Mater. Interfaces 2016, 8 (48), 32717-32722

2.4.2. Mechanism

Since the sensor is based on cell activity, it is important to understand the biochemical activity of
a normal and cancer cell. Cancer cells undergo anaerobic fermentation (not respiring), where the
electron transport mechanism and oxygen-dependency for energy production are disrupted(Kato
et al. 2013; Warburg 1956). This conversion of the primary mechanism for energy production
results in excessive (~200 folds higher) accumulation of organic acids (via glycolysis) and

pH modifications in cancerous cells and tissues, leading to an acidic microenvironment around the
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cell(Griffiths 1991; Tannock and Rotin 1989; Haltiwanger 2010; Kato et al. 2013). Further, cancer
cells have increased negative charges on the outer cell coat (glycocalyx) which are due to the
presence of sialic acid residues making them more electronegative than normal cells(Haltiwanger
2010). The increased acidic efflux from the cell [H*] onto the graphene surface(Kiani et al. 2013;
Paulus et al. 2014) and the heightened negative charge on the cell surface, [E] induces p-doping
on graphene’s surface(Nguyen et al. 2013; Nguyen and Berry 2012) (consistent with the
observation). Further, these cells can infiltrate the nearby tissues and change their micro-
environment(Holland 2000). This property might be leveraged to study the body fluids, including

blood and cerebrospinal fluid, and its potential application in cancer diagnostics.
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Figure 2.2. Schematic depicting the doping mechanism of graphene by a well-attached GBM
cell and the resultant modification of phonon dispersion in 2D peak. Doping influences the
electronic bands of graphene (solid lines) to become flatter compared to the intrinsic one
(dashed lines). ACS Appl. Mater. Interfaces 2016, 8 (48), 32717-32722

The p-doping on graphene affects the resonance condition of the 2D phonons causing the
renormalization of the electronic band, as shown in Figure 2.2. The absolute electron energies
reduce and the electronic bands are pushed further away from the K and K’ points, decreasing the
lifetime of the excited quasiparticles and phonon momentum(Y. Li 2014). This abnormal phonon
dispersion process results in an increase in the 2D mode Raman shift caused by 2D Raman

scattering involving phonons of higher energies.
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2.4.3. Raman spectroscopy

The CVD graphene was characterized using Raman Spectroscopy and its Raman spectra is
represented by three characteristic Raman bands, a small D-band peak around 1350 cm™, a G-band
peak near 1580-1590 cm™ (corresponding to the in-plane vibration mode) and a 2D-band peak
between 2600-2700 cm® (second order overtone of in-plane vibration)(A. C. Ferrari et al. 2006),
depending on the energy of the excitation laser (D and 2D peaks). These three primary peaks are
associated with phonon vibrational modes in graphene(A. C. Ferrari et al. 2006; Malard et al. 2009;
Andrea C. Ferrari 2007; Andrea C. Ferrari and Basko 2013), and are sensitive to the electronic,

structural and interfacial properties of graphene.

Das et al(Das et al. 2008b) quantitatively correlated the concentration of injected carriers in
graphene (dopants/cm?) to the Raman peak positions by monitoring the amount of charge carriers
at various gate voltages. The position of G peak increases with the addition of either electrons or
holes, however the 2D peak position responds differently to holes and electrons: increases with p-
doping and decreases with n-doping(Casiraghi 2009; Das et al. 2008b; Basko, Piscanec, and
Ferrari 2009). Thus, 2D band provides a comprehensive information on the polarity and density
of charge carriers in graphene, while the G band only provides the carrier density. Also, it is well-
known that graphene exhibits Kohn anomaly for the Raman-active Exq I" phonon (G band)(Andrea
C. Ferrari and Basko 2013; Malard et al. 2009; Andrea C. Ferrari 2007; A. C. Ferrari et al. 2006).
Upon extensive doping, this abnormal phonon dispersion behavior (Kohn anomaly) is removed
non-adiabatically (beyond the adiabatic Born-Oppenheimer approximation) from the I' point
which leads to stiffening of G peak and saturation (at high doping level)(Pisana et al. 2007; Lazzeri

and Mauri 2006; Das et al. 2008b; Casiraghi 2009). However, the 2D position is not restricted by
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the carrier concentration level as the 2D phonons are not influenced by the non-adiabatic effects.

Therefore, the 2D peak position analysis was used in this work.

The doping activity of the interfaced GBM cells and astrocytes (Lonza) on the graphene platform
was analyzed using Raman spectroscopy. A typical cell is 40 — 50 um in size and can be probed
with a diffraction-limited spatial resolution of 300 nm Raman spot size (area of 0.7 um?). Figure
2.3a shows the 2D band Raman spectra of the bare graphene exposed to air (black), graphene
interfaced with Astrocyte covered in medium (blue) and graphene interfaced with the GBM cell
covered in medium (red). The GBM cells exhibit a large blue shift in the 2D peak position (~6.3
cm™), indicating a high degree of p-doping in graphene and a significant decrease in 2D signal
intensity. On the other hand, the astrocyte cells (control, Lonza Inc.) show a weaker p-doping on
graphene (2D band blue shifts by ~2.3 cm™) and lower reduction in the 2D intensity. Further, the
graphene under the cell is more doped than that just outside the cell’s periphery. The overall
effective doping outside the GBM cell’s boundary is higher than in pure graphene, and lower than
that for graphene interfaced with cell. This is apparent in the spatial plot of 2D peak position,
which maps the footprint of the cell (inset of figure 2.3a). Since, the GBM cancer cells exhibit
enhanced [H*] diffusion from the cell and an increased surface electronegativity in comparison to
the astrocytes, this confirms that graphene’s 2D phonon vibration mechanism is sensitive to the
difference in the activity levels of interfaced astrocytes and GBM cells. Further, the results also
show that [H+] can diffuse from the cell into the medium, which can then dope graphene. The

doping induced shift in graphene’s G band peak-position is also consistent with the observations
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Figure 2.3. a) Raman spectra showing the 2D peak positions of graphene interfaced with air
(black), Astrocyte (blue) and GBM cell (red) covered in medium. (Inset) 2D position mapping
of GBM cell, scale 10 um. b) Raman spectra showing the 2D peak positions of graphene
interfaced with air (black), cellular growth medium influenced by Astrocyte (blue) and GBM
cell (red). (Inset) 2D position mapping of Astrocyte, scale 10 um. All the Raman spectra have
been normalized to the intensity of G peak. ACS Appl. Mater. Interfaces 2016, 8 (48), 32717—
32722

mentioned above.

As mentioned above, the cells decrease the pH of the surrounding medium environment by
releasing acidic biomolecules. The modified acidity of the medium in turn p-dopes
graphene(Voggu et al. 2008; Riveragil et al. 2013; Jiang et al. 2013; Wu et al. 2015). Since
enhanced glycolysis in GBM cells must cause more [H*] release than in astrocytes, to confirm
increased GBM activity, we compared the media of the cells. Figure 2.3b shows the 2D peak
positions of graphene in air (black), graphene covered in cellular growth medium acidified by an
astrocyte (blue) (blue shift ~0.5 cm™) and that acidified by a GBM cell (red) (blue shift ~ 1.3 cm"
1). To minimize the doping effects from the cell, the Raman spectra for graphene-in-medium was
acquired from an area > 100 um away from the cells. Higher 2D peak-shift for GBM’s media
confirmed enhanced [H*] release. Further, pure medium when interfaced with graphene caused

reduction of p-doping in graphene.
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2.4.4. Determination of surface potential

Graphene’s surface is ultrasensitive to the interfacial attachment, which can dope graphene and
modify its phononic (Raman) properties. The sensitive doping is a consequence of graphene’s high

quantum capacitance given by (for monolayer)

_ 4e*\rm
Co = hOF VIR,

where e is the electron charge, h is Planck’s constant, 9r is the Fermi velocity of the Dirac electron,

and nr is the total carrier concentration of graphene(Xia et al. 2009).

In the present case, the total carrier concentration of graphene (nr) is a combination of intrinsic

carrier concentration of graphene (n), the [H*] doping on graphene sheet from the cell (ny;+),

and the induced carrier doping via the electronegative cell membrane (ng):
Nng = Ny+) + Nig) + Ng.

The quantum coupling of the interfacial sialic acid molecules with graphene enhances the effective
electric field due to its dipole moment(Ang et al. 2008; Olson et al. 2015; Xia et al. 2009; Nguyen

et al. 2013). The effective cell potential doping graphene (V|s,) can be estimated by the following

expression:
_ enp
VlGJ —_ _CQ .

Further, the effective potential (cellular potential, V|g|) is the total contribution of (1) the cell-
membrane’s dipole potential (V|c.y), and (2) the [H*] absorbed on graphene (proton potential,
Viproton])- The contribution of proton potential towards the total cellular potential is only 10 %
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(Table I), while a dominant role is played by the cellular membrane’s dipole potential in the change

of graphene’s Fermi level. For calculations, this cellular membrane’s dipole potential is assumed

to originate from the coverage of sialic acid molecules with a dipole moment of 2.5 Debye.

From the calculations, the estimated density of sialic acid molecules on GBM cell, and Astrocyte

are 0.15 nm (~ 1 per 7 nm?) and 0.06 nm? (~ 1 per 17 nm?) respectively. Consequently, the

effective potential of GBM on graphene are estimated to be two-folds higher than those of

Astrocyte (Table 1). These values are in agreement with typical voltage difference of cells across

membranes, 10-100 mV(“Nerve Cells” 2003).

Table 1. Summary of the doping effects of various chemical environments and potential values

associated with GBM cells as well as the Astrocytes.

Doping

type

Chemical

system

Doping (x10*2

cm?)

Cellular

Potential,

WMep)

mV

Proton potential,

mV(V[ProtonJ)

Medium
influenced
by

Astrocytes

-1.00

Medium
influenced

by GBM

5.56
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p Astrocytes

1.24

114-172

12.3-17.5

p GBM cells

23.4

222-310

38.8-78.9

2.5. Conclusion

In conclusion, graphene’s ultrasensitive second-order-overtone of in-plane phonon vibration
makes it ideal for spatially resolved (0.7 um?) detection of the activity of a single cancer cell. The
cell potential of GBM cells (range: 222 — 310 mV) was found to be significantly higher than that
of astrocytes (114 — 172 mV). This is attributed to the estimated ~2.5 folds higher density of sialic
acid in GBM cell membrane. Further, the higher influence of the GBM cell’s glycolysis-induced
hyperactivity on the medium (by 2.2 to 6.4 folds) was also confirmed. Futuristically, this phonon-

energy-sensitivity can be extended to other cancer cells, tissues and in-vivo samples to spatially

map, study or detect cell activity
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CHAPTER 3

3. Graphene Phononics Based Sensing Platform for Studying Neurodegenerative Diseases
Previously published as Keisham, B.; Seksenyan, A.; Denyer, S.; Kheirkhah, P.; Arnone, G. D.;
Avalos, P.; Bhimani, A. D.; Svendsen, C.; Berry, V.; Mehta, A. I. Quantum Capacitance Based
Amplified Graphene Phononics for Studying Neurodegenerative Diseases. ACS Appl. Mater.
Interfaces 2019, 11 (1), 169-175.

3.1. ABSTRACT:

Amyotrophic lateral sclerosis (ALS) is the most common adult-onset motor neuron disease,
characterized by a rapid loss of upper and lower motor-neurons resulting in patient death from
respiratory failure within 3-5 years of initial symptoms onset. Although at least 30 genes of major
effect have been reported, the pathobiology of ALS is not well understood. Compounding this is
the lack of a reliable laboratory test which can accurately diagnose this rapidly deteriorating
disease. Herein, we report on graphene’s phonon vibration-energies as a sensitive measure of the
composite dipole moment of the components of the interfaced cerebrospinal fluid (CSF) to
specifically identify patients with ALS disease. The second-order overtone of in-plane phonon
vibration energy (2D) of graphene shifts by 3.2+0.5 cm™ for all ALS patients studied in this work.
Further, the amount of n-doping induced shift in phonon energy of graphene, interfaced with CSF,
is specific to the investigated neurodegenerative disease (ALS, Multiple Sclerosis and Motor
Neuron Disease). By removing a severe roadblock in disease detection, this technology can be
applied to study diagnostic biomarkers for researchers developing therapeutics and clinicians

initiating treatments for neurodegenerative diseases.
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3.2. Introduction

Amyotrophic lateral sclerosis (ALS) is an adult onset neurodegenerative disease characterized by
rapid loss of motor neurons controlling skeletal muscles.(Talbott, Malek, and Lacomis 2016) The
pathological and molecular features of ALS include mitochondrial dysfunction, increased
oxidative stress, detrimental immune activation and break down of the blood brain barrier.(van Es
et al. 2017; Bozzo et al. 2017) These pathological mechanisms have been previously shown to be
reflected in the cerebrospinal fluid (CSF) of both human patients and in animal models of
ALS.(Gray et al. 2015; Dodge et al. 2013) Although, proteomic and genomic studies of CSF from
ALS patients have shown unique differences reflecting the disease pathophysiology, currently
there are no reliable biomarkers which can accurately diagnose and monitor the progression of this
rapidly deteriorating disease.(Chio and Traynor 2015; Tarasiuk et al. 2012) Moreover, patients
with monomelic amyotrophy, primary lateral sclerosis and cervical myelopathy are sometimes
misdiagnosed as having ALS and vice versa. Although, these diseases manifest with similar
clinical motor neuron symptoms, ALS patients have a significantly different and more rapid
disease course.(Baumer, Talbot, and Turner 2014; Turner and Benatar 2015; Staff and Appel 2016)
Given the clinical heterogeneity of ALS, having a disease biomarker will be important for
clinicians initiating treatments and basic scientists studying the pathophysiology of the disease.
More importantly, a biomarker will be of utmost importance in helping with patient selection when

designing therapeutic clinical trials.

Graphene, a two-dimensional (2D) sheet with a honeycomb lattice comprising of sp? hybridized
carbon atoms,(Schedin et al. 2007; Mohanty and Berry 2008; Mohanty et al. 2011; X. Wang, Zhi,

and Millen 2008; Pumera 2011) possesses an ultrasensitive surface with a detection resolution of
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a single molecule.(Geim and Novoselov 2007; Y. Wang et al. 2011) The phononic properties of
the single-atom-thick graphene are influenced by the dipole potential of any biomaterial or
biomolecule interfaced on its surface.(Sreeprasad and Berry 2013; Geim and Novoselov 2007)
When graphene comes in contact with the molecules within the CSF, the dipole of the interfaced
molecules induce an electric field.(Deng et al. 2016) Due to graphene’s large quantum capacitance
(sensitivity to be doped by an electric field), the dipolar field from the expressed molecular species
dopes graphene with electron or hole carriers.(Keisham et al. 2016) This altered density-of-states
affects the vibrational energies of graphene,(Sreeprasad and Berry 2013; Sreeprasad et al. 2015;
Geim and Novoselov 2007) which can be mapped using Raman spectroscopy.(Malard et al. 2009;
Andrea C. Ferrari and Basko 2013) It has been previously established that the Raman peak
positions of graphene changes with the concentration of carriers injected in the lattice.(Das et al.
2008b) Specifically, the 2D peak position observed between 2600-2700 cm™, decreases with n-
doping (electron) and increases with p-doping (hole) unlike the G peak, whose position increases
with either type of doping (Kohn anomaly for Raman active G band).(Andrea C. Ferrari 2007; A.
C. Ferrari et al. 2006; Casiraghi et al. 2007; Ni et al. 2008) Further, the G peak-position gets
saturated with increasing doping since doping leads to the non-adiabatic removal of the G—phonon
dispersion. Hence, 2D peak provides a comprehensive information regarding the polarity as well
as the density of injected charge carriers.(Das et al. 2008b; Basko, Piscanec, and Ferrari 20009;
Nguyen and Berry 2012) Further, it is important to note that the sensitive platform provided by
graphene cannot be expected from graphene oxide, as the latter suffers from heavy and inconsistent
lattice disorders, with relatively weak 2D Raman signals (prominent D and G peaks), due to the

presence of many defects and oxygen functional groups(Eda, Fanchini, and Chhowalla 2008;
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Nguyen et al. 2013; Pope and Aksay 2015; Akhavan 2015; Voiry et al. 2016).

Previously, we applied this ultrasensitive property of graphene to differentiate human glioma cells
from human astrocytes.(Keisham et al. 2016) Extrapolating from these findings, we monitored the
phononic properties of CSF-interfaced graphene to study the effectiveness of this tool in

differentiating ALS from other neurodegenerative diseases.

3.3. Experimental Section

3.3.1. Rat CSF Samples.

Male transgenic rats were euthanized using ketamine/xylazine administered through an
intraperitoneal injection. Once the animal lost response to stimuli, it was positioned prone and the
head was flexed downward at approximately 45-degrees. A 25-gauge needle attached to a lcc
syringe was percutaneously introduced into the cisterna magna and approximately 50-100ul of
CSF was collected. CSF was frozen on dry ice and kept at -80+10°C. Rats (ages 130+/-10 days)
were defined to be “early symptomatic” when weakness was observed in locomotion and at “end
point” (ages 170+/-20 days) when the animals were not able to right themselves in less than 30
seconds when placed on their side.

3.3.2. Interfacing CSF Samples with Graphene and Analysis

Post-mortem human CSF samples were obtained from the Human Brain and Spinal Fluid
Resource Center, which is sponsored by NINDS/NIMH, National Multiple Sclerosis Society and
Department of Veterans Affairs. CSF samples were collected from patients with amyotrophic
lateral sclerosis (ALS), Multiple Sclerosis (MS), Motor Neuron Diseases (MND) and Control
subjects. The CSF was then interfaced with CVD produced graphene transferred onto SiO/Si

substrate, with a cover slip on top to reduce evaporation. The graphene-CSF system was then
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characterized using Raman Spectroscopy, with a laser wavelength of 532 nm. Similar protocol
was followed for analyzing the CSF from SOD1%%A transgenic rat model of ALS, at 2 distinct

disease stages- early symptomatic (ES) and end point (EP).

3.3.3. pH measurement. The pH of all the CSF samples were obtained using Oakton pH150.
3.3.4. Statistical Analysis. Student’s t-test was performed throughout the study and a p<<0.05 was

used for statistical significance cutoff.

3.4. Results and Discussion

3.4.1. Doping effect of CSF on graphene.

We first tested whether human CSF (Figure 3.1a) will have any influence on the phononic
properties of graphene. Using a previously published protocol from our own laboratory,(Keisham
et al. 2016) graphene on SiO2/Si substrate was interfaced with 30uL of CSF from postmortem
control subjects (non-neurological causes of death) (Table Il) and studied under Raman
spectroscopy (area of analysis ~ 0.5 um?) (Figure 3.1b). We focused our spectral analysis on the
second-order overtone of in-plane phonon vibration energies (2D peak) of graphene, as this peak
has been previously established to be altered distinctly by the concentration of different carrier
types injected in the lattice.(Das et al. 2008b) Relative to pristine graphene, we found that control
CSF samples induced a slight, but significant, n-doping effect and a red shift of ~1.2-2.4 cm™ in
the 2D peak of the Raman spectra (Figure 3.1d). These results point to the existence of dopants
in the control CSF. The presence of any dopants changes the properties of graphene, including
the electrical and phononic attributes. Analyzing the electronic band structure of graphene is an
effective approach to interpret the effects of doping,(Elias et al. 2011; Sasaki et al. 2012) which

can be achieved by examining the shape of the Dirac cones of graphene.(Elias et al. 2011; M.
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Huang et al. 2010) Graphene on SiO2/Si is p-doped, which modifies the resonance conditions of
the 2D phonons and hence renormalizing the electronic bands.(Y. Li 2014) This renormalization
pushes the electronic bands away from the K and K’ points (Figure 1c), thereby increasing the
corresponding 2D mode energy. When the CSF is interfaced with graphene, it n-dopes the
graphene lattice. The resulting n-doping renormalizes the electronic bands again, which in turn
shifts them towards the K and K’ points reducing the 2D energy (Figure 3.1c). These alterations
in graphene phononics are an indication that components in the CSF cause meaningful and

measurable changes, which can be monitored using Raman spectroscopy.

Table I1. Demographic and clinical characteristics of subjects included in this study.

Clinical and
Neuropathological
Sample | Age | Gender | Clinical Diagnosis Pathological
Diagnosis
Features
Cytomegalovirus
Inclusion Body
57 | M Heart Disease n/a
Disease, Renal
Failure
Control '59™ " Cancer (Esophageal) | n/a n/a
59 | M Pulmonary Embolism | Normal Arthritis
65 | F Cancer (Lung) n/a n/a
72 M Pulmonary Embolism | n/a n/a
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84 Cancer (unknown) n/a n/a
Hypertension,
101 Cancer (colon) n/a
Osteoporosis
Amyotrophic  Lateral | Amyotrophic
32 n/a
Sclerosis Lateral Sclerosis
Amyotrophic  Lateral | Amyotrophic
45 n/a
Sclerosis Lateral Sclerosis
Recent Hypoxic
Amyotrophic  Lateral | Amyotrophic
50 Changes in
Sclerosis Lateral Sclerosis
Cerebrum
Amyotrophic  Lateral | Clinical Diagnosis
ALS 52 n/a
Sclerosis Only
Amyotrophic  Lateral | Amyotrophic
58 n/a
Sclerosis Lateral Sclerosis
Amyotrophic  Lateral | Clinical Diagnosis
58 Depression
Sclerosis Only
Amyotrophic  Lateral | Amyotrophic
66 Polyneuritis
Sclerosis Lateral Sclerosis
66 Amyotrophic  Lateral | Amyotrophic Cancer (unknown)
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Sclerosis

Lateral Sclerosis

Amyotrophic  Lateral

Amyotrophic

68 n/a
Sclerosis Lateral Sclerosis
Amyotrophic  Lateral | Amyotrophic Diabetes  Mellitus,
70
Sclerosis Lateral Sclerosis Hypertension
Recent Hypoxic
Amyotrophic  Lateral | Amyotrophic
70 Changes in
Sclerosis Lateral Sclerosis
Cerebrum
Amyotrophic  Lateral | Amyotrophic
74 n/a
Sclerosis Lateral Sclerosis
Amyotrophic  Lateral | Amyotrophic Moderate Cerebral
76
Sclerosis Lateral Sclerosis Atherosclerosis
Secondary Progressive
64 Multiple Sclerosis | n/a n/a
(MS)
MS Secondary Progressive
79 Multiple Sclerosis | n/a n/a
(MS)
81 n/a n/a

Secondary Progressive
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Multiple Sclerosis

MND

(MS)
52 Motor Neuron Disease | n/a n/a
60 Motor Neuron Disease | n/a Dementia
67 Motor Neuron Disease | n/a n/a
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Figure 3.1. Interfaced CSF induces n-doping of graphene. (a) Graphic representation of
obtaining CSF via lumbar puncture. (b) Schematic depicting the set-up of graphene-based
detection of ALS using Raman spectroscopy. CSF’s composite dipole moment coupled with the
high quantum capacitance of graphene sensitively modify the 2D band phononics. (c) Graphical
depiction of the Dirac energy barrier alterations in the presence of human CSF, with wave-vector
q, Brillouin zone center T, M points in the middle of the hexagonal sides and K and K’ points
representing the corners of the hexagons. (d) Graphene’s 2D Raman peak in the presence of control

and ALS CSF samples. ACS Appl. Mater. Interfaces 2019, 11 (1), 169-175
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3.4.2. Effects of CSFs from neurodegenerative diseases on graphene

Once we established that human CSF has detectable influence on the phononic properties of
graphene, we investigated whether this measured effect can be used to distinguish ALS from other
neurodegenerative diseases, namely multiple sclerosis (MS) and other motor neuron diseases
(MND). Even though these diseases affect the central nervous system (CNS), the driving
pathological processes are widely different.(Baumer, Talbot, and Turner 2014) We hypothesized
that the disease-specific components in the CSF will interact differently with graphene and

therefore change its properties in a disease-specific manner.

We first tested postmortem CSF samples from 13 ALS patients, 11 of which had pathologically
corroborating diagnosis of the disease in addition to the clinical findings (Table II). In these group
of patients, we found the shift of the Raman 2D peak to be more pronounced (~3-3.5 cm™) (Figure
3.1d), indicating a higher n-doping of graphene. This difference between the controls and ALS
patients is possibly related to the underlying neuroinflammation, metabolic alteration and
increased production of reactive oxygen species (ROS) in ALS patients.(Bozzo et al. 2017; Al-
Chalabi et al. 2016; D’Amico et al. 2013; Hooten et al. 2015) Subsequently, we tested 3 CSF
samples from patients who were diagnosed with secondary progressive multiple sclerosis (MS)
and 3 samples from MND patients, who had a form of motor neuron pathology that is not ALS.
Interfacing the CSF of MS and MND patients demonstrated a marked difference in the extent of
graphene doping compared to ALS and control samples (Figure 3.2a-c). These findings suggest
that disease-related changes in the CSF have a pronounced effect on the doping of graphene and
the degree of doping is related to the underlying disease. To rule out the possibility that these

changes were mainly due to alterations in pH, since this has been previously shown to influence
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the doping of graphene,(Paulus et al. 2014) we measured the pH of the pooled CSF samples.
Interestingly, we found no significant correlation between pH and the amount of n-doping (Figure
3.2d). This argues for the hypothesis that other disease specific factors (cytokines, ROS, lipids) in
the CSF, with different dipole moments, are the main reason for the observed differences among

the disease group.
3.4.3. Monitoring the progression of ALS disease

The disease-specific effects on graphene’s sensitive phonon vibration energies motivated us to
investigate whether the alteration in the doping level of graphene changes with the disease course.
For this purpose, we studied the CSF from SOD1%% transgenic rat model generated by forced
overexpression of the mutated human SOD1 protein.(Howland et al. 2002) The mutations in the
SODL1 gene, specifically the G93A amino acid alteration, has been well established as one of the
causes of ALS.(Bdumer, Talbot, and Turner 2014) Thus, overexpression of the mutated protein
reproduces many of the pathological features of human ALS. More importantly, this rat model has
been previously characterized and the clinical stages correlated with the neuropathological
severity.(Thomsen et al. 2014) As such, this allowed us to test whether the measured doping in
graphene from human CSF is also present in the rat and whether the amount of doping can be used
to monitor the progression of the disease. The CSF samples from rats at the early symptomatic
(ES) and the end point (EP) stages of the disease were tested. Crudely, the ES stage is comparable
to the time point at which human patients generally first present to the clinic with neurological
symptoms. Results from these experiments showed significantly enhanced doping in both animal
groups, with the ES rats exhibiting a much higher shift in the vibrational energy of the 2D band of

graphene (Figure 3.2e).
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Figure 3.2. n-doping of graphene by CSF from neurodegenerative diseases. (a) Relative to
ALS 2D peak changes of Multiple Sclerosis (MS) (n=3) and (b) Motor Neuron Disease (MND)
(n=3). (c) quantification of 2D peak shift by human CSF samples. (d) Human CSF samples for
each group was pooled and pH was measured, demonstrating no correlation between pH and 2D
peak shifts (box indicates normal physiologic pH range). (€) SOD1%%A transgenic rat CSF samples
taken at early symptomatic (n=2) and end point (n=4) subjected to Raman spectroscopy. Error
bars, outliers; box, standard error of the mean; dashed line, mean; *P<0.05, **P<0.01,

***%P<(0.001, Student’s t-test. ACS Appl. Mater. Interfaces 2019, 11 (1), 169-175
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3.4.4. Correlation of the age of ALS patients with varying levels of graphene’s vibrational
energies.
Our experimental results support the hypothesis that biological factors in the CSF have a direct
influence on graphene-phononics and that any difference in their quantity can be detected by
Raman spectroscopy. This motivated us to investigate whether there are any graphene doping
differences among ALS patients and if such differences correlated with demographic parameters.
We noticed that ALS patients clustered into two distinct groups based on age. Patients below the
age of 55, interestingly this being the average age at diagnosis, had statistically higher 2D shifts
compared to patients above the age of 55 (Figure 3.3a). It is well documented that patients
diagnosed before the age of 55 generally have the familial form ALS, whereas the older patients
tend to be more of the sporadic type. In support of this observation, 2 out of the 3 patients who
had documented family history of ALS fell into the “younger” (<55 years of age) patient group
whereas 3 out of 3 sporadic patients fell into the “older” (>55 years of age) group. Moreover, out
of all the disease groups in our study, only ALS patients tended to have a positive correlation with
age (Figure 3.3b). The other diseases displayed a negative correlation and the control samples had
no correlation with age, suggesting that the biology of these different diseases is being captured

by graphene and reflected in the alteration of its phononic properties.
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Figure 3.3. Age of ALS patients correlates with amount of graphene 2D peak shift. (a) The
amount of 2D peak shift was compared among ALS patients after stratifying them into two age
groups at the time of death (<55 years old (n=4) and >55years old (n=9), with 55 years of age
being the average age of ALS diagnosis). Comparing these two ALS age groups gave a statistically
significant difference with a p-value of 0.006. (b) The age at death of all the study samples was
graphed against the amount of 2D peak shift to look for possible correlation between these two
parameters. Both ALS age groups demonstrated a positive correlation with age (red and blue lines),
while the other two diseases had a negative correlation (green and purple lines), and the control

samples (black line) had no correlation with age. ACS Appl. Mater. Interfaces 2019, 11 (1), 169-

175

3.4.5. Modification of carrier density of graphene by interfaced CSF.

The ultrasensitivity of graphene to any kind of doping stems from its high quantum capacitance,

2
42 19‘/5 \ng, where e is the charge of electron, h is Planck’s constant, ¢ is the Fermi
F

givenby Cy =
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velocity of the Dirac electron, and nr is the total carrier concentration of graphene.(Xia et al. 2009)
The phononic properties of graphene modified by doping is monitored via Raman spectroscopy
through which the carrier concentration of graphene can be determined.(Das et al. 2008b) Here,
the intrinsic concentration of graphene and the carrier doping, via the components of CSF,
comprise the total carrier concentration of graphene. Previous studies have demonstrated that the
CSF of ALS and MS patients contain different concentration and types of secreted factors, such
as cytokines, lipids and reactive oxygen species (Figure 3.4a). Therefore, we hypothesized that
the dipole moment of these CSF factors will enhance the effective electrical field of graphene,(Xia
et al. 2009; Nguyen et al. 2013; Ang et al. 2008; Olson et al. 2015) essentially doping the graphene
lattice via quantum coupling and modifying its carrier concentration, in a disease specific manner.
Calculating the total carrier concentration of CSF interfaced graphene demonstrated a clear
distinction between ALS and the other diseases (Figure 3.4b). Similar calculations done on the rat
CSF samples demonstrated a statistically significant difference (Figure 3.4c). Since the
concentration of these proteins, lipids, nucleic acids and reactive oxygen species are also expected
to be different in these diseases and vary across the graphene surface, a range of average dipole
moments and density of these molecules were also calculated (Figure 3.4d). These results suggest
that the change in the carrier concentration of graphene can be attributed to the varying dipole

moments of the CSF components.
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Figure 3.4. Carrier concentrations of graphene interfaced with CSF. (a) Flow of CSF in the
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3.5. Conclusion

Development of a disease biomarker for ALS has been challenging.(Baumer, Talbot, and Turner
2014; Turner and Benatar 2015) Various strategies, including mass spectroscopy and large-scale
sequencing, have been employed with limited success thus far.(Turner and Benatar 2015) Here,
the ultrasensitive property of graphene was used to study the CSF of ALS patients and disease
controls as a novel approach to a possible disease biomarker. We found that the interaction of CSF
with graphene causes significant changes in its vibrational energies which can be measured using
Raman spectroscopy. Our findings of the measured differences between ALS and MND offer a
unique strategy to developing a diagnostic biomarker that can be used to distinguish ALS from
other forms of motor neuron diseases. Moreover, the differences in the density curves reflect the
disease specific composition of the biomolecules, with varying dipole moments, found in each of
the neurodegenerative diseases. These results indicate that graphene is able to sense even the slight
variations of the concentration of biological species that are potentially contributing to the
specificity of each disease. Even with the limited sample size, it is tempting to speculate that the
alterations in graphene is a reflection of the underlying biology and that the amount of n-doping is
potentially stratifying ALS patients into biologically distinct groups. In combination with the
results from the rat studies, we believe these findings raise the exciting possibility that graphene
can be eventually used to stratify ALS patients into distinct clinical and biological groups. These

results can have profound clinical implications and applications.

In summary, we demonstrate a robust system to investigate ALS by using graphene. The second
over-tone of in plane vibration of graphene provides an ultrasensitive platform to study the

interface of CSF and graphene. It is important to note that this strategy does not analyze the Raman
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signal of the CSF; rather it looks at the change in the Raman signal from interfaced graphene.
Based on our analysis, it can be concluded that this ultrasensitive platform can efficaciously
differentiate neurodegenerative diseases. Although the exact causes for these differences is beyond
the scope of this study, we hypothesize that the composite effect of the inflammatory molecules,
reactive oxygen species, and other bioactive substances that have been previously demonstrated in
ALS, is the contributing factor for the measured changes in the properties of graphene.(Zhao et al.
2017) Further, monitoring the progression of ALS has always been challenging and understanding
this process is critical in the fight against this disease. Our results from the SOD1%%4 transgenic
rat model argues for the ability to use the measured changes in the graphene’s 2D peak to monitor
the progression of the disease. These results suggest that our graphene platform cannot only be
used to potentially diagnose ALS, but also to monitor its progression and in the future, to study
the efficacy of therapeutics. A prospective study will be needed to test whether our findings
correlate with more extensive clinical parameters and whether it can stratify patients into distinct
subgroups, as suggested by Appel et.al.(Zhao et al. 2017) Even with the limitations of our study,
the initial results offer an unprecedented phononic mechanism in graphene to study human CSF

for diagnosis of neurodegenerative diseases.
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CHAPTER 4

4. Graphene-Interface with Electrogenic Bacterial Membrane: Electron Transport and
Energetics

4.1. ABSTRACT.

A synergistic, nanoscale electrical-interface with the membranes of exoelectrogenic microbes will
have transformative impact on biological cell based electronic-devices. Here, we report that a
conformal graphenic interface on biocatalytic Geobacter sulfurreducens membrane results in
quantum-capacitance induced n-doping in graphene that further enhances electron shuttling from
the membrane to improve electron harvesting from the electrogenic membrane. The quantum
coupling of reduced graphene oxide (rGO) with the connected protein-membrane channels leads
to an additional electron density of 3.44 x 10'> cm? and an increase in the in-plane phonon
vibration energies (G) of rGO by 5 cm™. This n-doping enhances the electron transfer-rate from
the cell membrane into the rGO improving the power density of a simplistic microbial fuel cell
(MFC) by ~ 2 folds. The synergistic electron-harvesting and conformal membrane-interfacing of
flexible 2D nanomaterials can lead to an evolution in the design of microbe-circuitry to power

stand-alone nanodevices.
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4.2. Introduction

Electrogenic bacteria are the central components of a microbial fuel cell (MFC) — a bio-
electrochemical device, where bacteria oxidize substrates into electrons, which are transferred
through an interfaced electrode towards the cathode to undergo a reduction reaction.1-(Bond and
Lovley 2003) As opposed to a metallic catalyst in a conventional fuel cell, the anodic mechanism
in a MFC is derived from biological activity within organisms catalyzing the electrochemical
reaction. The removal of the metallic catalyst eliminates the fuel-impurity sensitivity of the
conventional fuel cell, thus making MFCs more economically viable.(Blum, Marzari, and Car
2004; Holton and Stevenson 2013) The overall biochemical conversion of substrate to electrons
has high stoichiometric quantum conversion (each molecule of acetate produces 8 electrons,

C,H;0,” + 2H,0 - 2C0, + 7H* 4+ 8e~; or 768,000 Coulombs per mole of oxidizing acetate).

While, several studies have focused on engineering the electrode-bacteria interface(Santoro,
Kodali, et al. 2017) (even with reduced graphene oxide), there are limited studies on the influence
of exoelectronic membrane on interfaced conductive nanomaterials and their electron harvesting
properties. These studies are important since there is a significant loss of electrons transported
from the cell membrane to the anode electrode, resulting in reduced electronic-current output.

Due to a unique combination of electronic and structural attributes, graphene, a planar sheet of
sp” hybridized carbon atoms,(Schedin et al. 2007; Mohanty and Berry 2008; Mohanty et al. 2011;
X. Wang, Zhi, and Miillen 2008) possesses numerous superior properties(Sreeprasad and Berry
2013; Geim and Novoselov 2007; Geim 2009) suitable for membrane interfacing for electron
harvesting. Graphenic materials exhibit high conductivity (pristine graphene’s carrier mobility
can be as high as 200,000 cm?/V/s) originating from the presence of m—orbitals atop its lattice
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plane.(Meyer et al. 2007; Geim and Novoselov 2007) Graphenic sheets also possess a flexible and
bendable carbon-carbon bond, enabling a conformal interface for soft biological cells.(Deng et al.
2016) Moreover, the effect of cellular interface on graphene’s electronic structure is quantifiable.
When a cell interfaces with graphene, it changes the carrier properties of graphene due to the
dipolar-interaction with the cell wall,(Nguyen and Berry 2012; Keisham et al. 2016) which in turn
is strongly coupled with its phononic properties, measurable via Raman spectroscopy. Graphene’s
high electron-conductivity at room temperature(Novoselov et al. 2004, 2005) and its ability to
interfacially conform to a cell(Deng et al. 2016; Mohanty et al. 2011; Nguyen and Berry 2012) are
leveraged here for studying electron-harvesting efficiency in the anodic section of a simplistic
(without biofilm) MFC device. Also, graphene’s large quantum capacitance will enable detailed
analysis of the electron-doping process; and its phononic sensitivity(Das et al. 2008a; Keisham et

al. 2016) will allow its interfacial characterization (Figure 4.1).
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Figure 4.1. a) Cross-sectional view of the MFC construct depicting the device operation after
the injection of rGO solution. b) Schematic diagram showing the interaction between graphene
(rGO sheet) and geobacter cell. The electrons produced during the cell’s metabolic activity are
transferred via direct contact with the conductive protein and the rGO sheet. Due to rGO’s high
conducitvity, the electrons are transported to the interfaced electrode with ease.




Geobacter Sulfurreducens’ efficient, enzymatic metabolism (it has been reported that >90% of
the substrate is converted to electricity) of the organic substrate is a model characteristic of the
electrogenic bacterium for power generation inside the bio-catalytic device(Bond and Lovley
2003; Bond et al. 2002; Nevin et al. 2008; Richter et al. 2008). Geobacter is a small rod-shaped
microorganism that contains conductive proteins(Leang et al. 2010; Schroder 2007) on the
extracellular surface which allows the direct transfer of the produced electrons to the adhered
electrode. The potential difference between the electrodes acts as the driving force for the bacterial
attachment. However, only a fraction (o) of the conductive proteins on the bacterium membrane
is in direct contact with the unmodified anode (Figure 4.2). A significant portion that is not in
contact (1-a) limits the overall efficiency of electronic harvestation. The larger relative size of the
graphenic sheets combined with its conformational characteristic makes it a great candidate to
interface with the unconnected electron-channels on the organism’s membrane and increase the

connectivity with the unmodified anode.

The biocatalyst breaks the substrate into protons and electrons. The protons hop across the proton
exchange membrane to the cathode, while the generated electrons are shuttled from the proteins
on the extracellular membrane directly to the electrode or by the graphene-electrode junction. The
circuit is completed when the produced electrons travel from the anode to the cathode across a
resistor and recombine with the protons and the reducing agent to complete the redox cycle (Figure
4.1). This research outlines the mechanism of interfacing graphenic sheets on exoelectrogens
(Geobacter sulfurreducens) and electronic transport mechanism from its exterior cell-membrane

via the graphenic sheets to a generic, unmodified MFC-anode.
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Figure 4.2. a) Well adhered bacterium to the carbon electrode showing an exposed fraction (1-
a) of the cellular membrane, along with an rGO encased bacterium where the rGO sheet
increases the fraction of connected membrane proteins (o) to the device. b) Schematic showing
the synthesis of rGO from graphite via modified Hummer’s method.

4.3. Experimental Methods
4.3.1. rGO synthesis

Graphene oxide (GO) was synthesized by a modified Hummers method. Here, 1.0 gram of 7
mesh graphite flakes (Sigma-Aldrich) was added to a beaker in an ice bath. 40 ml of Sulfuric acid
(Fisher Chemical, 96%) and 6.6 ml of Nitric acid (Sigma-Aldrich, 70%) were added to the beaker
and stirred for 40 min. 5 grams of potassium permanganate (Sigma-Aldrich, > 99.0%) was added
slowly to keep the reaction temperature below 20 °C during addition. The reaction solution was
stirred for 30 min at 40°C. 30ml of 20% Hydrogen peroxide (Fisher Chemical, 50%) was carefully
added to the solution maintaining a temperature of <60°C to quench the reaction. The solution was
diluted with 200 ml of deionized water and later vacuum filtered to recover a vibrant yellow

graphene oxide solution. Further, the GO solution was dialyzed for a week in a 2k MWCO
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cellulose bag (Thermo Fisher, slide-a-lyzer flask) to remove the residual ions. Finally, reduced
graphene oxide (rGO) was produced by hydrothermal reduction at 180°C for 4 hours.
4.3.2. Media preparation and inoculation of Geobacter Sulfurreducens

Geobacter medium was prepared by adding 1.5 g of Ammonium chloride (Fisher Chemical,
+99%), 0.6 g of Sodium phosphate monobasic (Sigma-Aldrich, > 99.0%), 0.1 g of Potassium
chloride (Sigma-Aldrich, > 99.0%), 2.5 g of Sodium bicarbonate (Mallinckrodt), 0.82 g of Sodium
acetate (Sigma-Aldrich, > 99.0%), 10 ml of Wolfe’s Vitamin Solution (ATCC® MD-VS™) and
10.0 ml of modified Wolfe’s Minerals (ATCC® MD-TMS™) to 1.0 L of distilled water. The
medium was autoclaved at 121°C for 15 mins. 8.0 g of filter-sterilized Sodium fumarate (Sigma-
Aldrich, >99.0%) was then added to the sterilized medium to reduce it. Under anaerobic conditions
(80% Nz and 20% CO,), the Geobacter sulfurreducens (ATCC® 51573™) vial was thawed and
inoculated in the prepared medium. The bacterial solution was subsequently incubated at 26°C-
30°C for 2 weeks.
4.3.3. Device construction

The device consists of an anode and cathode chamber separated by a proton exchange membrane
(Fuel Cell Store, Nafion 211). The anode and cathode are both 8.75 cm? pieces of carbon felt (Fuel
Cell Store, AvCarb G200). The anode is connected to a 3.30 kQ resistor that connects to a
preamplifier (Stanford Research Systems, SRS570) that ends at the multimeter (Keithley
2110/2612) data acquisition system. The anode compartment is inoculated with geobacter
suspension and an organic substrate of 0.01 M Sodium Acetate (Sigma Aldrich, > 99%). The

cathode compartment contains a solution of 0.02 M potassium hexacyanoferrate (Sigma Aldrich,
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~99%). Once the electrical generation stabilizes, the rGO solution is distributed to the anode via a
syringe.
4.3.4. Raman analysis

Graphene (rGO) and geobacter system was probed using WITEC Alpha 300-RA Raman
spectrometer with a laser excitation wavelength of 532 nm. All the samples were studied using a
100X objective with an exposure time of ~5 mins. The Raman spot size is ~700 nm as determined

using the equation:

oot sige = 122
pot size = ——

Where A is the laser wavelength and NA is the numerical aperture (0.9 for 100X objective).
4.3.5. SEM analysis

Field Emission SEM, the JISM-6320F, was used to obtain high-resolution micrographs of rGO -
bacterial interface. A low accelerating voltage of 2kV with a working distance of 2.0 mm was
chosen to optimize the image.
4.4. Results and Discussion
4.4.1. Characterization of the Geobacter-rGO interface

To characterize the interface between the geobacter cell membrane and the rGO sheets and to
study the rGO’s conformity, geobacter cell suspension was incubated with an rGO suspension for
1 hour. To deposit the cells on a substrate, a Si02/Si chip was dipped in the bacterial-rGO mixed-
solution for 30 mins to help cell adhere to the SiO» surface. The resultant chip was probed using
optical microscope, field emission SEM (FESEM) and Raman spectroscopy. The FESEM
micrograph of the SiO»/Si chip (Figure 4.3a), depicts two geobacter cells interfaced with rGO

sheets. In one case, the geobacter is on top of an rGO sheet, while the other geobacter is wrapped
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under the rGO sheet. The bare bacterium is noticeably more charged (higher intensity) compared
to the rGO wrapped cell by a factor of 15%. This difference in intensity is attributed to the presence
of conductive material on top of the bacterium, which minimizes the charging effect as seen in the
exposed cell. Further, rGO’s conformal nature(Mohanty et al. 2011) is observed on the wrapped
bacteria by the formation of both longitudinal (due to relaxation of sheet) and transverse (due to
strain in sheet) wrinkles as shown in figure 4.3a and b.(Deng et al. 2016) Note that majority of the
observed geobacter cells were interfaced with rGO (bottom and/or atop).

Raman spectroscopy enables effective characterization of graphenic domain size of rGO and its
carrier density due to the strong electronic coupling of the sp? in-plane (G), breathing (D) and
second-order overtone of in-plane (2D) phonon vibration energies. Figure 4.3b illustrates the G
band Raman spectra of rGO on Si0/Si substrate in air (black) and rGO interfaced with geobacter
(red). From the spectrum, the domain size of the graphenic sp? regions of the rGO was calculated
to be 17.8 nm using the Tuinstra and Koenig relationship,(Tuinstra and Koenig 1970; Cangado et

al. 2006, 2011; A. C. Ferrari and Robertson 2000; Andrea C. Ferrari and Basko 2013) L,(nm) =
-1
2.4 x 107104 (;—D) , where L, (nm) is the in-plane crystallite size, A is the laser wavelength (532
G

nm), and Ip/Ig is the intensity ratio of D and G bands (1.079).

Graphene (rGO) acts as an electron acceptor when interfaced with the electrogenic bacterial
cells. Based on the potential and flux of the electrons from the geobacter and the capacitance of
rGO, a steady state electron concentration in rGO is expected to stabilize. This electron density in
the rGO sheet was analyzed with Raman spectroscopy. It is important to note that geobacter cells
with a typical size of 1.5-2 pm (projected area = 0.7 tol um?) were probed with a 532 nm laser of

the Raman spectroscope with a diffraction-limited spatial resolution of ~360 nm (spot size area =
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0.385 um?). At the geobacter-rGO interface, the electrons shuttling from the membrane are taken
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Figure 4.3. Optical characterization of rGO-bacterial interface. a) FESEM image showing bare
rGO sheet, geobacter cell above rGO and rGO wrapped cell as well as the wrinkles formed on
the graphenic sheet. b) Schematic showing the formation of wrinkles on the rGO sheet around
geobacter. ¢) Raman spectra showing the G peak positions of rGO interfaced with air (black)
and rGO interfaced with geobacter (red). (Inset left) Raman spectra of rGO showing D and G
peaks. d) Band diagram of rGO depicting the favorable energetics for electron transfer.

up by the graphene, till it reaches its capacitance limit. Therefore, the electrogenic bacterial
interfacing leads to rGO accepting electrons and undergoing a high degree of n doping. Raman
spectroscopy was used to study the added electron density in rGO via measuring the induced red
shift in the G peak position (~5.3 cm™) of rGO (Figure 4.3). The density of electrons added to rtGO
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(n) from the interfaced geobacter’s metabolic activity is 3.44 x 10'2 cm™

, as calculated using the
relationship between carrier concentration and Raman shift given by Das et al.(Das et al. 2008a)
This added electron density can be used to calculate the quantum capacitance of rGO using the
expression: n e = Cgraphene Velectron, Where Cgraphene 18 the quantum capacitance of rGO, Verecrron 18
the potential difference (0.17 eV) between the fermi level of rGO (4.91 eV)(Kang et al. 2013;
Kumar, Bernardi, and Grossman 2013) and the electrons produced from the acetate metabolism
(4.74 eV)(Logan et al. 2006), e is the charge on an electron, and 7 is the density of electrons added
to rGO from geobacter (3.44 x 102 cm™) (Figure 4.3¢c and d). Cgraphene is calculated to be 3.24
uFem™, which is similar to the reported quantum capacitance value of pristine graphene.(Xia et al.
2009) This similarity can be attributed to the previously reported reduction of graphene oxide and
rGO by the electrons from the geobacter.(Lehner et al. 2019; Salas et al. 2010; Goto et al. 2015)
The physical interaction between rGO and geobacter confirmed from FESEM micrographs and
the electron-transfer from geobacter to rGO shown by Raman analysis demonstrate the strong
interface that will enable improved electron transfer from the geobacter membrane into the rGO.
The high conductivity of rGO is known to shuttle the electrons into any low-potential region, which
in the case of a MFC will be the connected (unmodified) anode to improve the total rate of electron
transport of the system.
4.4.2. Membrane electron-transfer analysis

To study the electron-transport mechanism through the rGO-on-geobacter system, a MFC device
was assembled with cell culture of wild type Geobacter sulfurreducens (ATCC® 51573™) and 0.01

M sodium acetate substrate in the anodic chamber, and 0.02 M potassium hexacyanoferrate in the

Reduction

cathode chamber [Fe(CN);~ ——— Fe(CN)¢™] (Figure 4.1a). Note that the studied MFC
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construct does not include a biofilm to study of the graphenic interface on the cell and not the
biofilm (part of a future study). A resistor of 3.30 kQ was connected between anode (unmodified)
and cathode electrodes to complete the circuit. The electronic transfer from the anode is observed
upon the introduction of the electrogenic bacteria in the anode chamber. To study the effect of

interfacing rGO with geobacter, rGO suspension (preparation shown in experimental methods, and
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Figure 4.4. Evaluating the effect of rGO inside the MFC. a) Current response during device
operation before and after injection of rGO solution. (Inset) Image of the MFC device. b)
Modeling the molecular flux during the diffusion limited process after the device reaches steady
state. An exponential function was applied to the system to fit the device output versus time.
The solid red line represents the modeled equation. (Top right) Mass transfer mechanism of the
substrate diffusion to the bacterial membrane for cellular respiration. Upon oxidation, electrons
are transported via the interface into the circuit where the device current is proportional to the
transient molecular flux by the exponential decay relation.

figure 4.2b) was introduced into the chamber once the electronic current stabilized (~15 min after
device start-up). For each electron-transfer experiment, the system was allowed to operate without
subsequent addition of substrate or medium.

The injection of only deionized (DI) water (control) decreases the overall electron transport rate
(See Supporting information), attributed to the dilution of acetate substrate (that the bacteria use

to catalyze electrons). The rate of electron transfer slowly decreased as the substrate was depleted
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leaving less feed for the bacterial metabolic production of electrons. This dilution-effect is
expected in every experiment where rGO solution is added. To improve the interface between the
bacteria and the anode (unmodified), rGO sheets were introduced in the anodic chamber. Previous
attempts of implementing graphene in a MFC have been focused on improving the conductivity
of the electrodes.(Xiao et al. 2012; EIMekawy et al. 2017) Here, rGO suspension was utilized to
interface with the membrane of the biological cells.(He et al. 2010; Nguyen and Berry 2012)

The rate of electron transfer from the geobacter membrane into the anode (unmodified) increased
upon the injection of rGO solution, as shown in figure 4.4b, ascribed to the interface of the highly
conductive rGO with the anode (unmodified), as depicted in figure 4.2a. These electrons, produced
from the geobacter metabolism, are energetically favorable for transfer to the electron accepting
rGO sheets upon conformal interfacing with the cell. At injection, the rate of electron transfer
undergoes a sudden increase before stabilizing to a 170% higher flux. This is attributed to a) the
convective flux from rGO addition disrupting the acetate concentration gradient near the cells, and
b) the release of the electrons accumulated on the newly interfaced membrane with rGO. It is
important to note that the addition of rGO into the system did not result in an observable stress
induced cellular toxicity as seen in the live-dead assay. Further, the addition of rGO did not directly
impact the life span of the fuel cell, also indicating negligible stress on the cell.

After the sudden release of the membrane-accumulated electrons, the rate of electron-transfer
over time undergoes transient decrease, presumably due to the establishment of the substrate
concentration gradient. Here, there are three serial transfer processes: (a) substrate molecular-
transport from bulk into the cell, (b) the metabolic oxidation of substrate to produce electrons, and

(c) transfer of electrons to the anode. Since the electron transport and the catalytic metabolism are
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fast processes, the electron flux from the membrane is limited by the mass-transfer of the substrate
molecules to the bacterium for metabolic oxidation. This response can be modeled by a pseudo
steady-state mass-transfer equation: Ns; = k(C;p, — Cs5), where Ns is the molecular flux
(molecules/cm? s), Csp and Css are the molecular substrate concentration (molecules/cm?) in bulk
and on the membrane, and k is the mass-transfer coefficient (cm/s). Since the reaction is fast, Cs

~ 0. At equilibrium, the rate of electron production (or electrical current) is proportional to the
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Figure 4.5. Performance study of the MFC device with respect to rGO concentration. a)
Normalized current response of the device with control (DI water) and varying concentrations
of rGO (0.01 — 10.35 [(mg/ml)/pnA]) in the anodic chamber. The current was first allowed to
stabilize after injection with the specific solution. The rGO concentrations were then normalized
with the stabilized initial current response, which is directly proportional to the bacterial
concentration. b) Percent difference in the power density with normalized rGO concentration.
(Inset) Power density change for solutions with low normalized concentration of rGO (0 — 0.6

[(mg/mI)/uAJ)

substrate mass-transfer flux (N; = kC; ;). As the substrate is consumed, its concentration reduces

dCsp
d

following the mass-balance equation: V = —Ng * A where V is the bulk volume of the

substrate (cm®) and A is the cross-sectional area of the electrode (cm?). This resulted in the

expected mass-transfer limited exponential decay relation of the molecular flux of the substrate,
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ac . . oo
— d—i"’ o« I = aexp (—pt), where a and B are fitting parameters corresponding to the diffusivity

of the substrate in the mass transfer regime (Figure 4.4b).

To quantify the response at different rGO concentrations, lyophilized rGO powder was used to
prepare different concentrations before introduction into the device. A correlation between the rate
of the electron transfer and the rGO concentration (figure 4.5) shows that the electron transfer into
the anode (unmodified) increases with rGO concentration. Since different devices have different
initial interfacial properties, the GO concentrations were normalized with the stabilized initial
current, which is assumed to be directly proportional to the interfaced bacterial concentration. The
units for the normalized concentration are (mg/ml)/pA. Further, since with the addition of rGO,
the concentration of the substrate decreases (which should reduce the rate of the electron transfer
at steady state), the increase in electron transfer implies that there are new channels created
between the electron-producing bacterial membrane and the anode (unmodified) (figure 4.2). Since
the number of cells and the number of electron-producing channels could not be controlled in each
device, for all analysis, we normalized the rGO concentrations with the currents produced before
rGO addition to obtain a normalized rGO concentration per (unmodified) anode-connected,
electron-producing channels on the cell membrane. For the same reason, we also normalized the
electron transfer rate after rGO interfacing with the initial currents produced without rGO. As
shown in figure 4.5a, there is an increase in the electron transfer rate with the increase in rGO
concentration, attributed to increased coverage of the bacterial cell. Further, there is a decline in
the degree of increase in the electron-transfer-rate as shown by the reduction in the slope of the

red trend lines in figure 4.5b. This is attributed to approaching more complete coverage of the
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active electron-producing channels by rGO interfacing. As more coverage is achieved, there are
lesser number of channels to cover.

The generated power density from the electrons flowing through the resistor was analyzed for

each case under averaged electron-transfer rate. Power density (WW/cm?) is given by, P = %,

where [ is the averaged device current (uA), V is the open circuit voltage (0.54 V) and A is the
electrode area (8.75 cm?). The device power density has a direct response to the current output
which is proportional the rGO concentration inside of the anode chamber (Figure 4.5). The highest
normalized concentration of rGO improved the power density from 0.0179 Cin—wz to 0.0606 Cin—wz
(+239%). Increases in both the power density and the device current after the addition of rGO
sheets are directly related to the amount of interfaced membrane proteins to the anode. Additional
connected pathways via graphene increase the overall efficiency of each individual bacterium
which collectively enhances the device performance.
4.5. Conclusions

In summary, we interfaced highly conductive graphenic sheets on electrogenic bacteria, which
metabolize substrates into electrons that are transported into its membrane. These electrons at 4.74
eV reducing potential are then transferred onto the interfaced graphenic sheets (Fermi level =4.91

eV) by adding ~34400 electrons per um?

under steady state as confirmed by phononic
characterization. This effectively confirms the ease of electron transport from the bacteria to the
graphene lattice. Controlling the concentration of graphene in the anode chamber resulted in an
estimated 2-fold higher rate of electron transfer. The power density increased ~2 folds with 10.35

[(mg/ml)/pA] of rGO, indicating enhanced electron transport from increased rGO-microbial

interaction. The conformal rGO sheet encases the cellular membrane, increasing the number of
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connected proteins, which enhance the efficient transport of the electrons from the cellular surface.
This resulting electron addition (n-doping) effect (~5.3 cm™) from the synergy of electrogenic
bacteria and rGO correlates with the observed enhancement in device performance. To understand
the macroscale impact of rGO in the MFC operation, further study needs to be done to explore the
interaction of rGO and geobacter at a single cell level. This work will potentially lead to the
development of synergistically designed, conformal-interfaces for electrogenic bacteria for next-

generation microbe-driven systems.
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CHAPTER 5

5. Investigating SERS of bacteria using graphene quantum dots (GQDs) as the
enhancement substrate

5.1. Introduction

Raman spectroscopy has been extensively utilized for studying wide-ranging materials. It has
demonstrated to be a powerful analytical tool for selective characterization of molecules in diverse
fields ranging from physics, chemistry, material science and biology. However, one of the
drawbacks of applying Raman spectroscopy, especially in biological systems, is its weak signal
(intensity) arising from its low scattering cross-section (10 cm? molecule®). A way to subvert
this limitation is Surface Enhancing Raman Scattering (SERS)(Fleischmann, Hendra, and
McQuillan 1974; Jarvis and Goodacre 2004). The enhancement associated with the SERS process
can be explained by 2 mechanisms: electromagnetic enhancement mechanism (EM) and chemical
enhancement mechanism (CM).(Sharma et al. 2012; Ling et al. 2010) EM describes the significant
increase in Raman cross section due to the enhancement of the local electromagnetic field. This
electromagnetic enhancement is primarily contributed to the excitement of the surface plasmons
when exposed to the incident light, roughly proportional to |E|* (~108), where E is the intensity of
the electromagnetic field. In contrast, CM involves a charge transfer between the substrate and the
interfaced molecule, separating the positive and negative charge in the molecule further. This
separation increases the polarizability of the molecule as well as the Raman cross-section.

The substrate used for SERS significantly affects the resulting spectra and in certain cases, the
substrate might require modifications. The fabrication process required to prepare the substrate

can be relatively complex, regardless of the enhancement mechanism involved. Various metals
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including silver and gold have been utilized as the SERS substrate and the type of metal used often
affects the efficiency of the resulting enhancement. Further, metal substrates might suffer from
certain disadvantages: a) high cost, b) uncertain biological compatibility, and c¢) oxidization,
especially silver. Hence, it is essential to explore new substrate, which is biocompatible, easy to
handle, chemically inert and effective, to observe SERS. Due to these concerns, researchers have
looked upon other compatible and affordable substrate like graphene for Raman
enhancement.(Ling et al. 2010)

Graphene, a planar sheet sp? bonded carbon atoms, is chemical inert and has shown to be
biocompatible as well. Previously, it has been shown that graphene can be utilized as a substrate
for Raman enhancement. However, there are limited studies done in this field. Similar to graphene,
graphene quantum dots (GQDs) have gained enormous attention in the past decade due to their
unique properties. Along with possessing graphene-like properties (sp? carbon and chemically
inert), GQDs show pronounced quantum confinement and edge lattice effect due to their small
size. In this study, we utilize GQDs, synthesized via hydrothermal reduction, as a graphene
enhancement substrate for bacterial cells (Geobacter sulfurreducens and Shewanella Oniedensis).
5.2. Experimental Methods

5.2.1. GQD Synthesis

Graphene oxide (GO) was synthesized by a modified hummers method. 1.0 gram of 300 mesh
graphite powder (Alfa-Asear) were added to a beaker in an ice bath. 40 ml of Sulphuric acid (Fisher
Chemical, 96%) and 6.6 ml of Nitric acid (Sigma-Aldrich, 70%) was added to the beaker and
stirred for 40 min. 5 grams of potassium permanganate (Sigma-Aldrich, > 99.0%) was then added

slowly to keep the reaction temperature < 20°C. The solution was stirred for 30 min at 40°C.
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Subsequently, 30ml of 20% Hydrogen peroxide (Fischer Chemical, 50%) was added to the solution
to stop the reaction. The solution was then diluted with 200 ml of deionized water (DI) and vacuum
filtered to recover a vibrant yellow graphene oxide solution. The GO solution was dialyzed for a
week in a 2K MWCO cellulose bag (Thermo Fischer, slide-a-lyzer flask). Reduced graphene oxide
(rGO) was then produced by hydrothermal reduction of the GO solution at 180C for 4 hours. The
rGO solution was then intercalated with a similar ratio ~6:1 of Sulphuric Acid:Nitric Acid and
placed in a bath sonicator for ~24 hours. Afterwards, the acid was removed via vacuum filtration
with a 0.22 um membrane to. The filtrate was later re-dispersed into DI water and neutralized with
IM Sodium hydroxide. The resulting solution was placed in a Teflon lined acid digestion vessel
(Parr Reactor) and hydrothermally treated at 200°C for 10-12 hours to get GQD solution. Finally,
the GQD solution was filtered through a 0.22 um membrane to remove any solids (big sheets of

rGO).

5.2.2. Raman Data Analysis

The GQD solution was incubated with bacteria (Geobacter sulfurreducens and Shewanella
Oniedensis) overnight to allow interaction. A SiO2/Si chip was then placed in the GQD-bacteria
solution and incubated for 1 hr. This chip was probed using WITEC Alpha 300-RA Raman
spectrometer with a laser excitation wavelength of 532 nm. All the samples for this research was

studied under 100X objective: exposure time ~5 mins and Raman spot size ~700 nm.
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5.3. Results and Discussion

5.3.1. Characterization of GQDs

The hydrothermally synthesized GQDs were studied using AFM to characterize the size of the
produced dots. The AFM scan (topography image) of the GQDs deposited on SiO2/Si substrate is
shown in figure 5.1a along with the height and size profile of the selected area in figure 5.2b. The
diameters of the GQDs are predominantly in the range of 10-50 nm. Also, the topographic heights
of these materials typically lie between 1-2 nm, comparable to the data related to 1-3 layer of

functionalized graphene nanoribbons (GNR).(Xiaolin Li et al. 2008)
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Figure 5.1. AFM profile of GQD. a) AFM image of the GQD deposited on a SiO2/Si chip. b)
Height profile along on the red line on a).
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Further, the optical properties of the synthesized GQDs were studied using UV-Vis spectroscopy
(Figureb.2). Previous studies have shown that GQDs with smaller dimension (<100 nm) possess
several unique optical properties mainly due to the prominent effects of the edge lattice and
guantum confinement.(D. Pan et al. 2010) The absorbance spectrum of the GQD showed a peak
at ~200 nm which could be attributed to the electronic = — * transition, common in pristine
aromatic sp?> domains, as shown in figure 5.2a.(Novoselov et al. 2004; D. Pan et al. 2010)
Photoluminescence emission spectra of the GQDs for excitation at 320 nm showed a strong blue

luminescence at ~430 nm (figure 5.2b).
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Figure 5.2. Characterization of GQD using UV-Vis Spectroscopy. a) Absorption spectrum of
GQD. b) Photoluminescence emission spectrum of GQD for excitation at 320 nm.

5.3.2. Understanding the GQD-bacteria interface

To study the interaction of GQD with bacteria, the GQDs were incubated with bacteria (Geobacter
sulfurreducens and Shewanella Oniedensis) overnight and observed under Raman spectroscopy.
The Raman spectrum of GQD-bacteria interface showed an enhancement in the bacterial peaks

confirming SERS effect as compared to the spectrum of bacteria on SiO2/Si substrate without GQD
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Figure 5.3. (Top) The Raman scan of GQD-bacteria interface with pronounced SERS
(left); optical image of the bacteria incubated with GQD overnight (center); Raman
intensity scan based on the bacterial peak at 1520 cm™ with the scale bar (right). (Below)
The Raman scan of just bacteria with no SERS (left); optical image of the bacteria
incubated overnight (center); Raman intensity scan (red square in the optical image) based
on the bacterial peak at 1510 cm™ with the scale bar (right).

(Figure 5.3). The Raman enhancement from the GQD substrate was not strain dependent and could
be observed with different types of bacteria (Geobacter sulfurreducens and Shewanella
Oniedensis), as shown in figure 5.4. The peaks 1153 cm™, 1510 cm™, 2147 cm?, 2302 cm™ and

2650 cm are attributed to the enhanced bacterial peaks.
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Although graphene has been used as a Raman enhancement substrate for chemical dyes, there has
been no studies on the utilization of GQDs to observe the SERS of bacteria. One possible reason
for this effect could be the chemical enhancement (CM) from the GQD substrate. When the GQDs
were incubated with bacteria, they formed a close network with the bacteria. Such close interaction
allowed charge transfer between GQDs and biomolecules associated with bacteria, resulting in the
enhancement of the bacterial peaks. In contrast, there was no visible bacterial peaks when only

SiO»/Si was used as the substrate, conforming that the enhancement was due to the presence of

GQD.
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Figure 2. Raman spectra of GQD-bacteria interface: SERS effect of bacteria (Geobacter
sulferreducens and Shewanella oniedensis) using GQD as the substrate
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5.4. Conclusion

In this study, GQDs were used as the Raman enhancement substrate to study the SERS of bacteria
for the first time. As a result of the interaction of GQDs with bacteria, the bacterial peaks 1153
cm?, 1510 cm™, 2147 cmt, 2302 cm™ and 2650 cm™ were enhanced. It is important to note that
these peaks were not seen when bacteria on SiO2/Si substrate were scanned. This result was
attributed to the charge transfer between GQDs and bacteria due to the chemical enhancement
mechanism. Further, SERS effect was observed in different types of bacteria (Geobacter
sulferreducens and Shewanella oniedensis), demonstrating that it was not strain dependent. This
research highlights the potential of GQD as a SERS substrate, however, further studies need to be
done to understand the mechanism in detail and explore the applications in biosensing and disease

detection.
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CHAPTER 6

6. FUTURE WORKS AND CONCLUSION

6.1. Investigating graphene — tissue interfaces with Raman Spectroscopy

Glioblastoma multiforme (GBM) is the most common primary brain tumor affecting the adult
population.(D.N. et al. 2016) The current standard of care for treatment of GBMs, employs a
combination of surgical resection, chemotherapy, and radiation.(Stupp et al. 2005) Despite the
current treatment paradigm, GBM carries a poor prognosis, with a median survival of only 15-
months.(Stupp et al. 2005) Recent literature has confirmed that decrease of tumor burden via safe
gross total resection correlates to improved survival outcomes.(Sanai et al. 2011; Y. M. Li et al.
2016; Brown et al. 2016; Incekara et al. 2019; 1. W. Pan, Ferguson, and Lam 2015; Bloch et al.
2012; Byun et al. 2019) Given the intrinsic malignant nature of GBM cells and wide dispersion
through the normal surrounding tissue, many technologies have been employed to improve
intraoperative resection of grossly abnormal GBM tissue from the surrounding gliotic, edematous,

or normal tissue.

Advances in microsurgical techniques, surgical tools, fluorescent agents and intraoperative
imaging have enabled better identification of tumor borders, thereby allowing maximal gross
total resection of tumor with preservation of surrounding normal tissue.(Bander, Magge, and
Ramakrishna 2018) Since the introduction of the intraoperative microscope within the field of
neurosurgery in the 1950's and 1960’s, as well as progress in the intraoperative tools, significant
advances have been made in incorporating microsurgical techniques in neurosurgery for safer

gross total tumor resection.(Kriss and Kriss 1998) Furthermore, introduction of intraoperative
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fluorescent agents, as well as intraoperative magnetic resonance imaging in recent years have
helped further advance surgical resection of brain tumors.(Kriss and Kriss 1998; Katsevman et
al. 2019) The combination of such technologies have resulted in a synergistic improvement in
achieving the end goal of gross total resection.(Coburger et al. 2015; Dobson 1989) This not
only highlights the need for integration of imaging-based guidance intraoperatively, but also
leads the way to the future development of real-time imaging-based devices to allow for virtual
histopathologic interpretation of tissue intraoperatively. In the recent years, optimization of
intraoperative technology to improve surgical guidance in tumor resection and tumor diagnostics
has been rapidly growing, with a particular focus on utilization of Raman spectroscopy

integrated into an intraoperative probe.

Raman spectroscopy has been heavily incorporated into biomedicine to study cells and tissues.
Raman spectroscopy has been shown to be a versatile platform to investigate the chemical and
spatial information of materials without labels. Even though other vibrational spectroscopy tools
like IR exist for biomedical analysis, Raman offers unique advantages: a) Eliminates need for
any contrast-enhancing agents, as the biomaterials can be probed in their native states, b) Raman
spectroscopy can be readily used to study aqueous based samples (corresponding to small
Raman cross-section of water) in contrast to spectroscopic techniques like FTIR, which exhibits
high absorbance of water that interferes with the spectrum, and ¢) Raman scans range over large
wavenumbers with the ability to provide higher spatial resolution as well. Along with these
characteristics, Raman spectra depicts bands that are molecule specific providing direct and

crucial information regarding the biochemical composition of the biomaterials.
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The use of Raman spectroscopy in cancer studies as well as its subsequent application in
intraoperative probes have been discussed in previous sections. While designing intraoperative
probes, it is essential to incorporate a sensitive and specific platform. Numerous advantages of
this versatile tool have been discussed, however, interpreting the Raman spectra and showing
the bio-footprint of cells and tissues is somewhat challenging. Hence, it would be favourable to
incorporate Raman based tool with a platform to enhance the detection, making it smoother to

interpret the data.

The sensitivity of graphene to the presence of any chemical/ molecule has made it a suitable
platform for biosensing devices. Based on previous success of incorporating graphene for
studying cancer cells, the next step could be applying this sensitive material to analyze cancerous
tissue. Here, we introduce graphene as a biosensing platform to improve the sensitivity of Raman
signal, ease results interpretation, and future direction for incorporation of such technology in

the operative arena.

6.1.1. Preliminary Results

GBM tissue was obtained from consented patients and placed in a PDMS mold with a center well
to keep the tissue from dehydration. The tissue was then covered with CVD graphene transferred
onto a glass coverslip and examined under Raman spectroscopy with a long working distance 50X
objective (Figure 6.1). GBM tissue is known to be heterogenous as discussed in previously and

different sections of the tumor were examined in this study.
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Figure 6.1. Experimental Set-up. (Top) Graphene, grown via CVD, was transferred onto a glass
coverslip and placed on a PDMS mold. (Below) GBM tissue was placed in the PDMS well center
and covered with the graphene/coverslip. The graphene — tissue interface was probed with Raman
Spectroscopy.

Figure 6.2 shows the Raman spectra of 2 different areas of GBM tissue (tumor region and necrotic
tissue area). It can be clearly seen that depending on which area is scanned, the Raman spectra is
different, indicating the heterogeneity of the tissue region. Further studies need to be done with
more samples from each region (tumor, necrotic and margin) to gather a comprehensive
information which would help in the long-term goal: to develop graphene-based handheld

intraoperative Raman probe.
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Figure 6.2. Raman spectra of graphene interfaced with tumor tissue (black) and necrotic
tissue (blue)

6.2. Concluding remarks

This dissertation provides a detailed study on the interfaces of graphene with various biological
systems. The research on graphene and its application is growing exponentially, ever since its
discovery in 2006. The applications of graphene encompass a wide spectrum of fields, including
biosensing, cellular transistor, drug delivery and energy. However, there is still a gap in knowledge
regarding the graphene-bio interfaces. To develop an efficient graphene-based bio-devices, it is

important to understand the fundamental concepts related to the type of interaction at the interface.
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Chapter 1 introduces graphene and its properties, along with Raman spectroscopy, which is a
versatile tool to study various materials especially carbon-based material like graphene. The
factors influencing the type of interface formed between graphene materials and different
biological systems are also reviewed. Further, the graphene phononics is discussed to understand

the doping mechanism of graphene which is greatly influenced by its large quantum capacitance.

After the brief discussion on graphene phononics, chapter 2 reports on the interface of graphene
with mammalian cells. In this study, graphene was interfaced with GBM cells (cancer) and
astrocytes (normal) and examined with Raman spectroscopy. As cancer cells are known to be
hyperactive as well as more electronegative (due to higher concentration of sialic acid in the outer
membrane), GBM interfaced graphene showed a high degree of p-doping (~6.3 cm™) compared to
astrocytes (~2.3 cm™). This study showed the first use of graphene phonons to differentiate cancer

cells from normal at a single cell resolution.

Chapter 3 then describes the use of graphene-based platform to study neurodegenerative diseases.
Here, CSFs obtained from patients with different diseases including ALS, MS and other types of
motor neuron diseases was interfaced with graphene and probed with Raman spectroscopy. It was
found that CSFs from different diseases n-doped graphene to a varying degree, showing that the
effect was disease specific. The pathological and molecular characteristics of ALS including
mitochondrial dysfunction, increased oxidative stress and detrimental immune activation have
previously been shown to affect the CSF of diseased patients.(van Es et al. 2017; Bozzo et al.
2017) The composite dipole moment arising from the components of CSF was found to be disease-
specific, directly correlating with the doping trend. This study also showed preliminary data

indicating that CSFs taken from SOD1%%%** transgenic rat ALS model at different stages of the
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disease (early stage and late stage) exhibited different n-doping trend on graphene. It offers a

unique approach to study this fatal disease and monitor the progression as well.

In chapter 4, the interaction of graphene with electrogenic bacteria is discussed. Here, reduced
graphene oxide solution was used to form an interface with Geobacter sulferreducens.
Electrogenic bacteria metabolizes substrate with electrons as the by product, which are then
transported to its membrane. When the highly conductive rGO interfaces with geobacter, it
conforms to the cell allowing more connections of the membrane proteins and the electrons are
transferred to the rGO sheet. This interface was studied using FESEM and Raman spectroscopy.
The electron addition onto the rGO sheet can be confirmed by the n-doping (~5.3 cm™?) of the
graphenic sheet. To understand the interaction further, rGO was introduced into the anode chamber
of a MFC like device, which increased the power density ~2folds. This study gives an insight into
the interface of electrogenic bacteria with graphene at a single cell level, which would be
advantageous for fabricating nanodevices for energy source as well as understanding the effect of

rGO in a macroscale MFC like setting.

Finally, chapter 5 introduces another graphene material, graphene quantum dots (GQDs) and its
potential use as a Raman enhancement substrate. In this study, the GQDs were synthesized via a
hydrothermal reduction route. The resulting GQDs were characterized with AFM to understand
topological profile (diameter range: 10-50 nm and height: 1-2 nm) and with UV-Vis spectroscopy
to study the optical properties (a strong photoluminescence emission peak at ~430 nm for
excitation at 320 nm). The GQDs were then incubated with bacterial cells and examined under
Raman spectroscopy. There was an enhancement in the bacterial peaks in the presence of GQDs

which could be attributed to the chemical enhancement mechanism. This was the first time GQDs
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were used to study the SERS of bacteria.

In conclusion, various graphene-biosystems interfaces (mammalian/bacterial cells, biofluids and
tissue) were discussed in this thesis for applications in biomedicine and energy. However, further
studies need to be done to get a more thorough idea regarding the potential of graphene-
biointerfaces. For each interfaces formed, fundamental studies need to be done before, to

understand the specific interaction involved.
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8. APPENDIX

8.1. Supporting Information: Detection of Cancer Cell via Raman Mapping of Interfaced

Graphene: Towards Non-Invasive Cancer Diagnostics

8.1.1. Effect of cell interfaced with graphene (Raman G peak)
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Figure Al. Raman spectra showing the G peak positions of graphene on air (black), graphene

covered in cellular growth medium (blue) and graphene interfaced with the cell covered in medium

(green) for a) Astrocyte. b) GBM cell. The G peak position of graphene interfaced with GBM cell

shows a large blue shift, ~8 cm™ compared to that interfaced with Astrocyte, ~2.1 cm™.
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8.1.2. Effect of cell growth medium and PBS on graphene
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Figure A2. Raman spectra of graphene on air (black), graphene covered in a) cellular growth

medium (red) and b) Phosphate buffer solution (red). Both spectra show n-doping on graphene

when interfaced with different solvent medium.
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8.1.3. Effect of high cell density on graphene

a) G position b) 2D position
—_ . ' \ —Gra;)hene
Graphene — . J

"5'{ — Medium 13 —Medium

: =—Medium + ‘U- 1 =—Medium +
-..‘.E- GBM cell ~— - GBM cell
= 2
m Py -
€ | e |
2 @
- 9.
£ c |

1540 1560 1580 16'001 1620 2640 2660 26'30_ 27'00_1 2720
Raman Shift(cm™) Raman Shift (cm™)

Figure A3. Raman spectra of graphene on air (black), graphene covered in cellular growth medium
(blue) and graphene interfaced with GBM cell covered in medium (green) showing the a) G peak
and b) 2D peak positions. When the cell density is >4 x 10° cells/ml, G peak shift is saturated while

2D peak remains unaffected and shows the general trend of graphene interfaced with GBM cells.

When the GBM cell density was very high (>4 x 10° cells/ml), saturation in graphene’s G peak
shift was observed (Figure S3a). Such G position saturation due to high degree of doping has been
reported before(Das et al. 2008b; Pisana et al. 2007) which is attributed to the non-adiabatic
removal of the Kohn anomaly at I'(Lazzeri and Mauri 2006). In our study, the phenomena can be
explained by the excessive amount of proton concentration in the solution, which is further
adsorbed onto graphene platform. Further, it was challenging to decipher the cells from the
medium (both were G-peak saturated). However, 2D peak exhibited a significant difference
between the areas underneath the cell and the growth medium (Figure S3b). The saturation can be

mitigated by modifying the sample preparation process, where graphene on SiO2/Si chip was
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dipped in the GBM cell solution in medium and incubated for 2 hours. Subsequently, the chip was
washed with fresh medium, removing any unattached cell as well as replacing the old medium

with the new one.

8.2. Supporting Information: Quantum Capacitance Based Amplified Graphene Phononics

for Studying Neurodegenerative Diseases

The Raman spectra of the CVD grown graphene transferred on SiO2/Si is shown in Figure S1
depicting the D, G and 2D bands, along with the optical image. The 2D/G intensity ratio was
calculated to be ~2.4 and the full width at half maximum (FWHM) of 2D peak was ~29.9 cm

! (Hao et al. 2010) These values correspond to graphene monolayer produced via CVD.(Xuesong

Intensity (a.u.)

{D

1600 2000 2400 2800 3200
Raman Shift (cm™)

v
1200

Figure A4. Raman Spectra of CVD graphene on SiO2/Si substrate. (Inset) Optical
image of graphene transferred SiO2/Si substrate.
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Lietal. 2009) Further, the weak D peak indicates that the CVD grown graphene is of high quality
(sp? C orbitals).(L. Liu et al. 2008)

8.2.1. Average dipole moment comparison for different sample groups
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Figure A5. Calculated average induced dipole moment of human a) MS and b)
MND CSF samples.
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Figure A6. Calculated average induced dipole moment of CSF samples from rats
at early symptomatic and end point stages.
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8.3. Supporting Information: Graphene-Interface with Electrogenic Bacterial Membrane:

Electron Transport and Energetics

4 |njection

Dilution Effect

Current (pA)
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w
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Figure A7. Current response for the MFC construct during operation. DI water was injected at the
indicated point as a control experiment to observe the effect on the device from the injection. An
instant increase is observed due to the convection on the electrode surface followed by a steady
decline in current due to the dilution of the substrate inside of the anodic chamber. The dilution is
proportional to the current by decreasing the biocatalyst’s access to the substrate, an operational
current drop is observed.
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Figure A8. Raw current data collected by varying rGO (reduced graphene oxide) concentration
inside device. The rGO solution was injected in the anodic chamber and allowed to operate until
completion. The data has been truncated to show the current output of the device before and after
the injection. The convection effect has not been illustrated and it was not involved in the
calculations. The variation in the current is directly related to the amount of biocatalyst inside

the apparatus and the cell count was not controlled.
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Figure A9. Raman characterization of rGO-geobacter interface. a) Optical image showing rGO and
Geobacter on SiO/Si substrate, scale 10 um. The red square represents the scanned area. b) and c)

shows the G peak intensity and position, respectively, of the interfaced rGO
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Figure A10. Live-dead bacterial assay. Geobacter cell solution was incubated with rGO
solution overnight to perform the live-dead assay. Significant bacterial cells were observed to
be still alive as shown in the images.

Table Al. Summary of the effect of different concentrations of rGO associated with the
performance of the MFC device.

Normalized rGO
. . Average Electron . .

Devices | Concentration Transfer Rate (10°) Device Power density
[(mg/ml)/uA]

1 0 (DI water) 0.721 -28.0 %

2 0.01 0.989 -1.07 %

3 0.6 1.33 332 %

4 2.12 2.07 107 %

5 3.09 2.67 168 %

6 5.96 291 191 %

7 10.35 3.42 239 %
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Figure A11. XPS spectrum at the C1S peak of the rGO sample showing the SP? hybridized
carbon and functionalization with different carbon-oxygen bonding. (Insert) Picture of rGO
powder after lyophilization.
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UNIVERSITY OF ILLINOIS
AT CHICAGO

Office for the Protection of Research Subjects (OPRS)
Office of the Vice Chancellor for Research (MC 672)
203 Administrative Office Building

1737 West Polk Street

Chicago, lllinois 60612-7227

Approval Notice
Amendment to Research Protocol and/or Consent Document — Expedited Review

UIC Amendment # 1

November 2, 2016

Ankit Mehta, MD

Neurosurgery

912 S Wood Street

51N NPI, M/C 799

Chicago, IL 60612

Phone: (312) 996-4842 / Fax: (312) 996-9018

RE: Protocol # 2016-0006
“Tumor Biomarker-Graphene Cell Signature”

Dear Dr. Mehta:

Members of Institutional Review Board (IRB) #3 have reviewed this amendment to your
research and/or consent form under expedited procedures for minor changes to previously
approved research allowed by Federal regulations [45 CFR 46.110(b)(2) and/or 21 CFR
56.110(b)(2)]. The amendment to your research was determined to be acceptable and may now
be implemented.

Please note the following information about your approved amendment:
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Amendment Approval Date: November 2, 2016

Amendment:

Summary: UIC Amendment #1, dated October 7, 2016 (received 10/10/16, modifications received
10/26/16), is an investigator-initiated revision to the consent document to clarify incorrect statements.
This is a research study about tumor markers from brain tumors, not tumor cells from metastatic
lesions as previously described. The initial review application form and research protocol were
updated to incorporate this change. Documentation of continuing education was provided for Laura
McGuire.

Approved Subject Enrollment #: 10

Performance Sites: ulC

Research Protocol:
a) Tumor Biomarker - Graphene Cell Signature, Vers# 2.4, 10/26/2016
Informed Consent:
a) Combined Consent/Authorization: Graphene Tumor Biomarker, Version 1.3, 10/7/2016

Please note the Review History of this submission:

Receipt Date Submission Type | Review Process Review Date Review Action
10/10/2016 Amendment Expedited 10/21/2016 Modifications
Required
10/26/2016 Response To Expedited 11/02/2016 Approved
Modifications

Please be sure to:

- Use only the IRB-approved and stamped consent document(s) and/or HIPAA Authorization
form(s) enclosed with this letter when enrolling subjects.

—> Use your research protocol number ( 2016-0006) on any documents or correspondence with
the IRB concerning your research protocol.

- Review and comply with all requirements on the enclosure,
"UIC Investigator Responsibilities, Protection of Human Research Subjects"
(http://tigger.uic.edu/depts/ovcr/research/protocolreview/irb/policies/0924.pdf)
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http://tigger.uic.edu/depts/ovcr/research/protocolreview/irb/policies/0924.pdf
http://tigger.uic.edu/depts/ovcr/research/protocolreview/irb/policies/0924.pdf

Please note that the UIC IRB #3 has the right to ask further questions, seek additional
information, or monitor the conduct of your research and the consent process.

Please be aware that if the scope of work in the grant/project changes, the protocol must be
amended and approved by the UIC IRB before the initiation of the change.

We wish you the best as you conduct your research. If you have any questions or need further help,

please contact the OPRS at (312) 996-1711 or me at (312) 413-3788. Please send any correspondence
about this protocol to OPRS at 203 AOB, M/C 672.

Sincerely,

Rachel Olech, B.A., CIP
Assistant Director, IRB # 3

Office for the Protection of Research Subjects

Enclosure(s):
1. Informed Consent Document:
a) Combined Consent/Authorization: Graphene Tumor Biomarker, Version
1.3, 10/7/2016

cc: Fady Charbel, Neurosurgery, M/C 799
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Approval Notice
Amendment — Expedited Review

UIC Amendment # 1
September 13, 2019
Maria Tsoukas, MD, PhD
Dermatology

Phone: (312) 996-8667 / Fax: (312) 996-1188

RE: Protocol # 2019-0303
“Tissue Analysis for Skin Cancer Diagnosis using a Graphene Phononics Based Sensing
Platform”

Dear Dr. Tsoukas:

Your application was reviewed and approved on September 13, 2019. The amendment to your
research may now be implemented.

Please note the following information about your approved amendment:

Amendment Approval Date: September 13, 2019

Amendment:

Summary: UIC Amendment #1, dated 08/26/2019 and received via OPRS Live on 08/30/2019,
includes a revised Appendix-P adding Virginia Jones (Alvarado) and Lacey Zimmerman as key
research personnel.

Please be sure to:

—> Use your research protocol number (2019-0303) on any documents or correspondence with
the IRB concerning your research protocol.

- Review and comply with the policies of the UIC Human Subjects Protection Program
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http://research.uic.edu/compliance/human-subjects-irb/policies

(HSPP) and the guidance Investigator Responsibilities.

Please note that the IRB has the right to ask further questions, seek additional information,
or monitor the conduct of your research and the consent process.

Please be aware that if the scope of work in the grant/project changes, the protocol must be
amended and approved by the UIC IRB before the initiation of the change.

We wish you the best as you conduct your research. If you have any questions or need further help,
please contact the OPRS at (312) 996-1711 or me at (312) 355-3949. Please send any correspondence
about this protocol to OPRS via OPRS Live.

Sincerely,

Eddie Mendoza
IRB Coordinator, IRB # 3
Office for the Protection of Research Subjects

cc: Maria Tsoukas, Dermatology
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