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Abstract

Nowadays biodetection is popular in many fields, such as food safety, medical
diagnostics, drug discovery and environment detection. Conventional biodetection
methods including immunological assay (ELISA) and nucleic acid based assays (PCR)
are primarily hampered by time-consuming and labor-intensive procedures with
relatively low sensitivity. Therefore, the development of rapid, direct and sensitive
biodetection methods is of great importance. Fluorescence resonance energy transfer
(FRET) is a direct and sensitive method, which can detect biological phenomena in
nanoscale. However, traditional based FRET is mainly based on organic fluorophores

which have short fluorescence life time and low stability.

The research in this dissertation is focused on developing graphene nanomaterial
based fluorescence resonance energy transfer (FRET) biosensors for rapid and
ultrasensitive detection of various biological species, including staphylococcus aureus (S.
aureus) mecA gene sequence, bacterial protein toxin and circulating tumor cells in

breast cancer (MCF-7).The whole study includes three parts.

The first part of this thesis is focused on development of a FRET biosensor based
on graphene quantum dots (GQDs) and gold nanoparticles (AuNPs) for rapid and
sensitive detection of specific mecA gene sequence of staphylococcus aureus. This
FRET biosensor platform is realized by immobilization of capture probes on GQDs and
conjugation of reporter probes on AuNPs. Target oligonucleotides then co-hybridize
with capture probes and reporter probes to form a sandwich structure which brings

GQDs and AuNPs to close proximity to trigger FRET effect. The fluorescence signals
i



before and after addition of targets are measured and the fluorescence quenching
efficiency could reach around 87%. The limit of detection (LOD) of this FRET
biosensor was around 1 nM for S. aureus gene detection. Experiments with both single-
base mismatched oligonucleotides and double-base mismatched oligonucleotides

demonstrated the specificity of this FRET biosensor.

The second part of this study describes a graphene oxide (GO) based
fluorescence resonance energy transfer (FRET) biosensor for ultrasensitive detection of
botulinum neurotoxin serotype A light chain (BoNT-LcA) enzymatic activity. A green
fluorescence protein (GFP) modified SNAP-25 peptide substrate (SNAP-25-GFP) is
optimally designed and synthesized with the centralized recognition/cleavage sites.
BoNT-LcA can specifically cleave SNAP-25-GFP substrate immobilized on GO surface,
releasing the fragment connected with GFP into the solution. By monitoring
fluorescence signal recovery, the target BONT-LCA protease activity is detected
sensitively and selectively with the linear detection range from 1 fg/mL to 1 pg/mL. The
LOD for BoNT-LcA is around 1 fg/ml. Moreover, stability and reliability of this GO-

peptide based FRET biosensor is also investigated.

In the third part of this dissertation, a fluorescence labeled epithelial cell
adhesion molecule (EpCAM) aptamer/GO nanocomplex based FRET biosensor is
developed for sensitive detection of breast cancer circulating tumor cells (CTCs).The
FRET sensing platform is constructed by absorption of FAM-EpCAM aptamer (donor)
on GO (acceptor) surface via n-n stacking interaction. Target MCF-7 cancer cells can be

detected through affinity interaction between FAM-EpCAM aptamer and EpCAM



protein that expressed on the surface membrane of MCF-7 cells, resulting in the release
of FAM-EpCAM aptamer from GO surface. By monitoring fluorescence signal recovery,

the target MCF-7 cancer cells can be detected sensitively and selectively.
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Chapter 1 Introduction

Fluorescence resonance energy transfer (FRET) is a widely used technique with
the advantage of simplicity and direct response in biosensing fields. It provides distance
information between two molecules in angstrom range, which is not easily accessible.
However, the photobleaching effect, low stability and short fluorescence life time of
traditional organic florescence donor molecules hinders the applications of typical FRET
in biosensing fields. The quenching efficiency of acceptor molecules in FRET assay is
also needed to improve. Therefore, in order to achieve more efficient and reliable FRET
biosensors, novel nanomaterials have been used in FRET assays as both donors and
acceptors with advantages of long fluorescence life time, high stability and high
quantum vyield and high energy transfer efficiency. In this dissertation, graphene based
nanomaterial including graphene quantum dots (GQDs) and graphene oxide (GO) are
investigated as donors and acceptors in FRET assay, respectively. GQDs are regarded as
novel fluorescent donor with strong and stable photoluminescence (PL). GO is
considered to be an excellent platform for biosensing because of its high surface to
volume ratio with super quenching ability. Moreover, the greatest advantages of both
GQDs and GO are their low toxicity as well as easy functionalization with different
biomolecules, which enhance their applications in FRET biosensor for various

biomolecules detection.

The introduction of FRET mechanism and FRET biosensors are presented in
Section 1.1. Then, the structure, synthesis and properties of graphene quantum dots

(GQDs) are introduced in Section 1.2. This is followed by introduction of graphene
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oxide (GO) in Section 1.3. The application of GQDs and GO in FRET biosensors are
then described in Section 1.4. Finally, the objectives of this study are stated in Section

1.5.

1.1 Fluorescence Resonance Energy Transfer (FRET) Biosensor

1.1.1 Fluorescence Resonance Energy Transfer (FRET)

Fluorescence resonance energy transfer (FRET) is a distance-dependent
phenomenon with the energy transfer from a donor fluorophore to an acceptor
fluorophore [1]. When FRET occurs, it always involves the change of fluorescence
signal, such as intensity change and emission peak shift. There are two types of acceptor
molecules including fluorophore and non-fluorescent molecule. When a fluorophore
molecule acts as the acceptor, the transferred energy can be emitted as fluorescent light
with the emission peak shift. Otherwise, the transferred energy is lost when the acceptor
molecule is not a fluorophore. Such phenomenon without emitted fluorescent light is

also called fluorescence quenching effect.

Fig. 1.1.1 shows the sketch of traditional FRET phenomenon. The donor
fluorophore is excited by incident light, while an acceptor is in close proximity. Thus,
the excited state energy can be transferred from the donor to the acceptor through non-
radiative dipole-dipole coupling [2]. It is worth noticing that this fluorescence energy
transfer occurs only when the distance between donor and acceptor is highly strict within

8 nm. Therefore, in some ways, the ability of providing accurate small distance


http://en.wikipedia.org/w/index.php?title=Dipole%E2%80%93dipole_coupling&action=edit&redlink=1

information (10-80 A) makestypical FRET to be a valuable tool for nano-scaled

biological research [3].

Energy transfer

light light

..........
............
....

‘ ................. >
distance quenching of light

Fig. 1.1.1 Sketch of a typical FRET phenomenon (Adapted from [2]).

The efficiency of this energy transfer is susceptible to the distance between two

interacted molecules. The equation of FRET efficiency is illustrated as following [4]:

E=— (1)
— T
1+(z)°

Where r is the distance between donor and acceptor, and R is the fluorescent distance of
donor and acceptor, i.e. the distance at which the energy transfer efficiency is 50%.
From equation (1), it can be seen that the energy transfer efficiency is in inverse
proportion to the sixth power of the distance between donor and acceptor, which
demonstrates that traditional FRET is a highly distance-dependent phenomenon. As
shown in Fig.1.1.2, FRET efficiency decreases dramatically with the increasing distance
of r [7]. Moreover, one essential requirement of FRET is that the emission spectrum of
the donor must overlap with the absorption spectrum of the acceptor (Fig.1.1.2) [5, 6, 7].
Only when these necessary conditions are met, FRET can happen. Fig.1.1.3 displays
some common organic fluorescent dyes and fluorescence proteins as FRET

donor/acceptor pairs [8, 9]. Besides, quantum dots (QDs) [10, 11] are also served as
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FRET donor. In summary, FRET effect is a highly distance-dependent phenomenon with

matching donor/acceptor pairs.

FRET efficiency is depends
on molecule distance
1.0 37—
\'\
RS
1 \ =% =%
\ Ro+r
'I
os -1
- |‘\‘I
A
|\
] |
00 s—p—T— T I 1 1
0.0 1.0 2.0 3.0
1 (units of R)

Fig. 1.1.2 FRET efficiency with the increasing distance between donor and acceptor

(left); Absorbance and emission spectra of both donor and acceptor, respectively (right)

(Adapted from [7]).

Donor Donor Acceptor Acceptor
Abs. Em. Abs. Em.

Overlap \\\
Region .

[ I I [

Wavelength (1)

Donor

Acceptor

7-Methoxycoumarin

DABCYL

Amino Methyl Coumarin

DABCYL,QSY-35

Blue Fluorescent Protein

Ds Red Fluorescent Protein

BODIPY-FL DABCYL,QS5Y-7,Q5Y-9,BHQ-1
B-Phycoerythrin Cys

Cy3 Cy5,QSY-7,Q5Y-9,BHQ-2

Cy5s Cy5.5,Q5Y-35,BHQ-2

Dansyl FITC

EDANS DABCYL

FITC Eosin Thiosemicarbazide
Fluorescein

Tetramethylrhodamine

Green fluorescent Protein

Yellow Fluorescent Protein

Pacific Blue

DABCYL,QSY-35

Tryptophan

Dansyl

Fig. 1.1.3 Examples for common FRET donor / acceptor pairs (Adapted from [8]).




1.1.2 FRET based biosensor

Biosensor is an analytical device that usually consists of three parts, including
biorecognition component, biotransducer component, and electronic system [12]. As
shown in Fig. 1.1.4, biosensors can be classified by both bioreceptors and transducers
[13]. The bio-recognition components include antibodies, enzymes, cells, nucleic acids,
biomimetic and phage, and they can specifically recognize various disease markers.
Biosensor has widely been used for detection of biomolecules associated with varied
diseases in human body, such as foodborne disease [13-15], neurotoxin disease [16-18],
and cancer [19]. On the other hand, the transduction methods are classified as optical
approach [15, 20-21], mass-based approach [22-23] or electrochemical approach [24-25].
Among numerous types of biosensors, this thesis is mainly focused on optical biosensor

centered at FRET approach.

Fibre Optic Amperometric

Potentiometric)

s

Impedimetric

Piezoelectric Magnetoelastic Conductiometric

Biomimetic

Phage

Allgnll

Fig. 1.1.4 Classification of biosensor (Adapted from [13]).
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Principle of FRET biosensor is tied to the change of distance-dependent
fluorescence signal, which is used to monitor quantitative and dynamic molecular
interactions in vitro [10, 26-27] or in vivo [28-29].For instance, nucleic acid FRET
biosensor can be easily established between fluorescent dye labeled oligonucleotides and
corresponding fluorescent acceptor labeled complementary oligonucleotides for DNA
hybridization detection via monitoring the change of fluorescence signal [1, 26]. Dong et
al. designed an effective sensing platform via FRET effect between QDs (donor) and
GO (acceptor) for target DNA detection [10]. As shown in Fig. 1.1.5, before
hybridization with target DNA, the fluorescence of QD is quenched by GO due to the
close distance. However, the energy transfer between QD and GO was aborted after
DNA hybridization, which enlarges the distance between the donor/acceptor pair. Based
on the change of fluorescence intensity, the limit of detection for target DNA was
measured to be 12 nM. Noticeably, Dong et al. also applied this FRET biosensor for
protein detection through specific aptamer-protein binding interaction, which
demonstrated the promising feasibility of the FRET biosensing in different fields [10].
Eunkeu et al. investigated the FRET efficiency between QDs and AuNPs, and
demonstrated this sensing system could be used as bimolecular inhibition assay. The
limit of detection (LOD) of avid in was around 10 nm (Fig. 1.1.6) [26]. Thus FRET
biosensor is able to offer a simple and rapid sensing platform for various biological

molecules detection with high efficiency and sensitivity.

However, despite all the observable advantages, the limitations of typical FRET
biosensing cannot be ignored. High specificity and dependence of the overlapping

spectrum between donor and acceptor make FRET to be “one to one” phenomenon,
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which hampers the wide applications of FRET. Furthermore, conventional FRET pairs’
modification process remains to be a continuous challenge. It is always quite challenging
to achieve 100% quenching efficiency since not all the donor-acceptor pairs can be
brought into close proximity. When the distance between a pair of fluorophores doesn’t
meet the requirement (within 80 A), FRET effect cannot be observed. So the efficiency
of FRET is largely dependent on short-range distance. In this case, we need to find some

way to obtain a flexible long-range FRET biosensor with high efficiency.

,:Excltatlon \ : Emission Il : Suppression ) : FRET

Fig. 1.1.5 Schematic illustration of the fluorescence quenching mechanism between GO

and MB-QDs (Adapted from [10]).

Biotin-Au:lP

ap

Fig. 1.1.6 Schematic representation of fluorescence quenching effect of SA-QDs by

biotin-AuNPs for inhibition assay (Adapted from [26]).



1.2 Graphene quantum dots (GQDs)

1.2.1 Graphene quantum dots and its structure

Since the discovery of graphene by Geim and Novoselov et al. in 2004,
researches associated with graphene bloom due to its unique thermal, mechanical and
electronic properties. As graphene sheet is zero band-gap semiconductors with the
infinite exciton Bohr diameter, luminescence is nearly impossible to be observed. By
converting 2D graphene sheet to OD small pieces of graphene fragments, the 0D
graphene fragments obtain luminescence properties due to the quantum confinements
and edge effects. These 0D small pieces of graphene fragments are called graphene
quantum dots (GQDs), which have emerged as extremely promising fluorescent

nanoparticles with considerable research interests in tremendous fields.

Typically, the diameter of GQDs is under 20 nm. As shown in Fig. 1.2.1, the
TEM and AFM images indicate that solvothermal treatment and separation method
fabricated GQDs are equipped with lattices of 3.1 nm diameter and 1 nm height [30]. As
a result, the nano-scaled GQDs, confining excitons in all three spacial dimensions,
would be small enough to trigger pronounced quantum confinement effect and edge
effect. These two pronounced effects will feature GQDs with non-zero and tunable
bandgap, and introduce unique physical, electronic and optical properties to GQDs.
Nevertheless, the most characteristic advantages of carbon based quantum dots are their
non-toxicity and excellent biocompatibility, which promote the application of GQDs in
medicine and biology. Thus, it is widely believed that GQDs with extraordinary

properties will gradually replace traditional semiconductor quantum dots (QDSs).



Because the synthetic procedures of conventional QDs, such as CdSe and CdSe-Zns,
always involve toxic components, it hampers their developments in biological field [31-
34]. Furthermore, another benefit of GQDs is that carbon based materials are
theoretically abundantly available, and they are easy to be obtained and prepared with

high solubility in various solvents. So it is feasible to employ GQDs in many kinds of

biomedical applications.
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Fig. 1.2.1 TEM image (left) and AFM image (right) of GQDs (adapted from [30]).

1.2.2 Properties of graphene quantum dots

1.2.2.1 Absorption

For the UV-vis absorption of GQDs, strong absorption mostly centers in UV
region and extends a long absorption edge up to the visible range (Fig.1.2.2) [35]. The
characteristic peak of GQDs appeared around 230 nm is attributed to n-n* absorption of
aromatic C=C bond. However, according to Pan et al., another absorption band of GQDs
is also observed at 320 nm, which is assigned to n-* transition of C=0 [36]. This small
difference mainly depends on the ratio of carbon to oxygen in GQDs, which is
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determined by various synthesis methods. The lower ratio of oxygen content exists in
GQDs, the weaker absorption peak can be observed around 320 nm. For example, if
GQDs are prepared by exfoliation method, the oxygen groups will break up completely,
then the m-n* transition of aromatic C=C bond will red shift to 270 nm with the

disappearance of n-i* transition of C=0 bond [37].

1.2.2.2 Photoluminescence

For the photoluminescence, GQDs possess excitation wavelength dependent PL
emission behavior, which is consistent with most luminescent carbon nanoparticles [36].
As shown in Fig 1.2.2, the PL of GQD displays red-shifted peak accompanied with
decreasing intensity, when the excitation wavelength increases from 300 to 470 nm [35].
Especially, the brightest and strongest blue luminescence of GQDs can be observed

under UV excitation at 360 nm (Fig.1.2.2 inset).

PL intensity (a.u.)
Absorption (a.u.)

L] » L] s T X L L] L L) L ¥ L] L)
250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 1.2.2 Absorption spectrum of GQDs and PL spectra of GQDs under different
excitation wavelengths range from 300 to 370 nm. Inset: image of GQD solution under

visible light (left) and 360 nm UV light (right) (Adapted from [35]).
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This strong blue luminescence is caused by the considerably large bandgap
between lowest unoccupied molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO). As shown in Fig.1.2.3, the energy gap generally depends on the size of
sp® clusters. The fewer number of aromatic rings exists in GQDs, the smaller sp?
fragments are presented, and this could lead to larger energy gap followed by stronger
PL of GQDs [38]. On the other hand, it suggests that the bandgap of nano-scaled GQD
is tunable from 0 eV to that of benzene by the modification of nanocrystals’ size, shape
and surface chemistry [38]. Thus, the PL emission of GQDs can also be tailored by size

and surface modification, including controlled reduction and oxidation [39].

Energy gap (eV)

Number of aromatic rings (N)

Fig. 1.2.3 Calculated energy gap of n-n* transitions with increasing number of aromatic
rings (N) by density functional theory (DFT). Inset: structures of graphene used for

calculation (Adapted from [38]).
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The size-dependent PL property of GQDs is largely due to quantum confinement
effect, which is a primary feature of quantum dots. With the decreasing size of GQDs,
the bandgap increases and short wavelength of high energy emission can be observed. It
is impossible for micrometer-sized graphene sheet or graphene nanoribbon to observe
luminescence because of their large lateral size [39]. Generally, when the size of GQDs
is smaller than 20 nm, it is small enough to trigger strong quantum confinement effect

and edge effect leading to the photoluminescence [40].

Functional groups on GQDs surface can induce further properties and influence
the PL, and this phenomenon is also called edge effect. GQDs with barren oxygen
groups can emit blue fluorescence. In contrast, if GQDs has rich oxygen groups on the
surface, it can emit green luminescence. The color distinction of luminescence is
resulted from varied fabrication methods of GQDs. For instance, Pan et al. used a
hydrothermal route to cut micrometer-sized graphene sheets into GQDs fragments with
strong blue luminescent [40]. This blue luminescence was attributed to the intrinsic state
emission of GQDs because of the complete breakup of oxygen groups during the cutting
process. However, according to Zhu et al. [41] and Li et al. [42], solvothermally and
electrochemically synthesized GQDs can emit green fluorescence under excitation of
365~375 nm because of the abundant hydroxyl, carbonyl and carboxylic acid groups
appeared on GQDs surfaces. Strictly speaking, GQDs with rich oxygen groups were
considered to be graphene oxide quantum dots (GOQD) [43]. The existence of oxygen
groups can disturb fraction of sp? bonded carbon atoms by introducing the sp® matrix,
which contributes to the surface defect of GQDs. The higher degree of oxidation or

modification would lead to much more surface defect, and result in defect state emission
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with red-shifted wavelength. Thus, tunable bandgap can also be achieved by controlling
the sp® domain to manipulate the competition between intrinsic state emission and defect
state emission, which could affect the PL emission of GQDs. Zhu et al. tailored the
fluorescence color of GQDs from green to blue by controlling the bandgap between
LUMO and HOMO via reduction of oxygen groups and surface modification by
methylamine coupling (Fig. 1.2.4) [30]. Since both the reduction of oxygen group and
surface modification could enhance the sp? domain, the r-GQD and m-GQD can both
emit blue luminescence by tuning defect state emission into intrinsic state emission.
According to Tetsuka et al. [44], amine functionalized GQDs can emit green light with
high quantum vyield around 29~19%. Zhang et al. [45] obtained water-soluble GQDs
with yellow luminescence by electrochemically exfoliating graphite followed by
reduction with hydrazine at room temperature. The excessive functioned hydrazide
groups on GQDs were served as the leading role of surface defect emission, resulting in

bright yellow fluorescence.

Modiﬁch m
‘ 1

LUMO

i

HOMO

Fig. 1.2.4 Scheme of PL emission control by bandgap tailoring of GQDs, m-GQDs and

r-GQDs (Adapted from [30]).
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The photoluminescence of GQDs is a complicated phenomenon. Apart from the
size of nanocrystal and the functional groups on GQDs surface, the PL of GQDs is also
dependent on pH environment. Pan et al. [40] claimed that PL intensity of hydrothermal
synthesized GQDs decreased dramatically or even be quenched with the decreasing pH
value in acidic solution. But in alkaline solution, PL intensity of GQDs was significantly
enhanced (Fig. 1.2.5). And the PL intensity was reversible in changing pH environment.
Similar results were obtained by other groups [46, 47]. Generally, it is believed that the
pH dependence in GQDs is originated from the free zigzag sites in GQDs. As shown in
Fig. 1.2.6, free zigzag sites of the GQDs can interact with H* under acidic condition,
which breaks the emissive triple carbene and hampers the emissive state in PL. Under

alkaline condition, the fluorescence is recovered by the release of free zigzag sites.

However, according to the work by Zhu et al. for the pH dependent emission of
GQDs, the PL intensity of solvothermally prepared GQD decreased and was
accompanied with red shift or blue shift of emission peak regardless of acidic or alkaline
environments [41]. Only in neutral condition, the PL intensity remained stable [41, 48]
(Fig. 1.2.7). This phenomenon cannot be explained by the zigzag effect obviously.
Latterly, Zhu et al. discovered that surface modified GQDs were much more stable in
changing environment comparing to bare GQDs (Fig. 1.2.8) [30]. Alkylamines modified
GQDs can keep the blue emission in both acidic or alkali solution, and reduced GQDs
can maintain the PL emission peak with pH valve ranging from 0 to 14. They explained
these phenomena by the defect surface in GQDs caused by functional groups, which
were easy to trap ions. According to Shen et al. [49], in neutral solution, surface

passivated GQDs (such as PEG grafted GQDs) showed enhanced PL with quantum yield
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of ~28%, which was almost three times higher than that of bare GQDs. The enhanced
PL was attributed to higher quantum confinement effect which was induced by the

trapped energy in GQDs surface through surface passivation [50].

T XN
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Fig. 1.2.5 PL intensity of GQDs with switched pH value between 13 and 1 (Adapted

from [40]).

Fig. 1.2.6 Reversible models of the GQDs in acidic (right) and alkali (left) solution

(Adapted from [46]).
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Fig. 1.2.7 The pH-dependent PL behavior of GQDs (Adapted from [41]).
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Fig. 1.2.8 PL peak of GQDs, m-GQDs, and r-GQDs with increasing pH value (Adapted

from [30]).
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Beside the factors described above, photoluminescence of GQDs is also
influenced by various solvents. As shown in Fig. 1.2.9, the PL wavelength peak of
GQDs shows gradually blue shift from 515 nm to 475 nm in various solutions, including
water, DMF, acetone, and tetrahydrofuran (THF), successively. Whereas, the solvent-
dependent behavior is negligible in surface modified GQDs (m-GQDs) and reduced
GQDs (r-GQDs) [30]. This solvent-dependent effect is largely attributed to the highly
soluble properties of GQDs in both water and polar organic solvents. Nevertheless, the
reason for the highly soluble properties of GQDs is the existence of surface oxygen

groups, which could switch the electron state in defect region.
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Fig. 1.2.9 Solvent dependent PL of GQDs, m-GQDs, and r-GQDs (Adapted from [30]).

Therefore, those different PL mechanisms clearly indicate that GQDs are of
complicated PL properties, relating to varied fabrication and modification methods.
Since the discovery of GQDs is still in the initial phase, dependent effect of PL is still a

problem that remains to be eliminated in order to obtain various applications for GQDs.
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1.2.2.3 Upconversion luminescence

The first upconversion luminescence GQDs was reported by Shen et al. [35].
They synthesized surface passivated GQDs with PEG through hydrazine hydrate
reduction of GO. When exciting these PEG-GQDs with excitation wavelength ranging
from 600 to 800 nm, the wavelength peak of upconverted emission showed red-shift
from 390 to 468 nm, respectively. Similar results were also reported by Zhu et al. and
Zhuo et al. [30, 51]. The reason for the upconversion luminescence can be attributed to
not only multi photon active process, but also anti-stokes photoluminescence (ASPL)
[35]. Briefly, normal PL occurs when electrons transit from the LUMO to the HOMO
(Fig.1.2.10 a, b). However, when the electrons get excited at 7 orbital, they can jump to
LUMO, and then drop back to the low energy state (o orbital) (Fig.1.2.10 ¢, d). This PL
caused by electrons transition from m orbital to o orbital is considered to be
upconversion luminescence. Although it is not the major focus in this article, it is still
worth mentioning that upconversion luminescence property of GQDs is an interesting
phenomenon. It opens a door for near-IR light diagnostics using multi-photon excitation,

which is less harmful to living bio-systems.
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Fig. 1.2.10 Mechanism of different electronic transitions processes in GQDs. Normal PL
(a, b) and upconverted PL (c, d) mechanisms in both small and large sized GQDs,

respectively (Adapted from [35]).

1.2.2.4 Cytotoxicity

GQDs possess high brightness, longer fluorescence lifetime and better photo-
stability, In addition, the toxicity of GQDs is considerably low, making GQDs more
environmental friendly and biocompatible in many fields, such as bioimaging [30, 41, 47,
48], biolabeling [45, 52], biosensing [52] and drug/gene delivery [48, 53]. The low
toxicity was demonstrated by Zhu. et al. through cell viability test on human
osteosarcoma cells using methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay.
MC3T3 cells showed more than 80% relative cell viability with 400 ug additional GQDs
[30]. Consistent results were obtained by Hu et al. [47]. The low cytotoxicity of GQDs

indicates the huge potential for biomedical applications.
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1.3 Graphene oxide (GO)

1.3.1 Graphene oxide and its structure

Graphene is the first 2D material that is made up of a single layer of carbon
atoms bonded in sp? hybridization [54]. Although scientists tried to obtain graphene
through different complex methods since 1859 [55, 56], graphene remained as a
mysterious material existed only in theory and was firstly fabricated in 2004 [57].
Crystal graphene was discovered by Andre Geim and Konstantin Nlovoselov using a
very simple and effective method, which involved the repeating adhesion by scotch tape.
The two scientists were awarded the Physics Nobel price at 2010. After that, graphene
has been noticed in multi-disciplinary and it is considered to be the greatest material that

may change the world in decades.

Graphene oxide (GO) is the derivative of graphene, but it has longer and
independent history comparing to graphene. The history of GO can be traced back to the
studies associated with graphite oxidation almost 150 years ago. The first GO was
synthesized from graphite by Brodie via KCIO;-fuming HNOsmethod at 1860 [58]. At
that time, GO was termed to be “graphon”. Later, Staudenmaier improved Brodie’s
study by multi-addition approach [59]. However, both Brodie and Staudenmaier method
involved CIO; gas, which was of high toxicity to human and environment. At 1958,
Hummers and Offeman developed another oxidation method to prepare graphene oxide,
involving the reaction of graphite with a mixture of potassium permanganate (KMnO,)
and concentrated sulfuric acid (H.SO,) [60]. Among these three principal oxidative

treatments, Hummer’s method has been widely used till today due to its low toxicity.
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The formation of Hummer’s method is shown as following [60]:
KMnO, + 3H,S0, —>  K*+ MnOs* + Hs0* + 3HSO,
Mn03+ + MnO4' — Mn,0-,

From the long history of GO, it can be seen that GO has regarded as a precursor of
graphene related material. As shown in Figure 1.3.1, GO is a similar 2D single layer to
graphene, but equipped with carboxyl groups on the edges, hydroxyls and epoxies
groups on the basal plane [61]. The ratio of carbon to oxygen is determined by various

preparation methods [62].

Fig. 1.3.1 Sketch of chemical structure of graphene oxide (Adapted from [61]).

The existences of oxygen groups bring disordered electron structures to GO. In
details, graphene sheet are constructed by ordered sp? hybridized carbon atom arranged
in honeycomb-shaped lattice. After oxidation of graphite to graphene oxide, the induced
oxygen groups can break previous sp? bonded structure in graphene sheets via the
disturbance of sp® C-O matrix [61]. Thus GO is a network that contains both sp? and sp®
concentrations. From atomic study, the thicknesses of monolayer GO was around 1 nm,

which was larger than that of graphene sheet (around 0.6 nm) [63, 64]. Consistent results
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were also be obtained by Huang et al. [65].They examined GO sheet with thickness
around 1 nm by typing-mode AFM (Fig.1.3.2 (a), (b)), and the paper-like structure of
GO was also indicated by TEM and SEM image (Fig.1.3.2 (c), (d)). It is widely
considered that the induced functional groups located slightly above or below graphene

flat are mainly attributed to the atomic roughness in GO.

Nevertheless, despite the disturbance caused by functional groups on basal plane,
GO still preserves the structure of graphene lattice, standing with strain and disorder.
Numerous works readily observed the co-existence of = state from sp? carbon clusters
and o state from sp® bonded matrix in GO. Wilson et al. compared the Raman
spectroscopy between monolayer GO and monolayer graphene, as shown in Fig. 1.3.3,
the emerged intense D band (1350 cm™) and broadened G band (1600 cm™) identify the
disorder-induced sp® C-O bond that co-exists with sp?clusters in GO [66]. Mattevi et al.
demonstrated the size of sp? clusters in GO and reduced GO by Raman spectroscopy
[67]. And they found that the oxidation degree determined the ratio of sp? carbon-bonds
and sp C-O bond in GO. Paredes et al. [64] used atomic force and scanning tunneling
microscopy (AFM/STM) to investigate oxygen distortion in GO comparing to reduced
graphene oxide (rGO). The results indicated that the height of rGO was lower than GO
due to the absence of functional groups. Wilson et al. testified the honeycomb lattice
along with disorder in GO by high resolution transmission electron microscopy (HR-
TEM) and the sharp selected-area electron diffraction (SAED) [66]. The highly

defective regions appeared to be intact with the presence of oxygen groups.
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Fig. 1.3.2 Typical AFM image and height profile of GO sheet (a, b); TEM (c) and SEM

(d) image of GO (Adapted from [65]).
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Fig. 1.3.3 Raman spectra of GO (black line) and graphene (red line) (Adapted from [66]).
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Since optical and electrical properties of carbon based material are mainly
determined by m electrons from sp® carbon, the fraction of sp? clusters is a crutial
parameter to control the optoelectronic properties of GO. Thus in order to achieve
tailorable optoelectronic properties of GO, various oxidation methods can be used to
tune the fraction of sp? clusters by carefully controlling the presence of oxygen
functional groups on GO surface [68]. As a consequence, the hybridization of sp? and
sp® carbon bonded site even enables the tunable transfer of GO from an insulator to a
semi-conductor and even to a graphene-like semi-metal [69]. On the other hand, this
disturbance of sp® carbon matrix is regarded as surface defect in GO, which makes it
possible to cleave GO into small size (nano-scaled GO). Noticablely, small graphene
fragments are equipped with entirely different properties compared to micro-scaled GO.
According to Shen et al., if the size of GO is smaller than 20 nm, the nanoscaled GO is
considered to be graphene quantum dots (GQDs), which possess unique optical

properties [35]. Structures and properties of GQDs are described in Section 1.2.

1.3.2Properties of graphene oxide

GO is often regarded as a disordered material due to the presence of functional

groups, providing itself with numerous excellent properties as a novel biomaterial.

1.3.2.1 Hydrophilic

The existence of oxygen groups at edge or basil plane improves the hydrophilic
capability of GO, thus GO can be well dispersed in water and certain organic solvents by
simply sonication. Cai et al. initially reported the stable GO suspension in highly polar

organic solvents, such as N, N-dimethylformamide (DMF) and dimethyl sulfoxide
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(DMSO0), without surface modification [70]. Paredes et al. comprehensively investigated
the dispensability of GO in various organic solvents [71]. As shown in Fig. 1.3.4, GO
was dispersed in water and 13 kinds of organic solvents, respectively. By comparing the
dispersions before and after 3 weeks, it readily to conclude only water, ethylene glycol,
DMF, NMP and THF can exhibit long-term stability with GO. Excellent dispersion in
water gives opportunities to GO to be more water friendly, and has great potential to be
used as biocompatible functional nanomaterials. Stable dispersion behavior in organic

solvents facilitates the development of hybridized materials based on graphene oxide.
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Fig. 1.3.4 Pictures of GO dispersed in various solvents afterl h bath ultrasonication. Top:
dispersions images after just sonication. Bottom: dispersions images after 3 weeks

standing (Adapted from [70]).

1.3.2.2 High surface-to-volume ratio.

The single atomic layer of graphene means that “bulk” theoretically does not
exist when all carbon atoms are exposing to the environment [72]. In the same manner,

paper-liked graphene could serve as flat substrate interacting with diversity
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biomolecules simultaneously. According to AFM image and height profiles, the
thickness of GO is around 1 nm, while the width of GO can range from micro to nano
scale. These properties emphasize the flat sheet structure of GO with giant surface areas,
which provides numerous interaction sites with abundant biomolecules at the same time
[64, 65]. Besides, most of the biosensing approaches generate response according to the
interaction between substrate and analyte, which interacts only with the surface of
substrate. Nanomaterials with surface-area-to-volume ratio sensibly higher than their
bulk counterpart can be expected to increase sensitivity and response time significantly.
Examples are FET biosensing, fluorescence resonance energy transfer (FRET)
biosensing and cellular activity sensing platform. Thus the property of high surface to

volume ratio poses a great advantage with GO as a biosensing platform.

1.3.2.3 Multiple physical and chemical mobilizations.

The functional oxygen groups also give GO more opportunities to chemical and
physical immobilization (Fig. 1.3.5) [73]. For chemical functionalization, carboxylic
acid groups (-COOH) enable the covalent bonding with nucleophilic species, which
offer multiple surface modifications. In specific, the carboxylic acid groups of GO are
usually  activated by  thionylchloride  (SOCI,)  [74-76],  l-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) [77, 78], N, N’-dicyclohexylcarbodiimide
(DCC) [79], and 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU) [73]. In this case, amines or hydroxyls are applicable to
covalently link functional groups and GO through the formation of amines or esters.

This also facilitates the chemically grafting of various biomolecules on GO surface, such
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as amine modified nucleic acid or peptide. Epoxy groups (-O-) on the basal plane are
possible to be modified via ring-opening reactions. For instance, silane groups can

interact with epoxy groups in GO forming mechanically robust silica composites.

For non-covalent interaction, GO can absorb various molecules via different
ways, including electrostatic interactions, hydrogen bonding, n-m stacking interactions
and hydrophobic interactions. Specifically, electrostatic interactions with charged
biomolecules are allowed by ionic groups such as O and COO" located on the planes and
edges of GO. Large amount of oxygen groups located on GO surface make GO to be
highly hydrophilic, which enables hydrogen bonding network with water molecules. The
aromatic scaffold of GO could act as a platform exhibiting non-covalent binding with
universal biomolecules, such as single-stranded DNA (ssDNA), aptamer and peptide.
Because the basal plane of GO is consisted of aromatic ring arranged by isolated sp?
network without oxidization, it can interact with the backbone of DNA or peptide via zn-
n stacking interactions or hydrophobic interactions [80]. The intrinsic n-n stacking
property facilitates the fabrication process of biosensors to be free from complex
chemical immobilization, such as GO based FRET biosensor and electrochemical

biosensor [81, 82].
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Fig. 1.3.5 Different approaches for the functionalization of GO (Adapted from [73]).

1.3.2.4 Wide absorbance spectrum

GO has a wide absorbance spectrum, which centers at UV region with a long
extension up to 800 nm (Fig. 1.3.6) [37, 83]. The characteristic absorption peak at 229
nm is attributed to n-n* transition of C=C bonds, a small shoulder peak around 300 nm
is owing to n-m* transition of C=0 bonds. The wide absorption band ranging from 200
to 800 nm benefits GO to be independent from the emission spectra of donor in FRET

assay.
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Fig. 1.3.6 Absorption spectrum of GO (Adapted from [83]).

1.3.2.5 Super quenching ability

In previous works, Kagan et al. demonstrated that graphitic carbon with
numerous adsorption sites could adsorb varied molecules and permit elimination of
fluorescence from dye molecules [84]. Thus, in the same principle, graphene oxide (GO),
a 2D atomically thin structure of carbon lattice with functional groups exposed on the
edges or basal plane, could acted as a super nano quencher for universal fluorescent dyes
because of its unique heterogeneous electronic structure and its wide absorption band
(200-800 nm) [83]. It is reported that the GO could quench universal fluorescence
molecules, such as organic fluorescent dyes [6, 80, 83, 86-87], fluorescence proteins [9],
and quantum dots [10, 11]. The reason for this extraordinary quenching property can be
complex. As described in section 1.3.1, GO maintain residual graphene-liked properties
by isolated sp? domains on the basal plane, which are mainly responsible for

fluorescence quenching [85]. Thus, the quenching ability of GO can be remarkably
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enhanced via the reduction and surface modification procedures, which could restore the
fraction of sp? cluster (Fig. 1.3.7) [6]. Meanwhile, the wide absorption band of GO allow
FRET to occur without restrict engagement in some degree. The thin film structure with
large contact area makes GO to be a perfect candidate for multiple fluorophores’
acceptors in FRET sensing [11]. Additionally, as an excellent quencher, GO provides
longer range resonance energy transfer with a higher FRET efficiency comparing to
typical FRET [87] (details will be described in Section 1.4.2.4). Kim et al. observed an
effective quenching effect of fluorescence dye molecules by GO with polystyrene
polymer interlayer, which was around 20 nm thick [6]. Swathi et al., calculated that the
distance for efficient quenching was as long as 30 nm in the presence of GO [88, 89].
Therefore, GO based biosensor associated with enhanced FRET effect has been widely
used for sensitive detection of sSSDNA, ions, peptide or other biomolecules [10, 11, 86-

87, 90, 91].

Fig. 1.3.7 Fluorescence image of fluoresce in solution with GO and reduced GO

(Adapted from [6])
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1.4 GO or GQDs in FRET biosensing applications

1.4.1 GQD as a donor in FRET biosensor for mecA sequence of

Staphylococcus aureus

1.4.1.1 Staphylococcus aureus

Staphylococcus aureus (S. aureus) is a bacterium with appearance of golden-
yellow grape-like clusters, discovered by the surgeon Alexander Ogston in Scotland at
1880 (Fig.1.4.1) [92]. S. aureus usually exists in the environment, especially in food.
Miao et al. claimed that S. aureus has become the second major bacteria in food-borne
pathogens for food poisoning, which threatens the health of both human and animals
[93]. According to the USDA's economic research service, the infectious foodborne
illness caused by staphylococcus poisoning is over 180 thousand cases annually in US
[94]. Symptoms of staphylococcal food poisoning include nausea, vomiting, abdominal
cramps, and diarrheal that last for 1 to 2 days, and it usually takes several days to

recover completely [95].

Fig. 1.4.1 Image of Staphylococcus aureus under 9500X microscope.
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1.4.1.2 Existing detection systems for staphylococcus aureus

Traditional methods to detect S. aureus in food samples are usually complex,
expensive, time-consuming and labor-intensive. Generally, bacteria isolation is sensitive
and inexpensive but bears the limitation of time-consuming and labor-intensive
procedures [96-98]. Immunological assay such as enzyme-linked immunoabsorbent
assay (ELISA) is a rapid method but suffers from relatively low sensitivity [99-101].
Although PCR is powerful method with the LOD for S. aureus DNA at pM scale, it has
some inevitable drawbacks [102-104]. It is susceptible to contamination due to its
amplification nature, and hence the sample must be handled with great care. Moreover,
PCR can hardly be applied to point-of-care use owing to its cumbersome set-up. Other
limitation also includes expensive equipment, long testing time, and demanding

technical skills.

In the past decades, nucleic acid biosensors based on DNA hybridization enable
the direct, sensitive, and rapid detection of bacterial DNA via different sensing
techniques, such as fluorescence [105-106], electroluminescence [107], quartz crystal
microbalance (QCM) [108] and surface plasmon resonance (SPR) [109]. Among them,
the fluorescence detection method has played an important role in detection of S. aureus
due to the advantages of easy operation, direct readout and good specificity [105, 106].
However, the sensitivity of optical detection method is relatively low with LOD from
tens of nM to mM, because typical fluorophores, such as organic dyes and fluorescence
proteins, always have low fluorescence brightness and short fluorescence lifetime, which
are not that suitable for reliable and long term detection [110]. Considering the

significance of quality management in the food safety, the methods used for bacterial
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contaminants detection need to be simple, sensitive, and reliable. Therefore, there
remains a demand to develop a simple detection method of S. aureus with good

sensitivity.

1.4.1.3 GQDs as a donor in FRET biosensor for mecA sequence of

Staphylococcus aureus

In most recent years, graphene quantum dot (GQD) has received considerable
attentions due to its high brightness, good photo-stability, better surface grafting and
non-toxicity [39-55]. Dong et al. demonstrated that GQDs can be excited with a short-
wavelength light source, usually in the UV region which is far away from acceptor
emission spectrum and thus acceptor excitation can be minimized. Considerable research
has demonstrated the strong and stable photoluminescence of GQDs, the color of PL
could be blue, green and yellow according to different fabrication and modification
methods [40, 42, 45, 47]. Zhu et al. observed stable brightness of GQDs under
continuous excitation for more than 20 min, which highlights the long fluorescence life-
time of GQDs with negligible photobleaching effect [30]. On the other hand, the low
cytotoxicity of GQDs is remarkable, according to Zhu et al. and Hu at al., MTT assay
indicated that cells remain activity in the presence of additional 400 ug GQDs [30, 47],
thus GQDs are more suitable for biological assay due to its biocompatibility. Moreover,
as carbon based luminescent nanomaterials, GQDs possess easy fabrication method with
relatively low cost. However, most studies are focused on facile fabrication method for
GQDs in recent years, the further biomedical applications for GQD just get started to

make a figure, such as bioimaging [30, 41, 47, 48], biolabeling [45, 52] and drug/gene
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delivery [48, 53]. Therefore, GQDs are perfect fluorescence donors for reliable FRET
system to detect S. aureus DNA, However, the usage of GQD based FRET sensor for S.

aureus DNA detection has not been explored.

1.4.2 GO as an acceptor in FRET biosensor for bacterial protein toxin

(BONT-LcA) and circulating tumor cells (CTCs) detection

1.4.2.1 Bacterial protein toxin (BoNT-LcA)

Botulinum toxin is protein neurotoxin produced by the bacteriumClostridium
botulinum, which is first discovered as a contaminant of poorly preserved ham in the last
19th century [111]. It is considered to be the most widely known toxic substance in the
world, and has the potential to be used as biological weapon [112]. The human median
lethal dose (LD-50) of BoNTs is 10-13 ng/kg when inhaled [113]. There are seven
serotypes of botulinum neurotoxins (A to G), among which BoNT serotype A (BoNT/A)
is the most commonly involved in human illness. The toxicity caused by botulinum
neurotoxins is called botulism, a serious and life-threatening paralyticillness. On
molecular level, BoONTs neurotoxicity results from the cleavage of SNARE complex
proteins which are critical for the release of neurotransmitter acetylcholine (ACh) from
neuronal cells [114]. BoNTs consist of a heavy chain and a light chain connected by a
disulfide bond. The heavy chain acts as a facilitated transmission unit and the light chain
is mainly responsible for toxicity [115] (Fig. 1.4.2). Therefore, there remains an urgent
need for a portable and rapid detection system of BoNT/A light chain (BoNT-LcA) in

early stage.
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Fig. 1.4.2 Schematic representation of BONT (A); Crystal structure of BONT/A —-PDB

code: 3BTA (B) (Adapted from [115]).

1.4.2.2 Existing detection systems for BONT-LcA

In previous studies, mouse bioassay is most commonly used and considered to be
gold standard in laboratory test [116], which provides high sensitivity and reliability for
BoNTs activity detection. Although mouse bioassay owns the detection limit of 1
MLD50 (20 pg/ml) for BoNT/A [117], It is still hampered by time-consuming (4-6 days),
laborious procedures and expensive equipment. In this case, several in vitro
immunoassays have been noticed, such as enzyme-linked immunosorbent assays
(ELISA) [118, 119], immune-magnetic beads [120, 121], immune affinity column [122,
123] and immune-sensors [124-125]. Most immunoassays are based on the binding of
antibody to the toxin strategy, and usually equipped with a faster (4-9 hours) and similar
sensitive (5pg/ml~2ng/ml) performance in contrast to mouse bioassay. However,
immunological assays cannot provide the activity information of BONT-LCA protease,
which means they can only detect the presence of toxin rather than the active form or

inactive form of the toxin. In order to solve this problem, BoNT-LCcA protease activity
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assays, based on the toxins’ ability to cleave specific SNARE proteins, have been
developed via various detection methods such as mass spectroscopy [126], surface

plasma resonance [127], and fluorimetric methods [128, 129].

Among various activity assays, fluorescence resonance energy transfer (FRET)
based methods are promising with the advantage of simplicity and direct response [130-
131]. For FRET assays, the existence of toxin and its enzyme activity can be
determined simultaneously by fluorescent signal transduction upon one-step addition
of target toxin. For instance, Gilmore et al. generated an assay combined both FRET
and fluorescence polarization (FP) principle using a long SNAP-25 substrate flanked
green fluorescence protein (GFP) and blue florescence protein (BFP). Before BoONTS
cleavage, BFP emitted energy can transfer to GFP under excitation of 387 nm, leading to
green emission at 509 nm. On cleavage by BoNTSs, the FRET is abolished and emission
of GFP is polarized. By monitoring the change of fluorescence emission, the activity of
BONT/A or BoNT/E can be detected (Fig. 1.4.3). However, such FRET assays for
BoNT-LcA enzymatic activity detection suffer from poor sensitivity with LOD in the
scale of ng/mL [130-133]. The fluorescence transfer efficiency of organic fluorophores
is largely dependent on short-range distance while the cleavage activity of BoNT-
LCA requires quite a long substrate sequence for cleavage on SNAP-25 peptide [134].
Moreover, the current FRET assays for BONT-LCcA enzymatic activity detection rely on
single-donor versus single-acceptor configuration which has relatively low FRET
transfer efficiency. Therefore, there remains an urgent need of efficient FRET assay for
the detection of BoONT-LCcA protease enzymatic activity with a high sensitivity and

selectivity.
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BoNT/A

Fig. 1.4.3 Depolarization after resonance energy transfer assay for BONT/A or BoNT/E

activity detection (Adapted from [131]).

1.4.2.3 Circulating tumor cells (CTCs) in breast cancer and their

existing detection systems

Circulating tumor cells (CTCs) are cells which derive from clones in the primary
tumor and spread throughout the body circulating in the bloodstream. They are
considered to be potential biomarkers in cancer prognostic and diagnosis due to the
carried information of the primary tumor cells. Currently, the most frequently and
intensely studied tumor-associated antigens is considered to be epithelial cell adhesion
molecule (EpCAM), which is a glycosylated membrane protein expressed on the surface
of CTCs [135]. EpCAM s overexpressed in most cancers, including colorectal cancer

[136], breast cancer [137], gallbladder cancer [138], pancreatic cancer [139] and liver
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cancer [140]. Thus, EpCAM has been regarded as a prognostic tumor antigen candidate
for cancer diagnosis, prognosis, imaging, and therapy [135]. This thesis is focused on

CTCs detection in breast cancer.

Breast cancer is a malignant tumor, usually developing from the tissue of breast.
Women havel00 times more chances to acquire this disease than men [141].According
to World cancer report 2014, there were 1.68 million cases of breast cancer and 522000
cases of deaths in 2012[142]. Hence, there is an urgent need for rapid and efficient
diagnosis of breast cancer cells in early stage. Unfortunately, although scientists have
made numerous efforts to develop a sensitive and selective detection of breast cancer
cells, it still remains to be a continuous challenge for early cancer diagnosis due to the
low CTCs concentrations presented in blood and the complex compositions of blood
[143]. Previously, cytometry techniques, nucleic-acid based techniques (PCR) and a
combination method of both had been widely used for EpCAM based CTCs detection in
breast cancer [144,145]. But they all suffered from the disadvantages of long analytical
time, labor-intensive operation and expensive instruments, which hamper the
development of point of care diagnosis [146]. Besides, the majority of EpCAM-based
diagnostic and therapeutic approaches were relied on anti-EpCAM antibody, which
failed to provide objective clinical response because of the large size and instability of
antibody [147-149]. Therefore, small sized aptamers have been noticed. According to
Song et al., specific aptamer—cell affinity interaction between EpCAM aptamer and
EpCAM protein expressed on the membrane of tumor cells can be used to achieve early
diagnosis of breast cancer cells [150]. Recently, fluorescence resonance energy transfer

(FRET) based methods were promising with the advantage of simplicity and direct
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response. Bagalkot et al. firstly reported a novel bi-FRET complex system between QD-
aptamer and doxorubicin (Dox) for drug delivery and prostate cancer cells imaging (Fig.
1.4.4) [151]. The binding between QD-aptamer and Dox could trigger the self-
quenching effect of QD-aptamer conjugate, and then the release of Dox inside cells
would restore the fluorescence intensity of both QD and Dox, making it feasible for
cancer cell image. This multifunctional nanoparticle-aptamer conjugate based FRET
biosystem initiated a new method for cancer cells detection at a single cell level with
sensitivity and specificity. It is of no doubt that this method still needs further efforts to

realize effective cancer cells sensing with improved reliability and sensitivity.

(a)

® Dox

QD-Apt: “ON” J QD-Apt(Dox): “OFF”

(b)

Target cancer cell

Fig. 1.4.4 Schematic mechanism of QD-Apt (Dox) Bi-FRET system in extracellular (a)

and in intracellular (b) (Adapted from [151]).
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1.4.2.4 GO as an acceptor in FRET biosensor for BoONT-LcA protease

activity and MCF-7 breast cancer cells detection

As a promising candidate in biotechnology development, GO has been widely
used as an acceptor in FRET biosensing studies due to its super quenching ability and
long-range working distance. According to Swathi et al., the efficiency of resonance
energy transfer between the fluorescent species and graphene with a (distance)
*dependencewas higher than traditional FRET with (distance)® dependent efficiency [88,
89].The effective working distance of GO quenching effect was calculated to be as long
as 30 nm [88, 89], which was three times larger than that of conventional FRET. Similar
super quenching ability of GO was also reported by Hung and Liu [152], they used
varied DNA length to investigate distance dependent effect of GO in FRET, and the
results was consistent to Swathi et al.’s calculation. Besides, Wang et al. claimed that
GO could achieve nearly 100% fluorescence quenching from FAM-aptamer in five

minutes [153].

Although the excellent electronic property of GO plays a significant role in super
quenching effect, the contribution of 2D structure with high surface-to-volume ratio is
not negligible due to the increasing contact area that functioned as FRET acceptors [154].
In another word, GO possess the capability of high loading amount of multiple
fluorescent dyes, which is superior to traditional FRET pairs. Moreover, when using GO
as an FRET acceptor, it can be free from the emission spectra of donor due to its wide
absorbance spectrum [155]. However conventional FRET pairs require a restricted
overlapping spectrum between donor emission and acceptor absorption. The super high

fluorescence quenching efficiency of GO also conduces to the low background signals in
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detection, which improves the sensitivities of conventional FRET biosensor at a large
degree. Meanwhile, the low cost of GO as carbon materials gives promising

opportunities to the development of GO based FRET biosensor.

Therefore, GO is a perfect quencher choice for peptide substrate and aptamer
based long-range FRET system with high energy efficiency to detect BONT/A protease
activities and MCF-7 cancer cells sensitively. However, the usage of GO based FRET

sensor for BoNT toxin enzymatic activity detection has not been explored.

1.5 Objectives of the study

Specific objectives of part I include:
e To establish a nanoparticle FRET biosensor based on GQDs and AuNPs for
detection of mecA gene sequence of staphylococcus aureus;
e To explore the quenching effect caused by the formation of sandwich structure
via co-hybridization between GQDs-oligo, AuNPs-oligo and target DNA;
e To find out the sensitivity, LOD and specificity for detection of mecA gene
sequence of staphylococcus aureus using GQDs and AuNPs based FRET

biosensor.

Specific objectives of part 11 include:
e To establish a GO-peptide FRET sensing platform for bacterial protein toxin
BONT-LCA protease activity detection;
e To compare different GO-peptide sensing platforms fabricated by varied

methods, and explore the quenching efficiency of GO at various concentrations;

41



To explore the real-time cleavage activity of BoNT-LcA on SNAP-25-GFP
substrates in this GO based FRET biosensor and to investigate the real food
sample applications;

To find out the detection sensitivity, limit of detection (LOD) and specificity of

BoONT-LcA protease activity using GO based FRET biosensor.

Specific objectives of part 111 include:

To establish a aptamer/GO nanocomplex based FRET biosensor for MCF-7
cancer cells detection;

To explore the quenching effect caused by GO at various concentrations and find
optimal ratio of aptamer/GO nanocomplex;

To find out the detection sensitivity, LOD and specificity for MCF-7 cancer cells

in this FRET biosensor.
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Chapter 2 Methodology

2.1 A FRET biosensor based on GQDs and AuNPs for the detection of

mecA sequence of staphylococcus aureus

2.1.1 Materials and instrumentation

Gold (I1I) chloride trihydrate (HAuCl4-3H,0) and sodium citrate solution were
purchased from Sigma Aldrich (St. Louis, MO, US). Graphene quantum dot (GQD) was
purchased from Nanjing XFNANO Materials Tech Co., Ltd. (Jiangsu, Nanjing,
China).1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide (EDC) was purchased from
Sigma Aldrich. Dithiothreitol (DTT) was purchased from Thermo Scientific Pierce. All
of these chemicals were used as received without further purification. A 20-base gene
sequence fragment of type Il staphylococcal cassette chromosome mecA gene (N315,
GenBank: D86934.2) was used as the target DNA. Both labeled and unlabeled DNA
oligonucleotide were synthesized and purified by Integrated DNA Technologies (IDT)
Inc. (Coralville, 1A, US). All the DNA sequences are list as follows: Thiol-modified
capture probe (a): 5>-TGATCCCAAT/3ThioMC3-D/-3’; Amine-modified reporter probe
(b): 5’-/5SAMMC6/AATGACGCTA-3’; 20-mer complementary target to probe (a’b’):
5’-ATTGGGATCATAGCGTCATT-3’; Single-base-mismatched target to probe (C2):
5’-ATTGGGATGATAGCGTCATT-3’; Double-base-mismatched target to probe (C3):
5’-ATTGGGATGATAGCCTCATT-3". All oligonucleotide sequences were dissolved
in distilled water to prepare stock solution. Gel columns (illustra MicroSpin G-25
Columns) were purchased from GE Healthcare (Piscataway, NJ, USA). The

morphology and size of GQDs and AuNPs were observed by JEOL-2100F transmission
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electron microscopy (TEM) equipped with an Oxford Instrument EDS system, with the
operating voltage of 200 kV. UV absorbance was recorded by Ultrospec™ 2100 pro

UV-Visible spectrophotometer (GE Healthcare).

2.1.2 Preparation of gold nanoparticles

Gold nanoparticles (AuNPs) with average size of 15 nm were prepared by the
citrate reduction method [156]. Briefly, as AuNPs preparation need an ultra-clean
container, aqua regia (mixture of HCI and HNO3 at a 3:1 ratio) followed by DI water
was used to wash a beaker. Then HAuCl, (3 pL, 14.3 wt. %), DI water (10 ml) and
sodium citrate solution (1 ml, 1 wt. %) were added into the baker and boiled with

vigorous stirring at 100°C. When the color of boiling solution turned from yellow to

wine red, another 15 min was employed for subsequent heating and stirring. Then the
reacted solution was left to cool down to room temperature with continuous stirring. The
final product, AuNPs solution, was suspended in DI water and stored in refrigerator at

4 °C.

2.1.3 AuNPs-oligo conjugation

In order to enhance the efficiency of oligonucleotide immobilization on AuNPs,
DTT (0.1 M, pH 8.2) was hired to cleave the disulfur linkage of thiol-modified probe
oligonucleotide (Al: 5’-TGATCCCAA T/3ThioMC3-D/-3’, 64uM) for 40 minutes at
room temperature. Then gel-columns (illustra Microspin G-25 Columns, GE Healthcare,
UK) were used to purify the activated oligonucleotide with centrifugation at 3,000 rpm

for 2 minutes. After purification, the activated oligonucleotide was characterized by UV-
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visible spectrophotometer (Ultrospec™ 2100 pro). 500 pL. AuNPs prepared before was
then mixed with purified oligonucleotide and incubated at room temperature for 24
hours. After 16-hour standing with sodium chloride solution (0.1 M NaCl, 5mM
NaHPO,), the product was purified by centrifugation at 13,200 rpm for 30 minutes. The
remaining red precipitate at the bottom was collected and rinsed 3 times with DI water to
remove the unreacted reagents. The final AuNPs-oligo conjugates were dispersed in DI
water and stored at 4 °C. Fig. 2.1.1 shows the sketch of formation of Au-S linkage

between AuNP and the thiol-labeled sSDNA to form AuNP-ssDNA conjugates.

A{IJNP + HS/\/\/\/\/ _— {INP —S/\/\/\/\/

Thiol-modified ssDNA AuNP-oligo conjugate

Fig. 2.1.1 Formation of AuNP-oligo conjugates.

2.1.4 GQDs-oligo conjugation

The graphene quantum dot solution (1 mg/mL) was initially sonicated for 10 min.
In order to achieve active state of GQDs, EDC (27 mM) solution was added into GQDs
suspensions. The mixture was shacked on a vortex mixer for 2 min and bath sonicated
for another 15 min. After that, amine-modified capture probe DNA (Gl: 5’-
/ISAMMC6/AATGACGCTA-3’, 4.7 uM) was added into the mixture and incubated for
40 min at room temperature. The final product, GQDs-oligo conjugate, was
characterized by spectrophotometer equipped with a 450 W steady-state xenon lamp
(Edinburgh FLSP920), fluorescence microscope (Nikon, ECLIPSE 80i, Japan), and

micro-plate reader (Tecan, Infinite F200, Switzerland). Fig. 2.1.2 shows the sketch of

45



formation of amide linkage between GQD and the amide-labeled ssDNA to form GQD-

labeled ssDNA.
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Fig. 2.1.2 Formation of GQD-oligo conjugates.

2.1.5 Quantum yield measurement of EDC modified GQDs

After incubating GQDs with EDC for 15 min, the quantum yield of the EDC
modified-GQDs was measured by Edinburgh Instrument integrating sphere and
Edinburgh FLSP920 spectrophotometer equipped with a 450 W steady-state xenon lamp
(Edinburgh, UK). Firstly, the integrating sphere was installed in a sample chamber, and
a quartz cuvette containing only solvent was then inserted into the central position of the
integrating sphere. After that, an emission scan of excitation of solvent in the sphere was
carried out, and excitation and emission scans of modified-GQDs were collected as well.
All the excitation and emission scans were measured under the same condition. At last,

the emission curves were integrated for further calculation of quantum yield.

2.1.6 FRET quenching

To investigate the effect of target DNA concentrations on fluorescence
guenching efficiency, a fixed amount (1 mg/mL) of GQD-capture probe was incubated
with different target probe concentrations (100 pM to 400 nM) for 2 hours to allow DNA
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hybridization at room temperature. Then co-hybridized sandwich structure was formed
by incubating the above mixture (50 uL) with reporter probe modified AuNP solution
(50 pL) at room temperature for 2 hours. After incubation, the fluorescence intensity
was measured using the micro-plate reader (Tecan, Infinite F200, Switzerland). All the
fluorescence intensity was recorded under the same condition. The specificity of the
system was also evaluated with both single mismatched target DNA and double-base
mismatched DNA. Fig. 2.1.3 shows the sensing mechanism of the proposed GQDs—

AUNPs FRET biosensor for S. aureus gene detection.
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Fig. 2.1.3 The sensing mechanism of the proposed GQDs—AuNPs FRET biosensor for S.

aureus gene detection.

2.1.7 Characterization of GQDs, AuNPs, GQDs-oligo and AuNPs-oligo

The morphology and size of GQDs and AuNPs were characterized using a
JEOL-2100F transmission electron microscopy (TEM) equipped with an Oxford
Instrument EDS system, operating at 200 kV. Samples for TEM were prepared on holey
carbon coated 400 mesh copper grids. UV-visible spectrophotometer (Ultrospec™ 2100

pro) was used for AuNPs and AuNPs-oligo adsorption spectra measurement. FLS920P
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Edinburgh analytical instrument was used for GQDs and GQDs-oligo emission spectra

measurement under excitation of 360 nm.

The { potential of nanoparticles were determined by a Zetasizer nano ZS from
Malvern instruments Corporation at pH=7. Samples (GQDs, GQDs-oligo, AuNPs and
AuNPs-oligo) were suspended in DI water and collected in disposable capillary cells
respectively. Each sample was conducted thirty measurements of { potential in
triplicates with 60s delay time at 25°C, and the average data were estimated by Henry

approximation from the electrophoretic mobility.

FRET spectra of samples (GQDs, GQDs-oligo, AuNPs, and AuNPs-oligo) were
obtained with a Bruker Vertex 70 model Fourier-transform-infrared (FTIR)
spectrometer (Bruker, Germany). The conjugated sample of GQDs-oligo was firstly
freeze-dried at -55°C for 24 h. Then, the dried sample was mixed with pre-dried KBr
(99+%, Acros Organics, Belgium) at ratio of 1:200. In order to obtain a fine power, the
mixture was thoroughly grinded with a pestle in a mortar for 5 min. After further drying
process applying at 60°C for 5 min, the mixture was set up with pressing force between
100 and 120 kN to form a thin disk. Disks containing GQDs, AuNPs, and AuNPs-oligo
were also made through the similar procedure. Background spectra were collected
before each measurement. Spectra for each disk were accumulated with 32 scans at a
resolution of 4 cm™ in the 4000-400 cm™ spectral range. All the spectra were baseline-
adjusted and all the measurements were conducted with controlled ambient humidity of

45% RH at room temperature.
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2.2 Graphene oxide based FRET biosensor for bacterial protein toxin

detection

2.2.1 Materials and instrumentation

GO was prepared from raw graphite flakes using a modified Hummers method.
[157] N-hydroxysulfosuccinimide (NHS) and 1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide hydrochloride (EDC) were purchased from Sigma Aldrich (St. Louis, MO,
USA). All of these chemicals were used as received without further purification.

Skimmed milk and apple juice were purchased from local retailers.

Fluorescence signals for FRET quenching efficiency and BoNT-LcA enzymatic
activity assay were recorded using an Edinburgh FLSP920 spectrophotometer equipped
with a 450 W steady-state xenon lamp (Edinburgh, UK). Powder X-ray diffraction
(XRD) pattern of the as-prepared GO was recorded using a Rigaku smart lab 9 kW
(Rigaku, Japan) with Cu Koradiation (A= 1.5406 A). Raman spectra of GO were
measured by a Horiba Jobin-Yvon Raman system (Lab Ram HR800) equipped with a
488 nm laser excitation source. Fourier transform infrared spectrum (FT-IR) spectra of
GO and GO-peptide conjugate ware collected with a PerkinElmer Spectrum 100 FT-IR
spectrometer (PerkinElmer Inc., USA). Zeta potential of GO and GO-peptide conjugate
was measured by a ZetaPlus Zeta Potential Analyzer (Brookhaven Instruments Corp.,
USA). Atomic Force Microscopy (AFM) was performed with a multifunctional
Scanning Probe Microscopy (Digital Instruments Nanoscope [V) to observe the

formation of GO-peptide complex.
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2.2.2 Plasmid construction and protein expression

BoNT-LcA and SNAP-25 were prepared according to the previous research.[158]
Briefly, In order to construct the light chain segments (LcA), several methods were
applied in the preparation, including amplifying DNA encoding LcA (1-425) of
Clostridium botulinum serotype Al hall strain and subcloning into pET-15b. Plasmids
for encoding LcA were transformed into Escherichia coli BL21 (DE3) RIL (Stratagene).
Protein was expressed by E. coli cultured in the solution containing 0.75 mM isopropyl
1-thio-B-D-galactopyranoside at 16 °C overnight. Then, His-LCs were then extracted
from the broken cells and purified by nitrilotriacetic acid-affinity chromatography, gel
filtration, and DEAE chromatography. SNAP-25 was constructed by amplifying DNA
that encoded the indicated region and subcloning into pGEX-2T. SNAP-25 was encoded
by plasmids and transferred into E. coli TG1. E. coli was cultured with 0.75 mM
isopropyl 1-thio-B-D-galactopyranoside at 30 °C for 2 h for protein expression.
Glutathione-Sepharose 4B affinity chromatography, which was purchased from
Amersham Biosciences, was used to purify SNAP-25. In this study, SNAP-25 with
specific cleavage site of 197 to 198 was constructed and green fluorescent protein (GFP)
was coupled to the C terminus of SNAP-25 to form SNAP-25-GFP substrates (38 kDa)
(Fig. 2.2.1). For peptide labeling, The N terminus of SNAP-25-GFP was used to coupled
to C terminus of GO by reaction of carboxyl group and amino group to form SNAP-25-

GFP substrates.
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Fig. 2.2.1 Designed GFP conjugated SNAP-25 substrate for GO-FRET sensing.

2.2.3 Establishment of graphene oxide based biosensing platform for

BONT-LCA detection

2.2.3.1 Graphene oxide surface modification

In order to immobilize SNAP-25-GFP peptide substrate onto the GO surface,
EDC/NHS chemical method was employed. In detail, initial GO solution with
concentration of 5 mg/ml was sonicated for 30 min, and diluted into a series of
concentrations ranging from 0 to 120 pg/mL by dissolving in DI water. 5 mM NHS and
1mM EDC were added into as-prepared GO suspensions at various concentrations (40
uL), respectively. After shaking on a vortex mixer for 2 min and a bath sonication for 15
min, the complex stood for 2 hours at room temperature for further use. Therefore, after
EDC/NHS activation chemical modification, amine-reactive EDC/NHS esters can be

created on any carboxyl-containing molecule on the GO surface.
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2.2.3.2 Conjugation of graphene oxide and peptide (SNAP-25-GFP)

To form GO-SNAP-25-GFP conjugates, SNAP-25-GFP (0.12 pg/mL, 20 pL)
was added into previously activated GO solution. In order to achieve optimal quenching
efficiency, 40 uL GO solutions with increasing concentrations (from 0 to 120 pg/mL)
were mixed with 20 pL SNAP-25-GFP at a fixed concentration of 0.12 mg/mL. The
complex samples were sonicated in dark environment at room temperature for 1 h to
make sure of completely immobilization of SNAP-25-GFP onto GO surface. After that,
the products were purified by repeated centrifugation at 100,000 rpm for 30 min to
remove the unreacted peptide and excessive EDC/NHS. The centrifugate were then
rinsed by DI-water and resuspended in the solution of BSA (0.5 mg/mL) for 30 min at
room temperature to passivate the unreacted GO surface. The product was centrifuged
again at 100,000 rpm for 10 min and resuspended in the buffer to obtain GO-SNAP-25-
GFP complex. Fig.2.2.2 demonstrates the schematic principle of GO and peptide

conjugation.
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Fig. 2.2.2 Schematic diagram of GO and peptide conjugation.
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2.2.4 Characterizations of GO, SNAP-25-GFP and GO- SNAP-25-GFP

conjugate

2.2.4.1 XRD and Raman Effect of GO

Powder X-ray diffraction (XRD) pattern of the as-prepared GO was recorded
using a Rigaku smart lab 9 kW (Rigaku, Japan) with Cu Karadiation (A = 1.5406 A).
Raman spectra of GO were measured by a Horiba Jobin-Yvon Raman system

(LabRam HRB800) equipped with a 488 nm laser excitation source.

2.2.4.2 FTIR characterization of GO and GO- SNAP-25-GFP conjugate

FTIR spectra were obtained with a PerkinElmer Spectrum 100 FT-IR
spectrometer equipped with DTGS (deuterated triglycine sulphate) detector. After the
conjugation process between GO and SNAP-25-GFP, the conjugated sample was freeze-
dried at -55°C for 24 h. Then, it was mixed with pre-dried KBr and grinded manually for
5 min till everything up to a fine powder. Further drying process was applied using an
oven at 60°C for 5 min. The thin disk of the mixture was set up with a pressing force
between 100 and 120 kN. Disk of GO was made through similar procedure. Background
spectra were collected before each measurement. Spectra of each disk were accumulated
with 128 scans at a resolution of 1 cm™ in the 4000-450 cm™spectral range. All the
spectra were baseline-adjusted and all the measurements were carried out with

controlled ambient humidity of 45% RH at room temperature.
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2.2.4.3 Zeta-potential measurements of GO and GO- SNAP-25-GFP
conjugate

Samples of GO or GO-SNAP-25-GFP conjugates were suspended in DI water
for Zeta-potential measurements. The Zeta potential of all the samples was
determined by a Zeta Potential Analyzer (ZetaPlus™) from Brookhaven Instruments
Corporation. Sample measurements were recorded at 25 °C and pH=7 with a silver
electrode using Phase Analysis Light Scattering mode. Ten measurements of { potential

were collected in the ZetaPlus™.

2.2.4.4 AFM measurements of GO and GO- SNAP-25-GFP conjugate

Sample of single layer GO was prepared onto silicon wafer (size: less than 10*10
mm) by spin coating. Briefly, the Si wafer was cleaned by piranha solution (98%
sulphuric acid and 30% hydrogen peroxide at a volume ratio of 4:1) at 200 °C for 1 h to
remove any contaminants. The cleaned Si wafer was then washed with distilled water
and baked at 200 °C for 1 h before use. For the formation of single layer sample, GO
sample solution was then dropped onto the Si wafer and spin coated at a speed of 3000
rpm for 60 s. GO-SANP-25-GFP thin film was prepared in the same manner. After that,
a tapping mode atomic force microscope (AFM) was used to collect thickness and
roughness information of sample surface. Nanoscope IV software was further applied

for analysis of AFM images.
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2.2.5 GO-Peptide FRET Effect and BoNT-LcA Activity Detection

Fluorescence spectra for FRET quenching efficiency and BONT-LcA enzymatic
activity assay were recorded by an Edinburgh FLSP920 spectrophotometer equipped
with a 450 W steady-state xenon lamp at room temperature. All the samples were
collected in a 350 pL micro-scale quartz cuvette and measured with excitation
wavelength of 468 nm and emission wavelength of 510 nm. For FRET quenching
experiments, optimal GO concentration for excellent quenching efficiency was obtained
by monitoring the fluorescence signal of GO-peptide conjugates with increasing GO
concentrations. The change of fluorescence signal reflected the influence of quenching
ability of GO distinctly. All the fluorescence spectra were collected under the same
condition at room temperature. By observing the FRET effect between peptide and GO,
optimal GO concentration of 60 pg/mL had been chosen to perform the BoNT-LcA
toxin detection. For FRET restore experiments, the activity of BONT-LCA protease was
monitored by the recovered fluorescence intensity. Specifically, GO-peptide conjugates
was mixed and incubated with BoNT-LcA toxin at various concentrations (1 fg/mL, 10
fg/mL, 100 fg/mL, 1 pg/mL, and 10 pg/mL), and the subsequently recovered PL
intensity represented the cleavage ability of LcA toxin at different amounts. Time
dependent SNAP-25-GFP release effect was further explored by measuring the
fluorescence recovery using a micro-plate reader (Tecan, Infinite F200, Switzerland) at
room temperature. All the fluorescence spectra and intensity were collected under the
same conditions. The whole BoNT-LcA enzymatic activity sensing principle by the

FRET biosensor based on energy transfer from GFP to GO was displayed in Fig. 2.2.3.
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Fig. 2.2.3 Schematic diagram of BONT-LCcA enzymatic activity detection by the FRET

biosensor based on energy transfer from GFP to GO.

2.2.6 Fully passivation of GO-peptide conjugate

In passivation experiments, tris buffer and bovine serum albumin (BSA) was
used as small and large blocking agents to decrease non-specific binding of peptide to
GO surface, respectively. Initially, original GO solution (5 mg/ml) was diluted to 60
ug/mL by tris buffer (PH=7.4), and then BSA (5.2 mg/ml, 2.5 L) was introduced. After
fully passivating the GO surface, SNAP-25-GFP (0.12 pg/mL, 40 pL) were added into
the suspension of GO sheets (60 pg/ml, 80 puL) with or without NHS (0.1 M, 6.25
uL)/EDC (0.1 M, 1.25 uL) to achieve covalent GO-peptide conjugates according to
previously described conjugation procedures (Section 2.2.3) or simply self-assembly

absorption, respectively. In contrast, covalent GO-peptide conjugates with BSA
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passivation after modification process was measured as a control group (Fig. 2.2.4).
Fluorescence intensity change as a function of time was recorded by a micro-plate reader

(Tecan, Infinite F200, Switzerland). All experiments were repeated in triplicate.
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Fig. 2.2.4 GO and peptide conjugation after (Top) and before (Bottom) BSA passivation.

2.2.7 Comparison of the stability of GO-peptide conjugate and peptide-

absorbed GO composites

A series of assays were designed to investigate covalent and non-covalent
bonding between GO and peptide. Initially, original GO solution (5 mg/ml) was diluted
into a concentration of 60 pg/ml by DI water, and GO suspension was sonicated for 30
min before use. To achieve covalent GO-peptide conjugates, NHS (0.1 M, 6.25 L),
EDC (0.1 M, 1.25 pL) and peptide (SNAP-25-GFP, 0.12 pug/mL, 40 uL,) were added
into the solution of GO sheets (60 pg/ml, 80 pL) according to previous conjugation
procedures (Section 2.2.3). The complex samples were sonicated in dark environment at

room temperature for 1 h. To prepare non-covalent complex of peptide absorbed GO, a
57



self-assembly procedure involving incubation of peptide with GO was applied. GO was
mixed with peptide as same weight and volume ratios as before, then, the complex was
incubated at room temperature for 1 h. After incubations, additional BSA at final
concentration of 0.1mg/ml was added into GO-peptide conjugates and peptide-absorbed
GO composites respectively (BSA: 5.2 mg/ml, 2.5 pL). Time dependent fluorescence
intensity was recorded by the Tecan Infinite 200 micro-plate reader. All experiments

were repeated in triplicate (Fig. 2.2.5).

FRET quenching

L

Fluorescence recovery

Peptide absorbed GO

Fig. 2.2.5 (Top) GO-peptide conjugation with BSA passivation. (Bottom); Peptide

adsorbed GO with BSA passivation.
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2.2.8 Real food sample test

Skimmed milk and apple juice purchased from retailers were employed as real
sample matrices to assess bacterial protein toxin (BoNT-LcA) activity. Both skimmed
milk and apple juice were used as purchased without further purification. Skimmed milk
was diluted to 4% of the original concentration for achieving the transparent solution.
The pH value of Apple juice was adjusted to 7.4 by using 10 mM NaOH. Then, the as-
prepared GO-peptide sensing platforms were applied to actual food samples,
respectively. After 1 h incubation, BoNT-LcA toxin with final concentration of 0.1
mg/ml was spiked into skimmed milk and apple juice, respectively. The fluorescence
intensity was measured by the Tecan Infinite 200 micro-plate reader. All experiments

were repeated in triplicate.

2.3 Graphene oxide based FRET biosensor for MCF-7 cancer cells

detection

2.3.1 Materials and instrumentation

GO was prepared from raw graphite flakes using a modified Hummers method
[177]. MCF-7 cell lines were purchased from American Type Culture Collection
(ATCC, USA). FAM labeled EpCAM aptamer (5" FAM-AGC GTC GAA TAC CAC
TAC AGT TTG GCT CTG GGG GAT GTG GAG GGG GGT ATG GGT GGG AGT
CTA ATG GAG CTC GTG GTC AG-3") was purchased from Integrated DNA
Technology (IDT) Inc. (Coralville, 1A, US). Dulbecco's Modified Eagle Medium
(DMEM) with 4,500mg/L D-Glucose, Fetal Bovine Serum (FBS, Invitrogen), Penicillin

Streptomycin, 0.25% Trypsin/EDTA and Phosphate Buffered Solutions (PBS) were
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purchased from Sigma Aldrich (St. Louis, MO, USA). All of these chemicals were used
as received without further purification. Fluorescence intensity was measured using the
Tecan Infinite F200 micro-plate reader (Tecan, Infinite F200, Switzerland).
Fluorescence images were captured by the fluorescence microscope (Nikon, ECLIPSE

80i, Japan).

2.3.2 Cell culture

MCF-7 breast cancer cells were employed in this project. The cells were cultured
in a 25 cm? cell culture flask with filter cap (SPL Life science co. Ltd, Korea) and
incubated at 37 °C with 5% CO, and 95% air. The routine cell culture medium
supplement was consisted of Dulbecco's Modified Eagle Medium (DMEM) with
4,500mg/L D-Glucose, 5% Fetal Bovine Serum (FBS) and penicillin streptomycin (1:1).
In accordance to the routine culture, the medium was changed every 2~3 days. When the
cells need to be subcultured or harvested, the cell culture flask was firstly wash by sterile
phosphate buffered saline (PBS) for three times. Then, trypsin, a proteolytic enzyme,
was used to detach adherent cells from the surface of a cell culture flask, this procedure
is called trypsinization. The concentration of trypsin/EDTA was 0.25%. The removed

cells were subcultured to a new flask for subsequent cell culture.

2.3.3 FAM- EpCAM aptamer/GO nanocomplex based FRET biosensor

and MCF-7 cancer cells Detection

Initially, GO solution with 5 mg/ml was sonicated for 30 min, and diluted into a

series of concentrations from 0 to 200 pug/mL by dissolving in PBS buffer. The
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concentration of FAM-EpCAM aptamer was fixed at 1 puM. Then, in order to obtain
optimal quenching effect, 1 UM 50 puL FAM-aptamer was added into 50 uL GO solution
with increased concentrations (from 0 to 200 pg/mL) to achieve simply self-assembly
absorption of FAM-EpCAM aptamer/GO nanocomplex, respectively. After incubating
the nanocomplex samples in dark environment at room temperature for 30min, the
fluorescence signals was measured by Tecan Infinite F200 micro-plate reader with
excitation wavelength of 465 nm and emission wavelength of 520 nm. All the
fluorescence intensities were collected under the same conditions. The fluorescence
images of FAM-EpCAM aptamer and FAM-EpCAM aptamer/GO nanocomplex were
captured under blue light excitation with exposure time of 1 s by a fluorescence
microscope (Nikon, ECLIPSE 80i, Japan), respectively. By observing the FRET effect
between FAM-EpCAM aptamer and GO at different ratios, optimal concentration of GO
had been chosen to prepare the noncomplex sensing platform for further detection of
MCF-7 cancer cells. For FRET restore experiments, The FAM-EpCAM aptamer/GO
noncomplex was incubated with additional MCF-7 cancer cells (2*10° cells/mL, 5uL) at
37 °C for 2 h. After incubation, the fluorescence images and florescence intensity were
measured under the same conditions as before. The specific affinity interaction between
FAM labeled EpCAM aptamer and EpCAM protein overexpressed on the surface of
MCF-7 cancer cells were observed corresponding to the change of fluorescence intensity
and fluorescence image. The whole MCF-7 cancer cells sensing principle by FAM-

EpCAM aptamer/GO nanocomplex based FRET biosensor was displayed in Fig. 2.3.1.
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Fig. 2.3.1 Principle of FAM-aptamer/GO nanocomplex based FRET biosensor for MCF-

7 cancer cells detection.
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Chapter 3 Results

3.1 A FRET biosensor based on GQDs and AuNPs for the detection of

mecA sequence of staphylococcus aureus

3.1.1 Mechanism of FRET biosensor

Fig. 2.1.3 shows the sensing mechanism of the GQDs-AuNPs based FRET
biosensor for staphylococcus aureus DNA detection. In this part, GQDs and AuNPs
were chosen to be the donor-acceptor FRET pair. Initially, GQD was conjugated with
amine modified capture probes (a), while the reporter probe (b) was immobilized onto
AUNPs surface. The target staphylococcus aureus oligos (2’ b’) can complementary co-
hybridize with capture probes (a) and reporter probe (b), leading to the shortened
distance between GQDs and AuNPs for FRET occurrence. The blue emission of GQDs
can be absorbed by AuNPs significantly using UV excitation at 360 nm. Base on the
change of fluorescence intensity, rapid and sensitive detection of staphylococcus aureus

target probes can be achieved.

3.1.2 Characterization of GQDs and AuNPs

The morphology and size of citrate reduction method synthesized AuNPs was
characterized by TEM. As shown in Fig. 3.1.1, the synthesized AuNPs exhibit round
shape with uniform size at average diameter of 15 nm. GQDs were well dispersed in DI
water with average size of 3t1 nm (Fig. 3.1.2). Fig. 3.1.3 shows the TEM image of
AuUNPs-GQDs system. It exhibits a satellite structure because large AuNPs were

surrounded by many small GQDs through oligonucleotide hybridization.
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Fig. 3.1.1 TEM image of synthesized AuNPs with average size of 15 nm.

Fig. 3.1.2 TEM image of GQDs with average size of 3 nm.
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Fig. 3.1.3 TEM image of AuNPs conjugated with GQDs.

3.1.3 Characterization of GQDs-oligo and AuNPs-oligo

3.1.3.1 Zeta potential

The characterization of GQDs-oligo and AuNPs-oligo conjugates can be
performed by Zeta potential measurement, which provides the information about the
surface electrical charge of particles. As different particles have various isoelectric
points, it is possible to confirm the effective conjugation between oligonucleotide and
GQDs/AuNPs by measuring the change of surface electrical charge under the same
condition. As shown in Fig. 3.1.4, the initial zeta potential values of AuNPs, GQDs and
oligos at pH =7 are -39.5 mV, - 15.2 mV and - 26.6 mV, respectively. After conjugation,
oligo probes cover the whole surface of AuNPs and GQDs and the zeta potential of

AuNPs-oligo and GQDs-oligo become- 26.5 mV and- 25.5 mV at pH = 7 respectively,
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which are close to the zeta potential of pure oligos. The zeta potential measurement

results demonstrated the successful conjugation of oligos to AuNPs and GQDs.

Zeta potential characterization

— AuNPs (-39.5mV) —— Oligo(-26.6mV) — GQDs (-15.2mV)
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Fig. 3.1.4 Zeta potential measurements of AuNPs, oligo, GQDs, AuNPs-oligo and

GQDs-oligo.

3.1.3.2 FTIR spectra

FTIR spectra were also used for conjugation characterization. Fig. 3.1.5 shows
the FTIR spectra of GQDs and GQDs-oligo. The most feature characteristic absorptions
of GQDs include a broad peak at 3400 cm™ indicating the stretching of —OH groups and
a strong band at 1600 cm™ representing the carboxyl groups (-COOH). Moreover,
absorption bands at 1400 cm™, 1087 cm™ s reveal the stretching vibration of C-H and C-
O, respectively. After conjugation between oligonucleotide and GQDs, Small peaks
appearing around 2900 cm™ stands for -CH,-streching. The characteristic absorption
peaks appear at 1655 cm™ and 1585 cm™ indicating the presence of amide vibration,
which confirms the successfully formation of the amide bond between GQDs and amine

modified oligonucleotide via EDC/NHS method. The feature band of oligonucleotide
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appearing at 1116 cm™ stands for the vibration of symmetric phosphate (PO%).
Additionally, absorption peak at 1060 cm™ is typically assigned to the C-O stretch of

DNA backbone and absorption band at 965 cm™ is as an indication of PO stretching.
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Fig. 3.1.5 FTIR spectra of GQDs and GQDs-oligo.

Fig. 3.1.6 shows the FTIR spectra of AuNPs and AuNPs—oligo. AuNPs show the
presence of both carboxyl groups (-COOH, 1600 cm™) and hydroxyl functional groups
(-OH, 3400 cm™). After oligo conjugation, AuNPs—oligo shows characteristic vibration

bands from 1250 cm™ to 850 cm™ assigned to the phosphate groups of oligos and small
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peaks around 2900 cm™ indicating the —CH,— stretching, which confirm the conjugation

of oligos onto AuNPs.
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Fig. 3.1.6 FTIR spectra of AuNPs and AuNPs—oligo.

3.1.4 Emission spectrum of GQDs-oligo and absorption spectrum of

AuNPs-oligo

The photoluminescence of GQDs relied on the density of sp®cluster, which can
be tuned by the energy gap of GQDs [38, 159]. GQDs were observed to emit blue
luminescence around 460 nm when got excited at 365 nm laser. As the PL of GQDs was
a complicated phenomenon, it was influenced by complex mixtures as well, leading to

false results or poor precision. This is not suitable for real applications, thus it is crucial
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to take potential interferences caused by matrix effects in to account. In this GQDs based
FRET biosensor, pH value and H* ion strength in the solution were the main matrix
effect. Particularly, GQDs possess a pH-dependent PL property. PL intensity decrease
dramatically in acidic solution due to the interaction between free zigzag sites of the
GQDs and H" ions, which impedes the PL emissive state in GQDs [52]. According to
Zhu et al., they also observed decreasing PL intensities of GQDs accompanied with blue
shift of emission wavelength in alkaline solution [160]. Therefore, neutral pH value
ranging from 6 to 8 should be the best working pH value to preserve strong blue
fluorescence emission of GQDs. In this experiment, we used neutral buffer solution with

pH=7.4 to achieve the strong blue fluorescence emission.

As shown in Fig. 3.1.7 GQDs emit strong blue luminescence at 450 nm, while
the emission peak of GQD-ssDNA slightly shifted to the right (460 nm). The adsorption
spectra of AuNPs also slightly shifted to the right after conjugation with oligonucleotide
with the main adsorption region in the range of 450 nm to 550 nm (Fig. 3.1.8). The
spectra overlap between emission spectra of GQDs and absorption spectra of AuNPs

ensured the feasibility of this FRET biosensor (Fig. 3.1.9).
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3.1.5 Enhanced blue photoluminescence of EDC modified-GQDs

GQDs are dispersed well in water solution due to the abundant oxygen-
containing functional groups on the surface, which is demonstrated by the uniform blue
color distribution in GQD solution. As shown in Fig. 3.1.10 (left), GQDs exhibit stable
blue photoluminescence under UV excitation at 360 nm and exposure time of 1s. In
contrast, after mixing with EDC, the modified GQD displayed considerably higher
brightness under the same excitation condition and exposure time (Fig. 3.1.10 (right)).
The enhanced blue photoluminescence of GQDs was caused by EDC activation, which
can graft o-acylisourea active intermediate on the edge of GQDs via interaction with

carboxyl groups. Since quantum yield was presented by the ratio of photons emitted and
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photons absorbed, the quantum yield of EDC modified-GQD can be calculated by the

following equation:

£ [ L(modified — GQD)

== [ E (solvent) — [ E(modified — GQD)

where 1 is the quantum yield; € is the photons emitted by the modified-GQD; Lmodified-
copshows the luminescence emission spectrum of modified-GQD; Emodified-cop 1S the
spectrum of the light used to excite the modified-GQD, and represents the photons not
absorbed by modified-GQD; Esowent i the spectrum of the light used for excitation with
only the solvent, and stands for the photons going into the sample. Therefore the
difference between the areas of Esoent aNd Emodities-cop Will give the photons absorbed.
The area under Lmodified-copy gives the photons emitted by the modified-GQD.
According to Fig. 3.1.11, the quantum yield of EDC modified-GQD was calculated to be
19.01%, which was much higher than that of bare GQDs (QY less than 10%) [161]. This
enhanced photoluminescence and quantum yield may be attributed to the chemical
nature of modified GQDs, which contained less carboxylic and epoxide groups acting as
the non-radiative electron-hole recombination centers, thus the intrinsic state emission

was enhanced, and their fluorescent quantum yields could be subsequently increased.

Fig. 3.1.10 Fluorescence image of GQDs (left) and modified-GQDs (right) under

excitation of 360 nm and exposure time of 1 s.
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Fig. 3.1.11 The green and red curves are excitation spectrum of solvent (Esovent) and
modified-GQD (Emodified-cop), respectively; The blue curve is the luminescence emission
spectrum of modified-GQD (Lmodified-cop); The purple curve is the 100 times magnified

version of the luminescence emission spectrum of modified-GQD (Lmodified-cop*100).

3.1.6 Construction of FRET biosensor for target probes detection

The quenching efficiency of this FRET biosensor was explored using a series of
concentrations of target probes. The concentrations of target DNA increased from 100
pM to 400 nM gradually. A fixed amount of GQDs conjugated with capture probe at 1
mg/mL was used as fluorescence probe. A certain amount of AuNPs conjugated with
reporter probe at concentration of 7 nM was acted as fluorescence quencher. As a result

of DNA co-hybridization, the formation of sandwich structure of GQDs-oligo-AuNPs
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brought GQDs close to AuNPs, leading to fluorescence quenching. The quenching
efficiency is expressed by Q=1-F4/Fo, where Fqis the fluorescence intensity of GQDs
after quenching, and Fy is the original fluorescence intensity of GQDs. With the
increasing of concentrations of target probes, the quenching efficiency was enhanced
gradually. When the target probes was increased to 100 nM, the quenching efficiency
reached a maximum of 87% and almost unchanged with further increasing amount of
target probes (Fig. 3.1.12). Fig. 3.1.13 shows the fluorescence signal quenching (Fo-Fq)
versus a series of target probes concentrations. Then fluorescence signal decreased with
the decreasing concentration of target DNA. The limit of detection (LOD) is determined
by the control signal plus three times of noise signal (standard derivation), which was
around 1 nM. In this work, our GQDs-AuNPs based FRET biosensor was much more
sensitive than that of fluorescence microarray (LOD from tens of nM to mM) [110]. The
sandwich structure assay also enhanced the specificity and made it more applicable for

real situations.

For GQD and AuNP based FRET biosensor based FRET biosensor, the response
time is related to the co-hybridization of target DNA with GQD conjugated reporter
probe and AuNP modified capture probe and the response time for target bacterial DNA
detection was around 2 hours. Moreover, due to the good stability and negligible

photobleaching effect of GQD, this FRET biosensor can be stored for several weeks.
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Fig. 3.1.13 The fluorescence signal quenching (Fo- Fq) versus a series of target oligo

concentrations from 100 pM to 100 nM.
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3.1.7 Specificity of FRET biosensor

The specificity of this GQDs-AuNPs FRET biosensor was explored using both
single-base mismatched target DNA and double-base mismatched target DNA as
compared to the complementary target DNA. All the experiments used the same
concentration of 200 nM for comparison. As shown in Fig. 3.1.14, the quenching
efficiency decreased significantly with the increasing number of mismatches. The
quenching efficiency for complementary target DNA was around 93%, while that of
single-base mismatch DNA and double-base mismatch DNA dropped to 37% and 22%
respectively. Generally, an increasing number of mismatches of target probes would lead
to decreasing duplex stability, which decreased the chances to form GQDs-probes-
AUNPs sandwich complex and GQDs emission would not decrease much. Similar
results have also been reported [162-163]. The results indicated that this FRET DNA

biosensor exhibits high selectivity.
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3.2 Graphene oxide based FRET biosensor for bacterial protein toxin

detection

3.2.1 Mechanism of GO-peptide FRET biosensor

The sensing principle of GO-peptide based FRET biosensor for detection of
enzymatic activity of bacterial protein toxin (BoNT-LcA) is shown in Fig. 2.2.3. The
SNAP-25-GFP residues designed from 141 to 206 with specific cleavage site at 197/198
were serving as the FRET donor in this work. GO was regarded as the FRET acceptor
due to its super quenching ability. For constructing the GO-peptide based FRET
biosensing platform, the C terminus of GO was covalently conjugated with the N

terminus of protease substrate peptide (SNAP-25-GFP) via EDC/NHS chemical
77



activation, which brought GFP and GO into close proximity and resulted in fluorescence
quenching effect. The emission of GFP was largely absorbed by GO under excitation of
468 nm due to the ultra-high quenching efficiency of GO. In addition, the unreacted
surface area of GO was blocked by bovine serum albumin (BSA) to prevent the non-
specific peptide adsorption. The SNAP-25-GFP substrate can be cleaved into two
fragments with addition of target BONT-LcA protease. As a result, the GFP labeled
partial fragment was released from GO surface and the fluorescence signal was
recovered. By measuring the recovered fluorescence signal, BoNT-LCA enzymatic

activity can be monitored.

3.2.2 Characterization of synthesized GO and SNAP-25-GFP

To realize the design, GO sheets were synthesized according to the previous
research and the GO dispersion with particle size under 100 nm was obtained in water
[157]. XRD spectrum was used to characterize the GO products. As shown in Fig. 3.2.1,
the characteristic peak of GO centered at 26=10.58°. The GO products was also
characterized by Raman spectrum, which displayed the well-grounded strong peak at
1580 cm™ (G band) and a weak peak at 1350 cm™ (D band) (Fig. 3.2.2). The
UV-vis absorption spectrum of GO collected by an UV-visible spectrophotometer was
displayed in Fig. 3.2.3, which demonstrated that GO had an extremely wide absorption

region started from 200 nm and extended to 800 nm.
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Fig. 3.2.3 Absorption spectrum of GO.

SNAP-25-GFP substrate was synthesized by coupling fusion protein SNAP-25
with GFP. Fig. 3.2.4 shows intense fluorescence image of 1 mg/mL SNAP-25-GFP
solution during illumination of 468 nm laser. The fluorescence spectrum of SNAP-25-
GFP was recorded using an Edinburgh FLSP920 spectrophotometer equipped with a 450
W steady-state xenon lamp at room temperature. The typical emission spectra of GFP

were centered at 510 mm when excited at 468 nm (Fig. 3.2.5).

The broad absorption spectra of GO has spectral overlap with GFP emission
band at 510 nm, which meets the necessary condition of FRET effect. Therefore, the
energy transfer from GFP to GO was explored by measuring the change of fluorescence

intensity after the conjugation process between GO and peptide.
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Fig. 3.2.4 Fluorescence image of green fluorescence protein modified SNAP-25.
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Fig. 3.2.5 Emission spectrum of SNAP-25-GFP.
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3.2.3 Conjugation of GO and peptide

SNAP-25-GFP substrates were covalently linked to GO surface via amide
bonding, which was formed in the presence of EDC/NHS. FRET effect took place after
the formation of GO-SNAP-25-GFP conjugates, which brought GO and GFP into a
close distance. The conjugation of GO-peptide complex was verified by AFM
measurements. The AFM image and corresponding height profile of bare GO were
displayed in Fig. 3.2.6 (a), which showed that the thickness of the synthesized GO sheets
was around 1 nm. However, after conjugating GO with SNAP-25-GFP, the heights of
the conjugates were approximately around 8 to 10 nm, which indicated that SNAP-25-

GFP was successfully conjugated with GO surface (Fig. 3.2.6 b).
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Fig. 3.2.6 AFM images and height profiles of (a) GO and (b) GO-SNAP-25-GFP

complex.

The chemical structures of GO and GO-peptide conjugates were characterized by
means of FTIR spectra. As shown in Fig. 3.2.7, GO has various characteristic
absorptions. A broad peak at 3401 cm™ indicates the stretching of —OH group. The most
feature characteristic absorption bands at 1735 cm™, 1628cm™, 1384 cm™, 1095 cm™
represent the stretching vibration of C=0, C=C, C-OH and C-O, respectively, revealing
the presence of -COOH, -OH and O-C-O functional groups in GO. For the GO-peptide
complex, conjugation of SNAP-25-GFP peptide onto GO surface was confirmed by the
appearance of characteristic absorption peaks corresponding to the -CH,- stretching
vibration (2935 cm™ and 2877 cm™), and amide group vibration (1647 cm™ and 1553

cm™). They both confirmed the successful conjugation of SNAP25-GFP onto GO.
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Fig. 3.2.7 FT-IR spectra of GO and GO-peptide conjugate.

Zeta potential measurements showed that GO-peptide conjugates were less
negative charged as compared to bare GO solution (Fig. 3.2.8). The average zeta
potential for bare GO was -40.7 mV at pH=7 due to plenty of negative charged
oxygen functional groups on GO surface, such as hydroxyl (-OH), carboxyl (-
COOH), epoxy (C-O-C), and carboxylate (COO-), which were similar to the previous
reports [164]. The average zeta potential shifted to -16.68 mV at pH=7 for GO-peptide
complex after conjugating with SNAP-25-GFP. The increase of zeta potential was
caused by the immaobilization of less negative charged SNAP-25-GFP peptide onto GO

surface.

84



3 GO
=
o
o
— GO0-peptide
-150 -100 -50 0 50 100 150

Zeta potential (mV)

Fig. 3.2.8 Zeta potential of GO and GO-SNAP-25-GFP.

3.2.4 Passivation effect

To demonstrate the passivation effect of BSA on GO surface, adsorption
experiments of SNAP-25-GFP peptide (0.12 pg/mL) onto GO surface (60 pg/mL) with
EDC/NHS treatment before and after BSA passivation were explored. Meanwhile,
adsorption between passivated GO surface and SNAP-25-GFP peptide without
EDC/NHS was also investigated. As shown in Fig. 3.2.9, GO without passivation caused
a significant fluorescence intensity reduction due to the covalent binding of SNAP-25-
GFP onto GO surface (purple curve). This covalent linkage brought SNAP-25-GFP and

GO into close proximity, triggering FRET quenching effect with a high quenching ratio
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of 92.6% at 510 nm. In contrast, negligible quenching effect was observed for passivated
GO with or without EDC/NHS modification at a low quenching ratio of 3.2% and 4.8%
respectively (red and green curves).This phenomenon indicated that peptide can neither
chemically bind nor physically adsorb onto BSA passivated GO surface. When
comparing the red and purple curves, the results demonstrated that the successful
covalent linkage between GO and peptide is the driving force for fluorescence
quenching effect, and BSA passivation should be executed after EDC/NHS chemical
interaction. As a result, passivation on GO surface could significantly decrease non-
specific peptide adsorption on GO. Using EDC/NHS chemical method followed with
BSA passivation, most SNAP-25-GFP peptides were attached to GO surface by covalent

bonds rather than non-specific adsorption.
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Fig. 3.2.9 Fluorescence spectra of GO and peptide (SNAP-25-GFP) conjugation after

and before BSA passivation.
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3.2.5 Stability of peptide-conjugated GO complex

To compare the stability of peptide-conjugated GO complex and non-
covalent peptide-adsorbed GO composite in complex matrix such as protein abundant
solution, the fluorescence signal change was measured for both SNAP-25-GFP
peptide adsorbed GO composite and SNAP-25-GFP peptide conjugated GO complex in
BSA solution with the same concentration of 0.1 mg/mL. As shown in Fig. 3.2.10,
substantial enhancement of fluorescence signal was observed for peptide-adsorbed GO
composite in BSA solution, which suggested the displacement of SNAP-25-GFP
peptide from GO surface by BSA. In contrast, covalent conjugated GO-peptide
complex only showed very slightly increased fluorescence signals, indicating the
stability of covalent conjugated GO-peptide complex. The stable covalent bonding
between GO and peptide plays a significant role in maintaining fluorescence quenching
effect by keeping the FRET distance within 30 nm. This experiment demonstrated the
weak affinity of peptide adsorbed on GO in the protein abundant solution. The results
also showed that peptide-adsorbed GO complex based FRET biosensor had low
specificity in protein abundant solution, whose fluorescence signal recovery could
be from non-specific protein replacement. Therefore, peptide-conjugated GO complex
plus passivation is a better FRET-based peptide assay platform compared with peptide-

adsorbed GO composite.
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Fig. 3.2.10 Fluorescence signal change for peptide adsorbed GO composite and peptide

conjugated GO complex in BSA solution with the same concentration of 0.1 mg/mL.

3.2.6 Construction of GO-peptide FRET biosensor

SNAP-25-GFP substrate can emit intense green light centered at 510 nm when
using 468 nm blue light illumination. Base on the measurement of fluorescence
quenching intensity, the energy transfer from GFP to GO was explored quantitatively.
Herein, SNAP-25-GFP with fixed volume and concentration (20 pL, 0.12 pg/mL) was
used as the FRET donor. 40 pL GO solution with increasing concentrations (from 0
ug/mL to 120 pg/mL) was acted as the FRET quencher. After incubating SNAP-25-GFP
peptide substrate with GO solution, the fluorescence signals were then measured. The
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same volume of DI water was added to the SNAP-25-GFP solution and the related
fluorescence signals were measured as control. Fig. 3.2.11 shows the fluorescence
spectra of GO-SNAP-25-GFPconjugates with increasing concentrations of GO.
Particularly, the fluorescence signal decreased gradually with increasing concentrations
of GO from 0 pg/mL to 120 pg/mL. This fluorescence quenching was realized as a
result of conjugation between GO and SNAP-25-GFP, which shortened the distance
between donor-acceptor pair. The quenching efficiency is expressed by Q=1-Fq/FO0,
where Fq is the fluorescence intensity of SNAP-25-GFP after quenching, and Fo is the
original fluorescence intensity of SNAP-25-GFP. As shown in Fig. 3.2.12, the
fluorescence quenching efficiency reached a maximum of 98% and the normalized
fluorescence intensity (Fq/Fo) reached 1.6% when GO concentration increased to 60
pug/mL. The quenching efficiency kept almost unchanged when GO concentration
further increased. This high quenching efficiency of 98% was due to the excellent

quenching capability of GO.
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3.2.7 Fluorescence signal recovery for LcA protease activity detection

After investigating the quenching efficiency of GO on SNAP-25-GFP, we
explored the use of GO-SNAP-25-GFP complex as the sensing platform for BONT-LcA
protease activity detection. GO at a concentration of 60 pg/mL together with 0.12
ug/mL  SNAP-25-GFP were hired to prepare the GO-SNAP-25-GFP complex for
BONT-LcA protease activity detection in accordance to the criteria of efficient FRET.
60 pg/mL GO was regards as the optimal ratio for maximum quenching efficiency of 98%
against fluorescence peptide substrate, and the background signal is significantly
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reduced by GO. After exposing the GO-peptide FRET platform to a series of
concentrations of BONT-LcA for 30 minutes, fluorescence emission spectra were
measured to quantify the fluorescence recovery signals. Fig. 3.2.13 shows the
fluorescence emission spectra of GO-SNAP-25-GFP complex with addition of
increasing concentrations of BoONT-LcA from 1 fg/mL to 10 pg/mL. On mixing GO-
SNAP-25-GFP complex with increasing concentrations of BONT-LcA, the fluorescence
signal was gradually recovered, as a result of the increasing cleavage action of BONT-
LcA to release the cleaved fragment with GFP from GO surface to the solution. Fig.
3.2.14shows the relative fluorescence signal recovery rate (F-Fg) /Fq, where F; is the
recovered fluorescence intensity of SNAP-25-GFP after addition of BONT-LcA, and Fq
is the fluorescence intensity of SNAP-25-GFP after quenching. As shown in Fig. 3.2.11,
this FRET biosensor shows a quantifiable detection ranging from 1 fg/mL to 10 pg/mL
and a linear detection ranging from 1 fg/mL to 1 pg/mL (inset of Fig. 3.2.14). The limit
of detection (LOD) for BONT-LCA protease activity detection was around 1 fg/mL based
on the background signal plus 3 times of standard derivation. These results were
superior to the current detection methods including mouse bioassay [116],
immunoassays [117, 119], organic fluorophore based FRET biosensors and the
commercial available FRET Kkits [130-133, 165], whose BoNT LODs are in the range

from 1 pg/mL to 1 ng/mL.
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3.2.8 Time response curve for fluorescence signal recovery

Time dependent SNAP-25-GFP release effect was explored by measuring
the fluorescence intensity recovery at various time points after addition of BONT-
LcA. The fluorescence recovery signals were monitored by a Tecan Infinite F200

micro-plate reader at room temperature. The fluorescence intensity time plot upon
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addition of BoNT-LcA to GO-SNAP-25-GFP complex solution shows the response
time of this biosensor is around 30 minutes (Fig. 3.2.15), highlighting the great
potential in developing a simple and sensitive diagnostic assay for BoNT enzymatic

activity detection in real time.
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Fig. 3.2.15 Fluorescence signal recovery change with time after addition of BONT-LCcA.

3.2.9 Performance evaluation of FRET biosensor

BoNT serotype B light chain (BoNT-LcB) was employed as control groups to
explore the specificity of this FRET biosensor for BoNT-LCA toxin detection. BONT-
LcB is another kind of botulinum toxins which cannot cleave SNAP-25 substrate. But
BoNT-LcB is able to specifically identify neuronal vesicle-associated membrane protein
(VAMP) [166]. Experiments based on BoNT-LcB were conducted via procedures that

were identical with BoNT-LcA detection. With the same concentration of target (0.7
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mg/mL), BoONT-LcB did not cause an obvious recovery of donor fluorescence signals,
while BONT-LcA could lead to a large increase of fluorescence signals. It demonstrated
that this FRET biosensor was specific for BONT-LcA and insensitive to BoNT-LcB (Fig.

3.2.16).
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Fig. 3.2.16 Comparison of fluorescence signal recovery between target BONT-LCA and

non-target BONT-LcB.

The repeatability of the proposed GO-peptide FRET biosensor was investigated
by evaluating the variation of experimental results for 10 proposed GO-peptide FRET
biosensor. The standard deviation was 7.9% at 0.1 pg/mL LcA concentration in tris
buffer solution. The results indicated that the proposed GO-peptide FRET biosensor was
robust for LcA detection with acceptable repeatability. However, this GO-peptide based
FRET biosensor can be stored for only a few days due to the instability of fluorescence

peptide, which is biodegradable.
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To evaluate the ability of this FRET biosensor for practical applications,
LcA protease activity detection was explored in skimmed milk and apple juice. The GO-
peptide based FRET platform was applied in skimmed milk and apple juice with 0.1
pg/mL spiked BoONT-LcA toxins, respectively. Fluorescence recovery signal measured
in tris buffer solution was used as the reference for comparison. All the experiments
were conducted in the same condition according to previous work. As shown in Fig.
3.2.17, there was no observable fluorescence recovery rate difference between toxin-
spiked buffer and toxin-spiked apple juice, indicating apple juice has no significant
effect on performance of this FRET biosensor for LcA toxin detection. In toxin-
spiked skimmed milk, the fluorescence recovery rate was decreased to around 52% of
that in buffer, but still obviously larger than that of non-spiked sample. The decrease of
fluorescence recovery signal could be explained by the interference from abundant
amount of protein in skimmed milk. The above results demonstrated the potential

applicability of this FRET biosensor for real food sample detection.
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Fig. 3.2.17 Relative fluorescence recovery rate in skimmed milk, apple juice and buffer

with and without spiked LcA.
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3.3 Graphene oxide based FRET biosensor for MCF-7 cancer cells

detection

3.3.1 Mechanism of FRET biosensor

In this FAM-EpCAM aptamer/GO nanocomplex based FRET sensing platform,
FAM was selected as a FRET donor with emission of 520 nm when excited at 465 nm
(Fig. 3.3.1), and GO was used as a universal fluorescence nano-quencher with super
quenching efficiency. The broad absorption spectrum of GO (Fig. 3.3.2) ranging from
200 to 800 nm has a spectral overlap with FAM emission band at 520 nm, which meets

the necessary condition of FRET effect.

The sensing principle of FAM-EpCAM aptamer/GO nanocomplex based FRET
sensing platform was similar to that of GO-peptide based FRET biosensor (Section
3.2.1). They all had the ‘signal on’ sensing mechanism. As shown in Fig. 2.3.1, the FAM
labeled EpCAM aptamer can physically absorbed on GO surface via n-n stacking, which
brought FAM and GO into close proximity and triggered FRET. In the presence of
MCEF-7 cancer cells, the FAM labeled EpCAM aptamer can specifically bind to EpCAM
protein overexpressed on the surface of MCF-7 cells and then detach from GO surface,
leading to the recovery of fluorescence signal. By measuring the change of fluorescence

signal, MCF-7 cancer cells can be monitored.
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Fig. 3.3.1 Emission spectrum of FAM-EpCAM aptamer.

—— GO Abs

Normalized Abs (a.u.)

200 300 400 500 600 700 800

Wavelength (nm)

Fig. 3.3.2 Absorption spectrum of GO.
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3.3.2 Construction of FAM-EpCAM aptamer/GO nanocomplex based

FRET biosensor

The quenching effect was investigated in the nanocomplex of FAM-EpCAM
aptamer/GO. Herein, FAM-EpCAM aptamer at fixed volume and concentration (50 L,
1 pM) was mixed with 50 pL GO solution at a series of increasing concentrations,
respectively. After incubating for 30 min, the fluorescence signals of FAM-aptamer
were measured. 50 uL PBS buffer was added to the FAM-EpCAM aptamer solution and
the related fluorescence signals were measured as control. Fig. 3.3.3 shows the relative
fluorescence unit of FAM-aptamer with increasing GO concentrations. Generally, the
fluorescence signals of FAM-aptamer decreased gradually with increasing
concentrations of GO from 0 to 200 pg/mL. The reason for this phenomenon was
because the m-m stacking interaction between GO and FAM-aptamer shortened the
interval distance, resulting in the fluorescence quenching of FAM-aptamer by GO,
signifying the ‘off” state of the FRET system. The quenching efficiency is expressed
by Q=1-Fy/Fo, where F, is the fluorescence intensity of FAM-EpCAM aptamer
after quenching, and Fo is the original fluorescence intensity of FAM-EpCAM
aptamer. As shown in Fig. 3.3.4, the fluorescence quenching efficiency reaches a
maximum platform of 96% when the concentration of GO increases to 100 pg/mL and
remains almost unchanged with further GO concentrations. This excellent quenching
efficiency close to 100% was resulted from the super quenching capability of GO. Fig.
3.3.5 shows the fluorescence images of FAM-aptamer (1 pM) in the absence (Image 1)
of and with the presence (Image 2) of GO solution (100 pug/mL). The fluorescence
images turned from bright green (FI: 90.468 RFU, Image 1) to dark (FI: 5 RFU, Image

2), indicating the effective quenching phenomenon caused by GO. However, it was
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worth noticing that the photobleaching effect of FAM was not negligible. As shown in
Fig. 3.3.4, 1.03% fluorescence intensity of FAM was bleached after 30 min incubation
in the dark environment in the absence of GO solution. This phenomenon indicated that

FAM as an organic fluorescence dye suffered from the unsatisfied photostability.
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Fig. 3.3.3 Relative fluorescence unit of FAM-aptamer with increasing concentrations of

GO.
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Fig. 3.3.4 Fluorescence quenching efficiency of FAM-aptamer/GO nanocomplex with

increasing amount of GO.
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Fig. 3.3.5 Fluorescence image of FAM-aptamer at concentration of 1 uM (Image 1) and

FAM-aptamer absorbed GO (100 pg/mL) nanocomplex (Image 2).
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3.3.3 Fluorescence signal recovery for MCF-7 cancer cells detection

After demonstrating the quenching efficiency of GO on FAM-aptamer, we used
FAM-EpCAM aptamer/GO nanocomplex as a sensing platform to detect MCF-7 cancer
cells. In accordance to previous studies, GO at concentration of 100 ug/mL was chosen
to prepare the nanocomplex due to its maximum quenching efficiency of 96%. Fig. 3.3.6
(a) shows the fluorescent image of FAM-aptamer/GO nanocomplex under the excitation
of 465 nm, and the dark image represents completely fluorescence quenching of FAM
caused by GO. Fig. 3.3.6 (b) shows the optical image of MCF-7 breast cancer cells.
After incubating the quenched FAM-aptamer/GO nanocomplex with MCF-7 cells
(2*10° cells/mL, 5uL) at 37°C for 2h, the green fluorescence emission recovered
substantially (Fig. 3.3.6 (c)). The fluorescence recovery was caused by the release of
FAM-aptamer from GO surface as a result of specific binding between FAM-EpCAM
aptamer and EpCAM protein expressed on the surface of MCF-7 cells, signifying the
‘on’ state of the FRET system. By measuring the aptamer-cell recognition induced
signal change, MCF-7 breast cancer cells can be detected sensitively. Fig. 3.3.7 shows
the relative fluorescence signal recovery rate (F.-Fg)/Fqof FAM-EpCAM aptamer/GO
complex with addition of MCF-7 cells (2*10° cells/mL, 5uL) in the course of time,
where F is the recovered fluorescence intensity of FAM-EpCAM aptamer after addition
of MCF-7 cells, and Fq is the fluorescence intensity of FAM-EpCAM aptamer after GO
quenching. The gradually increased relative fluorescence signal recovery rate reached a
maximum of 2.85 after 72 min incubation (response time: within 80 min). As an organic
fluorophore, FAM has high photobleaching rate, which is not suitable for long time
storage. However, aptamer is quite stable as compared to antibody. So the FAM-

aptamer/GO nanocomplex based FRET biosensor can be stored for a week. As the
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results, this FAM-EpCAM aptamer/GO nanocomplex based FRET biosensing platform

has big potential for application of rapid recognition of MCF-7 cancer cells.

Incubation

37°C,2h

ey

Fig. 3.3.6 Fluorescence image of FAM-aptamer/GO nanocomplex at optimal ratio (a);
Optical image of MCF-7 cancer cells (b); Fluorescence image of MCF-7 cells after

incubation with FAM-aptamer/GO nanocomplex for 2 h at 37 °C (c).
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Fig. 3.3. 7 Relative fluorescence signal recovery rate of FAM-aptamer/GO nanocomplex

with addition of MCF-7 cells in the course of time.

105



Chapter 4 Discussion

4.1 A FRET biosensor based on GQDs and AuNPs for the detection of

mecA sequence of staphylococcus aureus

4.1.1 Design of sandwich structure assay

GQDs and AuNPs were used for establishing FRET assay for DNA hybridization
detection. Nowadays there are two kinds of DNA hybridization detection strategy,
including two complimentary DNA hybridization assay and sandwich structure
hybridization assay. However, according to previous study, two complimentary DNA
hybridization assay usually requires a modification process on target DNA to chemically
immobilize target DNA with AuNPs before usage. Besides, the amount of target DNA
extracted from samples is always limited, which requires DNA amplification step before
the AuNPs-oligo conjugation process. There is no doubt that these complicated
procedures are inconvenient in real applications [167, 168]. For our sandwich structure
assay, target DNA does not need any modification. Reporter DNA is conjugated on
AuNPs and capture DNA is immobilized on GQDs. The co-hybridization process of
target DNA with GQDs-oligo (capture probe) and AuNPs-oligo (reporter probe) makes
the whole assay independent from the excessive GQDs-oligo or AuNPs-oligo. Because
GQD labeled probe DNA can be specifically captured by certain amount of target DNA
at the first step, which determined the number of reacted GQDs-oligo and AuNPs-oligo
due to the complimentary hybridization process. Thus, GQDs-oligo and AuNPs—oligo
will not conjugate with each other unless target oligos are added. The number of added

target oligos mainly determined the number of formation of GQD-oligo-target-oligo-

106



AuNPs complex, leading to subsequently fluorescence quenching effect. The quenching
efficiency is dominated by the concentration of additional target DNA. Therefore, this
sandwich structure assay makes label-free target DNAs to be a key factor for FRET

sensing, which is much more suitable for various areas of real applications.

4.1.2 Choice of the FRET pair (GQDs and AuNPs)

Traditional FRET pairs usually include organic fluorophore, fluorescence protein
and quantum dots, such as FAM, Texas red, GFP, YFP, CdSe and CdSe-Zns, and they
have been extensively reported [8-11]. However, the disadvantages of high cost and
photobleaching effect of organic dyes hamper their development in reliable and long
term detection. The high toxicity of conventional quantum dots is not suitable for wide
applications in biological field. Concerning these problems, the discovery of GQDs has
arisen great attention in biological field owing to its outstanding merits, including strong
and stable photoluminescence, low cytotoxicity and biocompatibility [30, 35, 36, 47].
The quantum vyield of GQDs was ranged from 2% to 22% via various fabrication
methods, and it can be tunable by further surface functionalization [30, 44]. Thus, in our
study, GQD was chosen as the fluorescence donor, which can emit strong and stable
blue photoluminescence at 460 nm with long fluorescence lifetime under continuous UV
excitation. In addition, we observed that the conjugation of GQDs and oligonucleotide
can exhibit stronger luminescence with enhanced quantum yield at similar emission peak
when comparing with that of bare GQDs (Fig.3.1.7). These features allow GQD to be a

perfect candidate for FRET biosensing system.
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AuUNPs are considered to be highly efficient fluorescence quenchers over longer
distances [169, 170]. Unlike other dye molecules, the spherical AuUNPs have no defined
dipole moment, leading to possibility of energy transfer to AuNPs in any orientation of
the donor relative to the surface of the AuNPs [171]. AuNPs have large absorption
section, especially near the Plasmon resonance frequency range, which enhances their
performance as energy acceptors [171]. Therefore, AuNP is used as fluorescence
quencher in our study. Also, the absorption spectra of AUNP and AuNP-ssDNA were

almost equal, both of them have absorption peak at 512 nm (Fig. 3.1.8).

Beside, the emission spectra of GQD-ssDNA and absorption spectrum of AuNP-
ssDNA overlapped to a great extent (Fig. 3.1.9), and thus efficient FRET between GQD-
sSDNA and AuNP-ssDNA was feasible and effective when complimentary

oligonucleotide hybridization occurred.

4.1.3 Enhanced photoluminescence by EDC coating on GQDs

According to previous studies, the optical properties of GQDs are influenced by
several factors, including size, shape, and surface functionality of GQDs [30, 40, 41, 43,
45]. In our study, the EDC modified GQDs exhibit the same blue emission at 460 nm as
GQDs, but possess higher brightness and quantum vyield. The quantum yield of EDC
modified-GQD was measured to be ~19.01% (Fig. 3.1.11), which was almost two times
higher than that of GQDs (quantum yield less than 10%). Because the size and shape of
GQDs almost remained the same, thus the enhanced photoluminescence mainly

originated from the difference in the quantity of functionalized groups on GQDs surface.
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As EDC can active the COOH groups on the edge of GQDs, the COOH groups can be
turned into o-acylisourea intermediate with amino on the edge. Although this
intermediate is not stable, it can greatly remove the existence of oxygen-containing
groups and facilitate the conjugation with amino modified oligonucleotide via amide
bonding. Since the oxygen groups play a significant role in radiative recombination of
localized electron-hole pairs and surface emissive traps, the decreasing oxidation degree
caused by surface modification can alter the fraction of sp? clusters and the surface
defects in GQDs, thus improving the quantum yield. Furthermore, the oxidation degree
of GQDs can tailor the color of photoluminescence as well. If the oxidation degree of
GQDs rich oxygen groups is high enough, the GQDs will emit green or yellow light.
Then the reduction or modification of highly oxidized GQDs can tailor the luminescence

into blue or green, respectively [172].

This enhanced PL of GQDs benefits the fluorescence stability and life time,
which not only improve the signal to noise ratio but also produce reliable detection.

These improvements contribute a lot to the sensitivity of FRET biosensor.

4.1.4 Fluorescence measurement

The accuracy of fluorescence measurement by Tecan Infinite F200 micro-plate
reader (Tecan, Infinite F200, Switzerland) are affected by variation of different samples,
total volume and gain values. In order to obtain accurate and comparable data, we did
fluorescence measurements of buffer solution as background signal under same

condition. All the collected fluorescence intensity with subtracted background signal

109



was used as accurate data for further calculation. For all the measurements, the total
volume of samples was fixed at 100 pL with same concentration of components. Since
the gain value of micro-plate reader is related to the working voltage of the detector, the
establishment of optimal gain value can be crucial for better signal to background ratio.
The higher gain value is set, the stronger relative fluorescence unit will be obtained.
Generally, the manual gain is from 60 to 255, however, we fixed the value at 45 for all
the fluorescence measurements due to the extremely high luminescence of GQDs-oligo

conjugate. If the gain increases to 60, the fluorescence units will be overflow.

4.2 Graphene oxide based FRET biosensor for bacterial protein toxin

(BONT-LcA) detection

4.2.1 Design of GO-peptide FRET biosensor

Generally, we studied four FRET biosensing platforms associated with GO and
peptide. As shown in Fig. 4.1.1, A/B shows the interaction between BSA passivated GO
surface and peptide with and without EDC/NHS treatment, respectively. The
fluorescence intensity of A/B biosensing platforms was supposed to be similar to that of
bare peptide because of the absent quenching ability of surface passivated GO. Fig. 4.1.1
C displays the self-assembly absorption of GO and peptide without EDC/NHS treatment
followed by BSA passivation. We hypothesized that the fluorescence intensity of C
biosensing platform was initially quenched by bare GO, but subsequently restored after
addition of BSA. Fig. 4.1.1 D indicates the chemical modification procedure of GO and
peptide via EDC/NHS treatment followed by BSA passivation. After successfully

forming the GO-peptide conjugate, the fluorescence intensity of D biosensing platform
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was expected to decrease dramatically and stay at the lowest point during the following

BSA passivation process. Thus, in order to construct an optimal and reliable FRET

biosensing platform with high signal to noise ratio, we investigated these four

fabrication strategies. Specifically, when comparing A with B biosensing platforms, we

designed an experiment to testify the effectiveness of BSA passivation with and without

chemical modification (Section 4.2.2). When comparing A with D biosensing platforms,

we investigated the influence of BSA passivation before or after EDC/NHS modification

(Section 4.2.2). When comparing C with D biosensing platform, we designed an

experiment to study the stability of GO-peptide conjugates and peptide absorbed GO

complex (Section 4.2.3).
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4.2.2 Passivation of GO surface

Since GO is a 2D flat sheet that consists of a single layer of carbon atoms and
oxygen groups bonded in both sp? and sp® hybridization, it can absorb DNA, aptamer,
peptide, protein directly by n-7 stacking and hydrophobic interactions [173-175]. Based
on our design, if the GFP labeled SNAP-25 peptide is physically absorbed onto GO
surface, the fluorescence intensity will be quenched efficiently. However, it is not
desirable to use the non-specific peptide absorbed GO complex to construct an optimal
FRET biosensor due to it slow stability, which can lead to not only false-positive signal
but also high background noise. After BONT-LCA cleavage, the re-absorption of released
GFP-partial peptide onto GO surface may also trigger the fluorescence quenching effect.
This re-absorption was considered as the key reason for false-negative signal, which
hindered the sensitivity of biosensor remarkably. The high background noise was caused
by the incompletely fluorescence quenching of SNAP-25-GFP by GO in protein
interfered environment. Therefore, in order to construct interference-free assay with high
sensitivity, we need to obtain reliable positive signal and high signal to noise ratio by

preventing the non-specific binding of peptide onto GO surface.

Generally, the passivation of GO surface is essential for eliminating peptide non-
specific binding. We chose two passivation elements, BSA and tris buffer, acting as
large and small blocking agents. After incubating BSA and tris buffer with GO, the fully
passivated GO surface can neither physically absorb nor covalently link SNAP-25-GFP
so that the large intermolecular distance between GFP and GO would hinder the
occurrence of FRET and remain the fluorescence signal (Section 3.2.4). The results

demonstrated that both BSA and tris buffer were effective passivation agents for
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minimizing the non-specific binding onto GO surface. Meanwhile the maintained
fluorescence signal indicated the order of surface passivation and modification. To
obtain desirable GO-peptide FRET biosensor, we should use BSA to block GO surface

after chemical modification with peptide.

4.2.3 Stability of GO-peptide sensing platform

The strong covalent linkage between GO and peptide (SNAP-25-GFP) is
essential for the formation of a stable sensing platform to identify the unique cleavage
properties of BONT-LcA protease. Considering the properties of GO, we have two ways
to realize the GO-peptide based sensing platform, including physical absorption and
chemical linkage (Fig 4.1.1 C, D). Physical absorption of peptide onto GO surface via
hydrophobic and n-n stacking interactions is an intriguing synthetic method, because it is
the simplest self-assembly fabrication method avoiding the complex chemical
immobilization procedures [173-174]. The hydrophobic interactions are caused by
hydrophobic backbones in protease and hydrophobic basal plane in GO [175]. The n-n
stacking interactions mainly depend on m-interactions between aromatic rings of GO and

aromatic amino acid of peptide [176].

However, we found that hydrophobic and mn-m stacking interactions between
peptide and GO were not stable in protein abundant medium, such as BSA solution. The
absorbed peptide can be easily displayed by BSA in the course of time. This protein
replacement can be explained by several reasons. Firstly, a possible reason could be the

weak hydrophobic interaction between GO and peptide due to the unfavorable functional
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groups on GO surface. Zhang et al. [173] demonstrated that the hydrophobic interaction
of non-covalent GO-enzyme conjugate was less stable than that of reduced GO-enzyme
conjugate. The stability of rGO-enzyme complex was significantly improved with the
increase of GO reduction rate, which was related to the recovery of the hydrophobic
aromatic rings in GO [173].Secondly, by using molecular dynamics simulation method,
Zuo et al. found that n-n stacking played a key role in GO and protein integration, which
could be affected by the geometry of protein and the softness of carbon based materials
[177]. Protein with more aromatic residues can cause stronger n-r stacking interaction
with GO backbone due to the large contacting region. As GO applied in our study is
very soft and flexible, it can fit well to the structure of protein as compared to single-
wall carbon nanotube (SWCNT) and fullerene (C60) [177]. Furthermore, according to
Alwarappan et al. the layer number of GO had no significant effect on enzymatic n-n
stacking conjugation and its stability [178]. Thus, in our study, the replacement of
SNAP-25-GFP by BSA was mainly caused by different absorption affinity of proteins,
which can be influenced by their size and shape. The molecular weight of BSA was 66.5
kDa, which was nearly twice larger than that of SNAP-25-GFP (38 kDa).BSA is a
globular protein with three domains in line [179], while SNAP-25-GFP is a fibrous
protein with a-helixsecondary structure. So, BSA equipped higher surface affinity when
comparing to SNAP-25-GFP. According to Vroman effect, initially absorbed small
proteins with low surface affinity will be displaced by large proteins with high surface
affinity in the course of time. Thus, in this absorption competition, BSA will be the
dominant banding agents over time, releasing the initially absorbed SNAP-25-GFP into
solution. Noticeably, when comparing scheme B and C in Fig 4.1.1, it can be found that

the displacement procedure of absorbed peptide on GO by BSA is not reversible.
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Consistent results were demonstrated in Fig. 3.2.9 and Fig. 3.2.10, which strongly
verified the Vroman effect. In this case, to realize stable immobilization, we chose
chemical bonding strategy to covalently link peptide and GO via EDC/NHS chemical
method. The immobilization of peptide onto GO surface was stable against the

disturbance of rich protein in the medium.

4.2.4 Quenching efficiency of GO

GFP and GO were used as energy donor-acceptor pair in the FRET biosensor.
Generally GFP exhibits bright green photoluminescence at 510 nm, which overlaps the
wide absorption spectrum of GO at a large degree. This overlapping spectrum meets the
necessary requirement of FRET. The covalently linkage between SNAP-25-GFP and
GO made the intermolecular distance small enough to trigger fluorescence quenching
effect, leading to the fluorescence ‘off” state in the FRET system for further detection.
Therefore, the quenching efficiency of GO would be crucial to determine the
background signal, which affects the sensitivity of this GO-peptide based FRET

biosensor significantly.

When using GO as a quencher, the 2D flat structure of GO with increasing the
contact area was regarded as multiple acceptors that can interact with multiple donors
simultaneously. This multiple-donor to multiple-acceptor configuration was much
different from the traditional organic dye based FRET biosensor with single donor to
single acceptor configuration. This would enhance the quenching efficiency to a large

extent. Moreover, both Fig. 3.2.11 and Fig. 3.3.3 demonstrated that the intensity of
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fluorescence emission decreased dramatically with addition of GO, and the
corresponding quenching efficiency of GO at optimal concentration could reach almost
100%. Due to the high luminescence emission of GFP and good quenching efficiency of

GO, a low detection limit of 1 fg was obtained for bacterial protein toxin detection.

4.3 Graphene oxide based FRET biosensor for MCF-7 cancer cells

detection

4.3.1 Photobleaching effect of FAM

As FAM is an organic fluorophore, the photobleaching effect cannot be ignored.
We observed significantly fluorescence bleaching phenomenon of FAM-aptamer under
periodical excitation at 465 nm every five minutes (Fig. 3.3.4). It turned out that nearly
1.03% fluorescence intensity of FAM was lost in 30 min due to the low photo stability
of organic fluorophores, which was not suitable for long-duration fluorescence
measurement. In the same manner, the brightness of fluorescence image dimmed with
continuous laser excitation during the imaging capture section, which made it more
difficult to capture satisfied images. Besides, it was also hard to detect restored
fluorescent signal with weak intensity by fluorescence microscope due to its low

sensitivity.

4.3.2 Avoidance of false-positive signal

FAM-aptamer/GO nanocomplex was generated by a simple self-assembly

procedure via n-m stacking interaction, which was unstable. And we have demonstrated
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the instability of peptide absorbed GO system in the second part of this study. In this
case, it can be inferred that the reason for the detachment of FAM-aptamer from GO
surface includes EpCAM aptamer and EpCAM protein affinity interaction and unstable
n-n stacking between aptamer and GO at the same time. Obviously, this unstable n-nt
stacking induced free FAM-aptamer in solution may cause false-positive signal for
cancer cells detection, which hampers the reliability and sensitivity of FRET sensing
strategy. In order to solve this problem and obtain reliable signal, MCF-7 cancer cells
was centrifuged at 1000 rpm for 5 min after incubating with FAM-aptamer/GO
nanocomplex to remove the unbound FAM-aptamer. Thus, the recovered fluorescence
intensity of aptamer-cell residues was mainly depends on the specific binding of

EpCAM aptamer and EpCAM protein.
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Chapter 5 Conclusion

The novel graphene nanomaterial based FRET sensing platforms were developed
for rapid and sensitive gene sequence hybridization, bacterial protein toxin detection and

cancer cells sensing and imaging. This study includes three parts.

In the first part, a novel FRET biosensor based on GQDs and AuNPs pairs was
developed for S. aureus specific gene detection. The sandwich structure formation
caused by co-hybridization of target oligos with capture probes and reporter probes
brought GQDs and AuNPs into close proximity to trigger FRET phenomena. The
quenching efficiency was measured with a series of target gene oligos concentrations
and the results demonstrated the feasibility of this FRET biosensor for bacteria gene
detection with LOD of 1 nM. The experiments with single-base mismatched oligos and
double-base mismatched oligos demonstrated the good sequence selectivity of this
FRET biosensor. In this study, a short gene sequence of the whole genome of S. aureus
was used as target oligos. In real applications, the targets should be the whole genome of
bacteria extracted from raw samples. This GQDs-AuNPs FRET biosensor will be
adapted for the whole genome of S. aureus detection in the future, which has the
potential to be used as a simple, sensitive and portable platform for in-field foodborne

pathogen detection in food safety and environmental screening.

In the second part, we have constructed a novel GO-peptide FRET based
proteolytic biosensor for bacteria protein toxin BoNT-LcA detection. The ability of
long-range energy transfer and high quenching efficiency of GO allows the assembly of

lengthy peptide substrate sequence on GO surface for the access of LcA toxin. Moreover,
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the large planar surface area of GO provides the simultaneous quenching capability
which is unavailable to conventional FRET based BONT enzymatic activity assay
with a single-donor versus single-acceptor dye configuration. This peptide-
conjugated GO complex based FRET system with BSA passivation could decrease
non-specific adsorption and keep high stability in protein abundant solution
compared with peptide-adsorbed GO composite. The LOD of 1 fg/mL for BoNT-
LcA wusing this GO-peptide FRET biosensor is much lower than current
dominating methods including mouse bioassay, immunoassays and the commercial
available FRET Kkits, whose LOD is around 1 pg/mL to 1 ng/mL. This GO-peptide
FRET biosensor can be easily adapted to the detection of other BONT serotypes
with alternative peptide substrates, which provides an ultrasensitive platform as
BONT enzymatic activity assay. Therefore, peptide-conjugated GO complex plus
passivation is a better FRET-based peptide assay platform compared with peptide-

adsorbed GO composite.

In the last part, FAM-aptamer/GO nanocomplex based FRET biosensing was
fabricated for sensing and imaging circulating tumor cells (CTCs) in breast cancer. By
making a use of specific affinity interaction between EpCAM aptamer and EpCAM
protein expressed on the surface of cancer cells, sensitive and specific sensing and
imaging of MCF-7 breast cancer cells was realized. The recovered fluorescence image
and signal strongly demonstrated the feasibility of this FRET application in cancer
imaging and sensing field. However, the sensitivity and limit of detection (LOD) of this
FAM-aptamer/GO nanocomplex based FRET biosensing will be investigated in the
future.
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In this study, we have discovered the excellent photoluminescence properties of
GQDs as a FRET donor, which possess higher brightness, better photo-stability and
lower toxicity contrasting to organic dyes and quantum dots. We have demonstrated the
super quenching ability of GO as a FRET acceptor, which offers this FRET biosensor
with higher signal to noise ratio and stability comparing to traditional one. In the future
work, it is possible for us to construct a FRET biosensor using GQD and GO as a FRET
pairs, and make a good use of the merits of both GQDs and GO to further increase the
sensitivity and the detection limit of FRET biosensors in various biological applications,
such as bioimaging, biolabeling and biosensing. As GQDs and GO are both carbon
based nanoparticles, they are relatively low cost and low cytotoxicity. Furthermore, the
upconversion luminescence opens a door for near-IR light diagnostic using multi-photon
excitation, which is less harmful to living biosystems. These properties make it possible
to generate a GQD and GO based FRET biosensor with high potential of extracellular or

intracellular applications.

In this study, we demonstrated the feasibility to use GQD FRET biosensor for
MCF-7 cancer cell detection. The sensitivity of this GQD FRET assay need to be
improved to single cell level and the specificity for cancer cell detection need to be
tested with normal breast cells (MCF-10A). In the future study, it is also possible to
integrate this FAM-aptamer/GO nanocomplex based FRET biosensor with microfluidic

devices for field detection.
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