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Abstract

Infection with pathogens such as influenza virus or methicillin-resistant
Staphylococcus aureus (MRSA) is a threat of public heath and economic burden.
Thus, it is an urgent matter to develop a fast yet simple detection method with high
sensitivity and selectivity for disease diagnosis. Loop-mediated isothermal
amplification (LAMP) is a powerful technique without using thermal cycles to
amplify target DNA from pathogens. LAMP is a highly sensitive and rapid detection
method working at one temperature at 60 - 65 °C. With appropriate primers, target
genes can be amplified by LAMP within 30 minutes. The specificity of LAMP is
very high since four primers are utilized to amplify one DNA template. Another
advantage is that LAMP can also be used to measure cDNA or RNA guantitatively,
similar to that of the real-time PCR (qPCR).

Nowadays, SYBR Green | (SGI) is a commonly used DNA binding probe to
report qPCR signals. According to work from Gudnason et al (2007)., SGI has effect
in increasing the Ct value in gPCR in a dose dependent manner. However, due to the
short history of LAMP, no or not too many studies using SGI for real-time LAMP
(RT-LAMP) is available in the literature. In the first part of this thesis, the inhibitory
effect of SGI and another DNA binding dye, SYTO-9 (ST9) on RT-LAMP for the
detection of the panton-valentine leukocidin (PVL) gene of MRSA was confirmed.

According to the RT-LAMP results, SGI blocked the PVL DNA amplification by



LAMP in a dose-dependent manner. Also, this inhibition was confirmed using the
RT-PCR tools, the amplification efficiency and threshold cycle value, for the analysis.
On the contrary, ST9 showed less inhibitory effect on LAMP when similar
concentration was used. Results from our study indicated that ST9 is more
compatible with the RT-LAMP for fast and sensitive biosensing if fluorescence-based
system is the only choice.

To avoid this negative effect, we tried to combined LAMP and gold
nanoparticles (AuNPs) for biosensing. Through funcationalization, DNA were
conjugated to the AuNPs which acted as carriers or probes for biosensing. We
reported here that AuNPs coated with DNA were used to detect the PVL gene by
LAMP. After DNA amplification at single temperature (65 °C), the Lamplicons
(amplicons from LAMP) were mixed with the DNA probes on the surface of AuNPs.
As a result of DNA-DNA hybridization, AuNPs formed aggregations and the
changes were measured by the tunable resistive pulse sensing (TRPS) technology.
Using the TRPS technique, the agglomerated AuNPs were allowed to pass through a
size-tunable fluidic nanopore to give blockade events which provided information of
the size and dynamic of the agglomerated AuNPs. The TRPS technique was sensitive
and could achieve a detection limited of 208 copies of MRSA templates and the
detction could be completed within a short period of time (2 hours). Therefore, the

LAMP-based AuNP TRSP is a sensitive yet simple platform for detecting different
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kinds of antigens.

Nanoflowers (NF) are the flower-like structure with the core in the middle and
branches extended. It is made of Fe304@SiO2@y-AIOOH@Au, which is able to be
attached with nucleic acids for gene transfer and delivery. We confirmed here the low
cytotoxicity feature of the NFs by AlamarBlue assay in the huamn basophils (KU812
cells) and human embryonic kidney cells (HEK293T cells). NFs were functionalized
with the pEGFP-N1 and pDsRed1-C1 vectors with the green fluorescent protein
(GFP) or red fluorescent protein (RFP) gene, respectively, for transfection by
incubating the KU812 cells or HEK293T cells with the functionalized NFs in culture
medium at 37 °C for 48 hr. From the results of flow cytometry, the expression rate of
GFR or RFP in the KU812 and HEK?293T cells was found to be high, approximately
50 % and 78 % respectively. Our expreiments therefore indicated that NFs is a
biocompatible nanomaterial which is safe and a good carrier of DNA transfection in
human cell lines.

On the other hand, TRPS, originally used in the field of nanotechnology,
was employed to determine cell death in human red blood cells (RBCs) for toxicity
studies. The death process in the RBCs is called eryptosis which is characterized by
the phosphatidylserine (PS) externalization, apoptotic body formation and cell
shrinkage, akin to the features of the classical apoptosis. RBCs were treated with a

potential anti-cancer agent polyphyllin D (PD) or the silver nanoparticles (AgNPs)
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for 24 hr, followed by the cell death detection with the TRPS. With the

externalization of PS on the cell surface, PS-binding probe Annexin V was used to

detect the death in the RBCs. In this connection, magnetic beads were functionalized

with Annexin V-RFP (Bead-Annexin V-RFP) and mixed with the PD- or

AgNPs-treated RBCs. The Bead-Annexin V-RFP could conjugate with the dead

RBCs and formed aggregates, which increased the volumnetric size and could be

detected by the TRPS device. Results from confocal imaging also confirmed this

change - formation of assemblies. The data in our study thus demonstrated that the

TRPS technique was able to detect the number of assemblies of different size. After

subtracted from the background populations, more and larger positive populations

bigger than 85 fL were found in the PD (2.5 and 1.25 yM)-treated RBCs when

compared with the negative control. The combination of the TRPS technique and

modified beads can therefore be used as a good sensing tool for cell death analysis.

Taken together, the work in this thesis shows a key how to integrate and refine

different technologies to provide a good platform for biosensing and other

biomedical applications.
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Chapter 1

Chapter 1 General Introduction

The objectives of this project tried to develop various techniques for biosensing.
Nanomaterials and electrochemical sensors, Tunable Resistive Pulse Sensing (TRPS),
were utilized for DNA sensing, in order to provide accurate, rapid and novel medical
diagnosis biosensors. To extend the utility of TRPS, an alternative application of
TRPS on cell biological study was investigated.

This thesis will be divided into four parts: Isothemal DNA amplification and its
application on pathogen DNA detection (Chapter 2 & 3); Transfection of eukaryotic
cells with nanomaterials carried plasmids (Chapter 4); and detection and analysis of
death of human erythrocytes with electrochemical methods (Chapter 5).

In chapter 2, we focus on the discussion of the technique of real-time
loop-mediated isothermal amplification (LAMP) on pathogens DNA detection [ Yang
et al., 2013], as described in Paper 1. To date, people are threatening by different
kinds of infectious diseases. The outbreaks of Avian influenza and Severe Acute
Respiratory Syndrome (SARS) happened in this decade are lethal, which took only a
few days to spread out the infections in the society. Hence, a fast and accurate
confirmation of the types of pathogens may stop the infections. Molecular-based
detection method is more accurate and time saving than the traditional pathogen

culturing method. For example, it takes 21 days for culturing the Mycobacterium
1



Chapter 1

tuberculosis for drug-resistance testing. In comparison, it takes only a few hours to

do a quantitative polymerase chain reaction (QPCR) in checking the drug-resistance

of the pathogen. The usage of molecular based detection method becomes more and

more popular in the medical laboratories.

Methicillin-resistant Staphylococcus aureus (MRSA) is the pathogen being

studied in this chapter. MRSA was reported in the first time in the UK in 1961, which

was found in the long-term hospitalization individuals. Different from the

hospital-associated MRSA (HA-MRSA), community-associated MRSA (CA-MRSA)

infection cases are happened in the community, with different molecular

characteristics, clinical presentation, risk of contact and infection, and the presence

or absence of exotoxins [Center of health protection, 2007]. To compare with the

HA-MRSA, CA-MRSA is more susceptible to different kinds of antibiotics. Many

CA-MRSA isolates are resistant to beta-lactams, macrolides and azalides antibiotics.

In Hong Kong, the first case of CA-MRSA was reported in 2004 [Ho et al., 2004].

The symptoms of the CA-MRSA infection are mainly found on the skin and soft

tissues, associated with necrotizing pneumonia, empyema, sepsis syndrome, fever

and others. According to the report from Centre of Health Protection (CHP) of

Department of Health, HKSAR (2007), there were 112 notifications of CA-MRSA

infection during 2005 to 2007, and two patients died. Eighty-two cases (73 %) were

2
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found to have Staphylococcal cassette chromosome mec (SCCmec) type IV or V and

the presence of Panton-Valentine leucocidin (PVL) gene. Due to the presence of toxin

genes, microbiological characteristics, and drug-resistant genes, molecular based

detection is suitable to distinguish the HA-MRSA from the CA-MRSA. Also, it can

help us to trace the source of CA-MRSA infections. To monitoring the infection of

MRSA, CHP encourages all the Hong Kong hospital microbiologists to report the

cases, in order to have effective public health prevention and control measures. It has

been shown that MRSA is one of the infectious diseases that Department of Health

seriously concerns.

To shorten the time for diagnosis and obtaining more information on drug

resistance, molecular based detection method, PCR or qPCR are widely used in

clinical laboratories. In the past few decades, there are a number of amplification

methods developed. These include the strand-displacement amplification (SDA),

helicase-dependent amplification (HAD), rolling-circle amplification (RCA) or

ramification amplification (RAM), and loop-mediated isothermal amplification

(LAMP) etc. (Table 1.1) To compare with the traditional DNA amplification by the

PCR, the isothermal amplification techniques have a major advantage that the

reaction can be executed in a water bath at a single temperature without the need of

thermo-cycling (Table 1.2). Also, the reaction can be finished within an hour, with

3
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high sensitivity. For example, RCA allows amplification of the input circular DNA

up to 10,000-fold [Detter et al., 2002]. LAMP is able to detect a few copies of

template [Hill et al., 2008].

Due to the low cost and dramatic high scale of target gene amplifying ability,

LAMP was chosen as the DNA amplification method for the real-time monitoring

and novel biosensor development. In Chapter 2, we firstly demonstrated the real-time

LAMP assay by using fluorescence reporter, such as SYBR Green I dye (SGI) and

SYTO-9 dye (ST9), which were used to monitor the result of DNA amplification in a

way similar to that of the qPCR [Yang et al., 2013]. Also, we discussed the

fluorescence based RT-LAMP for the detection of the MRSA PVL target gene and

the results were published [Yang et al., 2013].
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Table 1.1 Comparison of different common isothermal amplification methods.

SDA: Strand-displacement Amplification; RCA: Rolling-circle Amplification; HDA:

Helicase-dependent Amplification; RPA: Recombinase Polymerase Amplification

Method

Enzyme(s)

Efficiency *

Advantages

Disadvantages

Applications *

SDA @29 DNA Can amplify Strong Involve initial Whole genome
polymerase; >10kb gDNA proofreading; heating step to amplification
DNA segment; Accurate denature DNA and (WGA)
polymerase  Amplifies shotgun fluorescent-labele
I gDNA in genome d probe binding in

several hours sequencing nicking-initiated
from ng, at RT SDA

LAMP Bst DNA Can amplify High High reaction SNP detection
polymerase ~ >200 bp DNA;  specificity due temperature by involving

detection limit  to 4-6 primers  (65°C), require mismatching
as a few copies; for one single  heating systemin  nucleotide on
Amplifiesup to  gene; point-of-care; 5’-end of inner
>10° X in Small amount  Difficult to primer;
15-60 min input DNA quantify; Intergraded
provides large  Difficult to study with detection
amount of structure of system into a
loop-shape lamplicon due to micro-fluidic
lamplicon; the chip
Not require cauliflower-like
special stem loop shape;
reagents and Difficult for
equipment 2>  multiplex LAMP
lower cost; and multiplexing
Can be SNP
detected by
nake-eye =
convenient
RCA @29 DNA High, repeated = Range of DNA  Amplification of Widely used for
polymerase  copies of size is board: padlock probes is  strictly required
template form miRNA usually done by amplification
amplification; to 100kb; PCR; condition;
Amplifies up to  Smaller Small size
10,000 X than template size genome, eg.
input gives higher Viruses,
amplification bacteriophages,
efficiency and plasmids;
lower miRNA
probability for amplification;
strand RCA-based
breakdown; protein assay
Flexible to
couple with
different
detection
module;
High




Chapter 1

specificity due

to the padlock
probe
consisting
two-target
complementar
y segment for
circular DNA
sysnthesis
HDA Helicase 3x 10’ X after ~ Share similar Require numbers Primerase-base
and DNA an hour in 37°C  advantages as  of protein factor d HDA for
polymerase, for primerase- PCR: for amplification;  WGA;
together based HAD for  Relatively For target-HAD, HDA
with WGA simple primer  the amplicon size =~ microarray
ssDNA-bind design; is relatively small,
ing High within 80-120bp
proteins sensitivity;
(SSB) and Relatively
ATP easier to have
multiplex
detection
among
isothermal
amplifications;
Adopts to PCR
detection
method
RPA Recombinas  Allows to Compares with  Require numbers Micro-fluid
e proteins, detect 100 other of protein factors combined RPA
creatine copies DNA isothermal for amplification;  and
kinase, Bsu ~ within 30 min amplification, = Reagents are Lab-on-a-chip
DNA no need to heat easily oxidized
polymerase up (reaction that increasing
and ATP temperature difficulty of
lower than 37  handling;
°C) Reaction initialed
by adding
magnesium
acetate at RT that
carefully handling
is needed;
Failed to amplify
large size of
targets (< 1500
bp)
*[Kim and Easley 2011]




Chapter 1

Table 1.2 Comparison of LAMP, Traditional PCR and Real-time PCR.

LAMP Traditional PCR Real-time PCR
Time 30-60 min Usually 2.5 hr (for 35 30 min -2 hr
cycles)
Thermal cycles Noj; Optignal temperature ~ Yes, including denature, Yes
at 60-65 C annealing, elongation
Amplicons Variable, can be very Exact size, usually 100-1000 Not less than 50bp,

large *;

dsDNA with stem-loop;
The concentration of
amplicons can be
400-800 ug/ml *

dsDNA; the concentration
of amplicons can be 4-40
ug/ml **

100-150bp is optimal;
dsDNA

Specificity and ~ As sensitive as qPCR, 10  Low sensitivity High specificity and
Sensitivity copies can be detected sensitivity
Detection Immediately by naked Gel electrophoresis Real-time; DNA dinging

eyes (+ve or —ve result)

dye; TagMan; Molecular
Beacons

The readout platform described in Paper Il is reported in Chapter 3. DN A-surface

interactions draw more and more attention due to two reasons. Firstly, some

techniques require the immobilization of nucleotides, including DNA for the DNA

microarray and miRNA microarray. In terms of signal acquisition and device design,

surface plasmon resonance (SPR) and mass-base detection with gold surface are

commonly used for label-free detection [Liu 2012]. Secondly, gold nanoparticles
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(AuNPs) and other NPs provide a new dimension to study DNA-DNA interactions

for biosensors development, and drug- and DNA-delivery for different biomedical

applications. As an excellent fluorescence quencher, AuNPs enable fluorescence

signaling due to the absorption or desorption of DNA [Dubertret et al., 2001; Ray et

al., 2007]. Also, the AuNPs SPR effect and the surface chemistry for DNA

immobilization give a new technique for DNA detection without using traditional

DNA reporting dyes. At the same time, the assembly of AuNPs after DNA absorption

provides a good measure to detect the amount of target DNA in a highly specific

manner [Li and Rothberg et al., 2004a, b; Wang et al., 2010; Xu et al., 2011].

Moreover, AuNPs-DNA can be internalized by cells for transfection whereas the free

DNA cannot [Rosi et al., 2006].

In this connection, Tunable Resistive Pulse Sensing (TRPS) can be used to

non-optically to characterize and quantify the aggregation dynamics of AuNPs in

solution in a label-free manner. TRPS is an electrochemical analysis technique that

allows the monitoring of target analyte-induced nanoparticles aggregation. Similar to

flow cytometry, the size of particles can be measured one-by-one in the solution.

Besides the size, other parameters, such as the surface charge and concentration of

particles can be analyzed [Billinge et al., 2013]. The integration of the use of LAMP,

AuNPs and TRPS is firstly demonstrated in Chapter 3 for the detection and

8
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quantification of the MRSA DNA.

In Chapter 4, we are going to discuss something different from the previous

chapters. As mentioned, the usage of NPs in biological and medical studies becomes

more and more common. Besides using NPs for DNA detection as demonstrated in

Chapter 3, one of the applications is the NP-mediated nucleic acid delivery for the

gene therapy. NPs are tiny particles small enough to pass through the cell membrane

as DNA carriers to bring DNA into cells efficiently. Existing in a variety of sizes,

shapes and materials, NPs have been frequently applied in biomedical applications

for the delivery of drug [De Jong and Borm 2008] and nucleic acids [Schins et al.,

2002].

Now, there are many types of NPs different in shape and size. Among

different kinds of NPs, flowers-like NPs, also known as Nanoflowers (NFs) are of

particular interests due to the high surface areas. The technique of DNA transfection

using NFs is described in Chapter 4. In general, NFs are composed of a nano-sized

core, which is usually a metal oxide, covered a shell made up of large quantities of

nanosheets of 5-10 nm thick and 100-300 nm wide. Our collaborators have

previously  reported  the  fabrication of a  hierarchical  core/shell

Fe;0,@S102@y-AIOOH@ Au NFs and the potential use for protein immobilization

(Xuan et al., 2011). Owing to the exceptionally high surface area of the extensive

9



Chapter 1

nanosheets on the surface, and the large void nano-space in between the nanosheets,

the NFs allow the immobilization of bovine serum albumin (BSA) up to 369.3 mg

per gram of NFs. To further increase the use of the NFs, we suggested that the NFs

could be used for nucleic acid delivery by making use of its unique features for

targeted-drug/gene delivery and therapeutic purposes. We aim to show the feasibility

of plasmid-functionalized NFs as a non-cytotoxic tool for targeted gene delivery for

biomedical purposes.

In Chapter 5, it is going to report the application of TRPS on cell biology in

addition to the nanotechnology. As presented in Paper 111, the death of mature human

erythrocytes (RBCs) induced by Polyphyllin D (PD), the anti-cancer drug was

studied. In our pervious study, it was confirmed that PD can induce the apoptosis of

drug-resistant human liver cancer cells (R-HepG2) through the mitochondrial

apoptotic pathway, leading to the phosphatidylserine (PS) externalization and DNA

fragmentation [Cheung et al., 2005; Ong et al., 2008]. Based on the fact that RBCs

are devoid of nuclei and mitochondria, it is believe that PD would not lead to the

death of RBCs, due to the lacking in elements for mitochondrial apoptotic pathways.

However, out of the expectation, we found that PD can trigger the death of RBCs.

The death program of mature human erythrocytes (RBCs), eryptosis, is

characterized by cell shrinkage, membrane blebbing, activation of protease, and

10



Chapter 1

exposure of phosphatidylserine (PS) on the cell surface [Lang et al., 2006].The
exposing of PS is a signal for equipping macrophages to engulf RBCs. It is believed
that eryptosis is a process to removedefective RBCs to avoid hemolysis. Different
from apoptosis, eryptosis is triggered by oxidative stress, formation of prostaglandin
E, leading to the activation of Ca®*-permeable cation channels, and the
phospholipase Aj-mediated release of platelet-activating factor activating
sphingomyelinase, leading to the formation of ceramide [Lang et al., 2006]. In
Chapter 5, we studied the effect of PD on the induction of eryptosis by using TRPS.
In this chapter, we reported the usage of TRPS in cell death analysis for the first
time.

On the other hand, due to the increase number of new resistance strains of
bacteria to current antibiotics, the study of anti-bacterial nanomaterials becomes
more and more important [Sotiriou and Pratsinis 2010]. The anti-bacterial activities
of silver ions and silver-based materials have been confirmed in a wide range of
mirco-organisms. Silver nanoparticles (AgNPS) can affect the tyrosine
phosphorylation in bacteria, leading to the decrease of bacterial growth. Hence, the
silver-based materials have been extensively used in treating a variety of infections
such as burns and wound-healing purposes. As the rapidly development of

nanomedicine, the safety issues of using nanomaterials has been concerned. Due to

11
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the chemical composition, surface structure, surface functional groups, surface area

to volume ratio, nanomaterials share different levels of toxicity. A wide range of

surface coating methods provides countless possibility of conjugation of any

biomolecules interested to the nanomaterials. For example, polyethylene glycol

(PEG), which is commonly used as surface coating for AuNPs, serves as a stable

anchor for biomolecule conjugation [Holpuch et al., 2010]. However, health and

safety issues of using NPs in human and animals are also greatly concerned. Our

previous studies showed that the surface coating is crucial to the biocompatibility of

AuNPs to human erythrocytes and basophils [Lau et al., 2011; Cheung et al., 2012].

In addition, the shape of NPs also determines the toxicity [Kulamarva et al., 2008].

Therefore the choice for the type of NPs and their surface treatment are of most

important for biomedical applications.

The toxicity of nanomaterials can be caused by the production of reactive

oxygen species (ROS), which may lead to inflammation, damage of cell membranes

and DNA [Nel et al., 2006; Holsapple et al., 2005]. The safety, environmental and

health issues of nanomaterials are still under investigation. In Chapter 5, we tried to

briefly demonstrated the effect of silver nanoparticle (AgNPs) on human erythrocytes

(RBCs) by TRPS, supported by confocal image.

12
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Chapter 2 Fluorescence-based and Optical-based
Loop-mediated Isothermal Amplification

2.1 Introduction

In this chapter, the Lamplicons (products of LAMP reaction) monitoring method
and the effect of DNA dyes, SYBR Green | (SGI) and SYTO-9 (ST9), in LAMP
reaction were investigated. At the same time, the non-fluorescent based monitoring
method was also introduced, in order to improve the technology of nowadays

Lamplicons detection methods.

At present, detection of pathogens relies on the amplification of DNA. This is
based on the fact that pathogen carries uniqgue DNA signature that can differentiate it
from other organisms. Also, the pathogen genetic make-up provides information on
drugs resistance and mutation. Recently, in Hong Kong and Europe, both Scarlet
fever and enterohemorrhagic E. coli (EHEC) are found carrying drug resistance and
mutations. The epidemics spread rapidly and are fatal. The traditional identification
method by aseptic culturing is not efficient enough to study the bacterial characters.
It is an urgent matter to understand the characteristics of bacteria or novel virus as
infections from these microorganisms may be lethal within a few days. In Hong
Kong, when a patient is suspected to have been infected by unknown pathogen,
samples are collected for further detection by sample culturing, DNA detection or
sequencing. In this regard, polymerase chain reaction (PCR) is the most widely
used DNA amplification method. It exponentially amplifies a fragment of interest
DNA through thermo-cycling enzymatic reactions. PCR starts with 95 °C
heat-treatment to denature the double-stranded DNA template. Two ssDNA strands

then cool down to 55 °C to be hybridized with primers with complementary
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sequences (annealing). Subsequently, the primers-DNA complex is heated to 72 °C to
allow the heat-stable DNA polymerase to add nucleotides from 5’ to 3” end according
to the Watson and Crick base pairing with reference to the DNA template sequence
(extension). By repeating the above three steps, a single DNA template can be

amplified into millions of identical copies.

To monitor the PCR amplification in a real-time (RT) manner is regarded to be a
rapid and specific detection method to identify pathogens (QPCR or real-time PCR
(RT-PCR)). There are four different chemistries for the qPCR. Namely, they are the
TagMan, SYBR Green, Molecular Beacons and Scorpions design which are available
as reporters for the gPCR detection. All of the above techniques allow PCR products
to be detected by fluorescent signals during thermo-cycles. However, there are
disadvantages using these approached to detect target DNA. First of all, labeling of
molecules or synthesis of specific reporters is expensive. Secondly, fluorescence is
easily to have photo-bleaching. Additionally, the machine for gPCR is expensive and

energy-demanding.

Isothermal amplification methods, similar to the gPCR, can be monitored in RT
during the process of DNA amplification by different means or immerged with
different detection platforms. In our project, LAMP was chosen for target DNA
amplification. The reasons for choosing LAMP are as follows: First of all, the
reagents and materials for LAMP reactions are simple and easily obtained, compared
with the other isothermal methods. Besides, the enzymes and other protein factors
are not needed. The cost of the reaction is low and the setup for LAMP is simple.
Second, the potential to determine the LAMP products (Lampilcons) as a result of

the complicate structures of the products is high. For example, RT detection of
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LAMP products can be easily executed using fluorescence or turbidity [Aoi et al.,
2006; Mori et al., 2001, 2004]. Also, the application of LAMP on chips and NPs is

not yet developed.

LAMP has been developed for an era by the researchers of Eiken Chemicals
Company, Tokyo, Japan. The specificity of LAMP is very high. Four to six primers
are utilized for amplifying one single gene. Two long primers, FIP and BIP can
recognize two positions at forward and backward of a dsDNA template respectively.
Another two short primers, F3 and B3, help the FIP and BIP to recognize the specific
position (Figure2.1.1). During the amplification process, Bst DNA polymerase has
the strand displacement and the 5’ to 3’ DNA polymerization ability at 60 - 65 °C
[Zhang et al., 2009]. After the elongation process, cauliflower-like DNA loops are
formed. As the incubation time increased, the quantity and length of DNA loop
would be increased [Mori and Notomi 2009; Parida et al., 2008]. Hence, a small
amount of DNA template can be amplified to a very large amount of DNA loop

shape products, Lamplicons.

For the detection of Lamplicons, similar to the case of PCR, gel electrophoresis
can be applied for checking the relative amount of target genes. Also, due to the
incubation temperature at 65 °C, the pyrophosphate ions produced by dNTP during
the DNA amplification form precipitates in the reaction mixture. Whereas the
precipitates disappear in high denature temperature in the PCR thermal cycles.
Investigators can use naked eye to observe the result of LAMP immediately after
reaction [Mori et al., 2004]. To make the result more easily to be observed, some
dyes including SGI and calcein can be added into the reaction mixture after

amplification. These dyes give fluorescence signal under UV irradiation. Yet, the
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end-point methods mentioned above cannot monitor or quantify the target genes by
LAMP in a RT manner. Therefore, it will be nice to employ DNA binding dyes to
report fluorescence signal in a RT fashion for LAMP reactions in a way similar to the
gPCR. To date, no literature is found to report the fluorescence-based real-time
LAMP (RT-LAMP or qLAMP) reaction. One of the reasons may be due to the
unknown inhibitory effect of the DNA dyes to LAMP reaction. Previous studies
suggested that SGI dyes inhibit the amplification efficiency in the gPCR [Gudnason
et al.,, 2007]. The GC content of target genes is one of the factors decreasing the
binding affinity of SGI to DNA, thus lowering the efficiency of DNA amplification.
However, the inhibitory effect of SGI and other DNA molecular probes in LAMP

remains unknown.

To detect target genes, surface plasmon resonance (SPR) is a highly sensitive
label-free optical system when compared with gPCR. It can be used to measure
different  bimolecular interactions such as DNA-DNA, RNA-DNA,
nucleotides-protein, protein-protein, aptamers-protein and antibodies-antigens etc. in
a RT manner [Scarano et al., 2010]. The molecules binding on gold surface in SPR
can lead to light phase shift for biosensing. It is a highly sensitive and specific
detection method. In this study, we are going to use SPR to detect the pathogen DNA
or RNA in a RT manner. Unfortunately, SPR is a temperature sensitive optical system
that cannot be used with PCR thermo-cycles to amplify DNA. Hence, the isothermal
DNA amplification, LAMP, was applied. The advantage of using isothermal
amplification instead of traditional PCR is that less time consuming for temperature
change. Also, our data show that LAMP has higher sensitivity than PCR. Hence, by
combining SPR and LAMP (SPR-LAMP), the biosensor would be very sensitive and

efficient. Having the above advantages, it is believed that the SPR-LAMP will be a
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good system for disease diagnosis and prognosis, toxin and contamination detection,
as well as for pollution monitoring and forensic investigation. To proof the concept
for the SPR-LAMP system, a particular pathogen is chosen as the model. The criteria
of choosing the model are the convenience for obtaining samples, low risk of
infectious and the prospective of drugs resistance. It is expected that SPR-LAMP is a
fluorescence-label free, high sensitivity, quantitative and low cost system for target
DNA detection. In our project, one of the major works is to obtain a standard curve
for the conversion between SPR light phase change signal and the pathogen amount
or its DNA copy number. In addition, multi-gene amplification is needed for
point-of-care diagnosis purpose. The ideal SPR-LAMP is not only suitable for the
model chosen, but also can be applied on the sensing with pathogens, genetic

diseases, or even food contaminants.

SPR technique has been used as a power alternative for studying bimolecular
interactions. In fact, SPR is not only for protein-protein interaction detection, but also
for the detection of DNA [Goodrich, Lee & Corn 2004]. One of the advantages using
SPR as a tool for genomic DNA or RNA assay is that SPR can provide direct
analysis in an array format. It is expected to be useful for viral and bacterial
identification, gene expression analysis and biological warfare detection. However,
the extensively application on DNA and RNA detection is limited, due to its
nanomolar detection limit [Nelson et al., 2001]. Normally, the quantification of gene
expression and disease marker is in the femtomolar level, especially the assay only
using a drop of blood or body fluid. This means we still have difficulties in using

conventional SPR for point-of-care application.

To improve SPR measurement, different means were published within this
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decade, for example, incorporation of fluorescent spectroscopy into SPR to push the
detection sensitivity to attomolar level; incorporation of bi-cell photodiode detector;
modifying SPR Au-surface by coating gold-capped nanoparticle layer or porous
substrate allowing DNA to hybridize [Kim et al., 2007]. Also, some research groups
focused on incorporating additional chemical reactions and using external labels to
raise the DNA detection sensitivity, for example, performing SPR detection after
amplifying DNA by PCR [Wang et al., 2004]. In particular, the amplicon obtained
from PCR was heat denatured, followed by hybridization with short oligonucleotide
to avoid re-annealing. The hybridized ssDNA was flown into Biacore XTM SPR.
The sensor chip was coated with oligonucleotide probes which are complementary
with the amplicons. The probes were conjugated with thiol group for attaching to Au
surface. By this approach, the amplified-DNA hybridized with oligonucleotide had
4-fold larger RU compared with the one without hybridization. The purpose of
involving DNA amplification was that enhancing the number of DNA copies. The
hybridization of oligonucleotide to denatured DNA not only avoided re-annealing,
but also elevated the sensitivity. Hence, a significant difference of RU could be
observed for different amount of DNA. However, the denature step in PCR includes
a heating step at 95 °C, which is not compatible with the SPR platform for
simultaneous target DNA amplification and detection step. Therefore, the
combination of LAMP with, SPR seems to be a good integration to speed up the

analytic process.
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Fig. 2.1.1 Position of primer set binding on target gene in LAMP reaction. The
essential primers, including FIP, BIP, F3 and B3 primers. FIP primer hybridizes to
F2c and F1 regions. BIP primer hybridizes to B2c and B1 regions. F3 and B3 primers
are located at F3c and B3c regions respectively. The non-essential primers, Loop F
and Loop B primers are complemented with the regions between F2c and Fl1c or B1

and B2. [Curtis et al., 2008]

2.2 Materials and Methods

2.2.1 Materials

45 nm thick Gold sensor chips and white light LED spectrum-SPR were

obtained from Prof. H.P. Ho’s group, Department of Electronic Engineering, CUHK.

All the buffers and reagents were prepared by dissolving chemicals into double
distilled water (ddH,0). The pH value was adjusted with HCI or NaOH.
Phosphate buffered saline (PBS) was composed of 136 mM NaCl, 2.7 mM

KCI, 1.5 mM KH,PO, and 8 mM Na,HPO,. PBS is titrated to pH 7.4, and then
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sterilized by autoclave. PBS was stored at room temperature. Filtration and degassing
were done before used.
5X TBE Buffer was composed of 57 g Tris base, 27.5 g boric acid and 20 mL

0.5 M EDTA (pH 8.0), dissolved in 1 L of ddH,0.

2.2.2 Methods

2.2.2.1 Preparation of MRSA DNA template

The MRSA PVL toxin gene was synthesized by overlapping PCR using the
information from the database at NCBI GenBank (Accession AB488779, from codon
604 to 943, 340 bp long). Overlapping PCR reaction was performed in a 50uL
reaction mixture, containing 0.2 uM each of primers (Sangon Biotech); 1 X Pfu
DNA polymerase reaction buffer (Promega) (20 mM Tris-HCI, 10 mM KCI, 10
MM(NH4)2SO04, 2 mM MgSO,, 0.1 % Triton X-100 and 0.1 mg/mL nuclease-free
BSA); 200 uM dNTP mixture; 0.5 unit Pfu DNA polymerase (Promega) and the
volume was adjusted by nuclease-free ddH,O. The mixture was placed in a thermal
cycler for PCR reaction: initial denature at 95 °C, 3 min; thermal cycle starting from
denature at 95 °C, 30 sec; annealing at 58 °C, 30 sec, extension at 72 °C, 1 min 20 sec,
for 35 cycles; and final extension at 72 °C, 10 min. The schematic diagram showing

the overlapping PCR is below (Figure 2.2.1):

1 1918
604 943
“ — — —
Ol . | . ] . ]
(_— (__ - BamH|

Fig. 2.2.1 Schematic diagram showing the construction of MRSA PVL DNA
23



Chapter 2

template by overlapping PCR.

The final DNA product was sequenced (Tech Dragon) and it was confirmed that

the sequence was 100 % identical to the PVL DNA sequence in the GenBank.

2.2.2.2 LAMP reaction and PCR reaction

LAMP primers (2 outer primers (F3, B3) and 2 inner primers (FIP, BIP)) specific
to the PVL gene was designed using the Primer Explorer software, version 4.0
(http://primerexplorer.jp/elamp4.0.0/index.html) (Table 2.2.1). All primers were in
ultra-PAGE grade and the 5’-end of the FIP primer was biotinylated (Sangon
Biotech). LAMP reactions were performed according to procedures as described
[Tomita et al., 2008]. Briefly, the reaction was performed in a 25 uL reaction mixture,
containing 1.5 uM of BIP and 5’-biotin-FIP; 0.4 uM each of F3 and B3; 1 X
ThermoPol reaction buffer with 2 mM MgSO,4 (20 mMTris-HCI, 10 mM (NH4),SOq,
10 mMKCI, 2 mM MgSOQq, 0.1 % Triton X-100, pH 8.8) (New England BioLabs);
0.8 M Betaine (Affymetrix USB); 10 mMdNTP; 0.8 uL of 8 units Bst DNA
polymerase (New England BioLabs); 1 uL of MRSA template (10® copies);
additional with 6 mM MgSQO, and the volume of reaction mix was adjusted by
nuclease-free ddH,O. The mixture was incubated at 65 °C for 30 min.

Table 2.2.1 LAMP Primers for MRSA PVL target DNA

Primer Name | Sequence (5’ > 3°) Locus

F3 AGACAATGAATTACCCCCATT 666-686

B3 CGTTGTGTATTCTAGATCCTTCT 859-837

FIP* GTATCTCCTGAGCCTTTTTCATGAGAATTCTACACAGTGG | F2: 689-708;
TTTCAATCCT Flc: 752-729
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BIP* TAACGTATGGCAGAAATATGGATGTGAATTCACTATTGCC | Blc: 767-791
ATAGTGTGTTGTT B2: 831-810

B2-LB 5’C6(SH)-ATAT-ACTATTGCCATAGTGTGTTGTTCTTCTAGT | 831-798,
AGCATGAGTA 44 nucleotides

*FIP and BIP primers were composed of short primers F2, Flc, and B2, Blc,
respectively. The sequence and loci of all primers, including F2, Flc, Blc and B2
were shown. F2 and Blc were located on the target strand, whereas F1c and B2 on
the complementary strand. The orientation of the construction of the FIP and BIP
were from 5°-F2-F1c-3” and 5°-B1c-B2-3’ respectively. The EcoRI restriction site
was underlined.
2.2.2.3 RT-LAMP reactions

RT-LAMP reactions were conducted in MicroAmp Fast Optical 96-Well
Reaction Plate, 0.1 mL (Applied Biosystems) and monitored using MyiQ™?2
two-color RT-PCR detection system (Bio-Rad). Reaction mixture was prepared as
described above. The sample was initially heated at 50 °C for 1 min, followed by 50
cycles of 65 °C for 1 min each (including fluorescence detection step) in the RT-PCR
machine, followed with termination at 80 °C for 5 min. After amplification, the
melting curves were acquired by heating the sample with the following dissociation
program: 95 °C for 1 min; 55 °C for 1 min; and 55 to 90 °C by 0.5 °C with a hold of

10 sec each step. The threshold was set at 400 relative fluorescence units. The

threshold cycles (Ct values) of RT-LAMP with either SGI or ST9 were compared.

2.2.2.4 Gold chip modification

Gold sensor chips of 45nm thick were cleaned by absolute ethanol twice, followed
by 10mM 11-mercapto-undecanoic acid (MUA)/ethanol (Sigma-Aldrich) overnight
incubation at room temperature. The incubation medium then changed to aqueous by
washing with phosphate buffered saline (PBS). Freshly prepared 0.4M
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC) and 0.15 M

N-Hydroxysuccinimide (NHS) (both in PBS) were mixed and injected to the chips,
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and incubated for 15 min. Streptavidin (Img/mL) in PBS was subsequently injected
to chips. After 15 min incubation, the non-specific binding on the gold surface was
blocked by ethanolamine (1 M, pH 8.5, 10 min). Between each of the incubation
steps, the chips were washed twice by PBS. After washing, the chips can be stored at

4 °C in PBS until use.

2.2.2.5 End-point Spectral-Surface Plasmon Resonance (SPR)-LAMP detection
The white light LED spectrum-SPR was utilized in our SPR-LAMP system.
Samples (Lamplicons) were 5 X diluted with nuclease-free ddH,O before detection.
The surface prepared gold sensor chip was connected to injection tubes. 0.2 X LAMP
reaction buffer (0.2 X ThermoPol reaction buffer, 1.2 mM MgSQ,, 0.16 M betaine)
was used as SPR running buffer. After obtaining a stable baseline, 40 pL diluted
sample was flowed into the chamber of chip. Signals were detected for 30 min. The
chamber was then flowed with 100 uL running buffer, followed by regeneration with
60 pL 25 mM NaOH. Running buffer (50 pL) was used for washing after

regeneration. The spectrum was recorded every two seconds.
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Fig. 2.2.2 Setup of spectral-SPR-LAMP system.

B2c
Loop-mediated Bl
Isothermal B -
Amplification @__—_W
(LAMP)
Primer B2 1c F2c
(FIP) - l:> bl
Linker Targ.et DNA
- Primers
Biotin

7@ Polymerase @

=

Light beam SPR signals

Avidin

Fig. 2.2.3 Schematic diagram of spectral SPR-LAMP for detecting target DNA.
Biotinylated FIP primers were allowed to bind to the SPR gold layer coated with SA.
When amplification occurred, target gene on the SPR surface was detected by phase

change.
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2.2.2.6 Calculation

Curve fitting and finding dip of the spectrum were done by using the MATLAB
software. Histogram and standard curve were plotted as mean + SD (n=3), and

p-values less than 0.05 were considered statistically significant. Data were compared

with student t-test.
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2.3 Results

2.3.1 Fluorescence-based visualization for Lamplicons detection

End-point fluorescence-based visualization is widely used as Lamplicons
observation. By adding 2.5 uM of calcein solution, which could capture the
magnesium pyrophosphate salt in LAMP reaction mixture with Lamplicons, exhibited
fluorescence under UV irradiation (Figure 2.3.1). For the reaction mixture without
target DNA template or before DNA amplification, the calcein in the mixtures could

not exhibit fluorescence under UV light.

A Traditional DNA dye, SGI can also been utilized as end-point visible
observation in LAMP. In the time-dependent LAMP assay, the Lamplicons were
drawn out after incubating at 65 °C for 0, 10, 20, 30, 45 and 60 min respectively,
followed by gel electrophoresis to check the formation of Lamplicons (DNA ladder
bands) (Figure 2.3.2a). At the same time, 1 X SGI dye was added into each of the
corresponding tube, followed by exposing UV light (Figure 2.3.2b). In the gel photo,
there were enough Lamplicons produced after 30, 45 or 60 min of amplification
(Figure 2.3.2a, Lane 4 - 6). However, the DNA ladder was absence in 0, 10 and 20
min amplification (Lane 1 - 3). For the SGI end-point visualization, only the reaction

mixtures with 30 and 45 min amplification could exhibit green fluorescence under UV
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light. The SGI end-point visualization result matched with the gel electrophoresis

result.

Fig. 2.3.1 Naked-eye visible end-point detection of Lamplicons by using calcein.

2.5 uM of calcein solution was added into each of the 25 yL reaction mixture,
followed by UV irradiation. Tubes from left to right were positive sample, negative

sample and reaction mixture at time before incubation at 65 °C respectively.
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()

(b)

Fig. 2.3.2 Traditional end-point detection method to detect Lamplicons after
different time-interval of LAMP reaction. (a) 12 % PA gel electrophoresis was

done by loading 10 uL of Lamplicons, post-stained with 3 X GelRed™ dye. M: 1kb
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plus DNA ladder marker; Lamplicons were produced after 1: 0 min; 2: 10 min; 3: 20
min; 4: 30 min; 5: 45 min or 6: 60 min of LAMP reaction. (b) The gel electrophoresis
corresponding reaction tubes were detected by using Fluorescent-based visual method.
1 X SGI dye was added into each reaction tube, exposing to UV light. The reaction
tubes, from left to right, were referred 0 min, 10 min, 20 min, 30 min 45 min and 60

min LAMP reactions. The amount of DNA was 1,000 copies per 25 uL reaction

mixture.

2.3.2 RT-LAMP detection by using DNA dye

Figure 2.3.3 compares the efficiency of DNA amplification of MRSA PVL toxin
using LAMP and PCR through the conventional end-point agarose electrophoresis
assay. As can be seen in the agarose gel, PCR required 10° copies of DNA templates
to report the presence of MRSA PVL (Lane 13) (Figure 2.3.3). On the contrary,
LAMP only required 100 copies and used a shorter incubation time (LAMP 30 min vs.
PCR 75 min) to provide strong signals (Lane 1), while the negative controls in the
absence of template showed nothing (Figure 2.3.3). These results indicate that LAMP

has a lower detection limit than PCR to probe the MRSA.

To test the utility of SGI for the RT-LAMP, we put SGI into a reaction mix and
evaluated its effect on DNA amplification first by conventional gel electrophoresis.

After performing LAMP for 30 min, DNA fragments were separated by
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polyacrylamide gel electrophoresis to give better resolution. PCR products were run
simultaneously in the polyacrylamide gel. After electrophoresis, DNAs were stained
by GelRed™ solution for comparison. As shown in Figure 2.3.4a, when the MRSA
template was included in the reaction mix in the absence of SGI, LAMP produced a
series of DNA bands (Lane 5) while PCR generated one single band (193 bp) (Lane
11), indicating the nature of LAMP. Different from PCR, LAMP did not give a single
band but a DNA smear indicating the formation of cauliflower-like DNA structures of
different molecular size. Although LAMP could not synthesize amplicons of the same
size to the target DNA template, the DNA smear provided an advantage to increase
assay sensitivity if bulk fluorescence was determined from a reaction tube. A second
finding of note in Figure 2.3.4a is that when SGI was added into the reaction mix, it
blocked both the DNA amplification using LAMP (Lanes 3 & 4) or PCR (Lanes 9 &
10) when its concentration was greater than 1 uM. In fact, SGI has been previously

shown to exert inhibitory effects on PCR [Gudnason et al., 2007].

The binding affinity of SGI to dsDNA is affected by the ionic strength of
reaction buffer [Zipper et al., 2004]. A tight binding affinity may impose an inhibitory
effect on LAMP. Also, Mg®* is required for the Bst-mediated DNA polymerization

[Wang et al., 2004; Li et al., 1988] and the DNA double-helix stability [Notcovich et
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al., 2000; Owczaray et al., 2008]. We therefore investigated the effect of the
concentration of Mg2+ on the SGI-mediated LAMP inhibition. In Figure 2.3.4b, the
final concentration of Mg?* ions was increased from 6 to 10 mM for LAMP. As can be
seen, SGI again inhibited the LAMP in a concentration dependent manner. For the
effect of Mg®", it can be seen that 8 mM was the optimal concentration for LAMP.
These observations are consistent with the previous findings that 4 to 8 mM is the
optimal Mg** concentration for LAMP [Notomi et al., 2000; Saiki et al., 1988].
However, further increase in the Mg?*concentration could not eliminate the SGlI

inhibitory effect (Figure 2.3.4b).

In view of the SGI inhibitory effect on LAMP, we tried another DNA
intercalating dye for RT DNA biosensing. Similar to SGI, ST9 is non-fluorescent by
itself too, but it becomes highly fluorescent upon binding to dsDNA. As shown in
Figure 2.3.5, LAMP again gave a series of DNA bands. Pre-loading of ST9 up to 2uM
in the LAMP reaction mix (Lane 1) only showed a small inhibition (weaker
fluorescence) when compared to that with a lower ST9 concentration (e.g. Lanes 3, 5
and 7). On the other hand, SGI once more blocked the LAMP reaction (e.g. Lanes 9

and 11).
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Next, we tested the use of ST9 for the RT-LAMP using a RT-PCR machine but
set the temperature at 65 °C all the time. As shown in Figure 2.3.6a, significant ST9
fluorescence above threshold was obtained 20 min after the LAMP reaction. The more
the ST9 in the reaction mix, the stronger the fluorescence was obtained. On the other
hand, when SGI was used as the fluorescent reporter, 2 uM of the dye totally blocked
the LAMP reaction (signals overlapped with the baseline). When the concentration of
SGI was reduced to 1uM, significant fluorescence above threshold was observed 30
min after LAMP reaction. Further reduction of the SGI concentration gave an earlier
start of the rising phase but signals reached its plateau before 30 min. Also, the
log-linear range in the exponential phase of DNA amplification was very narrow

(Figure 2.3.6a).

To investigate the correlation of dye concentration and LAMP, we conducted
RT-LAMP assays with a constant amount of input of MRSA template (10° or 10°
copies) with various dye concentrations. In Figure 2.3.6a, we employed the PCR tools
for data analysis by plotting the threshold value (Ct, the number of cycles (or time in
LAMP) required for the fluorescent signal to cross the threshold) against the
logarithmic dye concentration. As can be seen, a linear realtionship was observed in

the mixtures with ST9 (Figure 2.3.6b, solid line, R* = 0.93). However, the systems
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with SGI did not show a linear realtionship (Figure 2.3.6b, dotted line, R? = 0.89 and
0.84). The Ct value of the reation mix with 2 uM SGI was undetecable and therefore
no data point was shown in Figure 2.3.6b. When the SGI concentration was decreased
from 1 (log value = 0) to 0.25 (log value = -0.6) uM, the Ct value dropped
substantially. It is thus confirmed that SGI not only had a negative impact to PCR
[Gudnason et al., 2007] but also on LAMP and the RT-LAMP. On the contrary, ST9

showed less inhibitory effect on LAMP.

A standard curve plotting the Ct value against log starting copy numberwas also
obtained (Figure 2.3.6¢). The amplification efficiency was calculated by the following
formula (E = [10 (P _1] x 100 %, where E = Efficiency) [Pfaffl 2001] and slopes
were obtained from line fitting (R? between 0.963 to 0.995). Theoretically, the ideal
amplification efficiency should be 90-110 % depending on the length of amplicon, its
secondary structure and primer design. In Figure 2.3.6¢c, the effeciency of LAMP
amplification was in the following order: 0.5 uM ST9 (E=92.4 %) > 1 uM ST9
(E=64.1 %) > 0.5 uM SGI (E=56.7 %) > 1 uM SGI (E=19.3 %). These observations

again were consistent with our findings in Figures 2.3.4 and 2.3.5.

According to Figure 2.3.4a, 1 uM or above of SGI could inhibit the PCR reaction.
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To investigate the inhibitory effect of ST9 in PCR at high concentration (2 uM or
above), PCR assays were repeated by adding various concentraions of ST9 into
reaction mixture, followed by 35 cycles reactions. 12 % PA gel electrophoresis was
done to detect the amplicons. The signal under UV irridiation may be due to the high

concentration of ST9 in reaction mixture, or the GelRed™

staining after gel
electrophoresis, it was necessary to take photos before and after GelRed™ stainig. In
Figure 2.3.7, there were light DNA bands in the lands with 2 and 3 uM of ST9 before
GelRed™ staining. After GelRed™ staining, all the lanes with PVL templates gave
significant DNA bands. However, to compare with gel photos before and after
staining, we cannot see an obvious inhibitory effect of ST9 at high concentraion. The

result indicates that ST9 shows a low inhibitory effect in both RT-PCR and RT-LAMP

to compare with the traditional fluoresence reporter, SGI.
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LAMP PCR
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Fig. 2.3.3 Detection limit for MRSA from LAMP and PCR. The initial PVL DNA
templates were in a range from 107 to 10° copies (10-fold increase for LAMP) (Lane
1-8); Lanes 9-15: 10% to 108 copies (10-fold increase for PCR). M1: 1 kb plus DNA
markers; M2: 25 bp DNA ladder. Negative: no MRSA template. LAMP and PCR
amplicons were obtained after incubating the reaction mix at 65 °C for 30 min and 30
PCR cycles (2.5 min/cycle), respectively. Agarose gel was then stained with 3X

GelRed™dye after electrophoresis to show the DNA bands.
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(b)

Lane 3 4 & 6 7 8 9 10 11 12 13
SGI (mM) 2 1 1 1 05 | 05 | 05 0 0 0 0
Mgsol (m M) 10 6 8 10 6 8 10 6 8 10 8

Fig. 2.3.4 Effects of SGI and Mg?* on PCR and LAMP to probe MRSA. Reaction

mix containing 10° copies MRSA template or water as the starting material was

pre-mingled with SGI (a, b) and Mg®* ion (a: 8 mM) at the concentration as indicated.

LAMP and PCR were performed as mentioned in Fig. 2.3.3. Negative controls were

shown in lane 6 and 12 (a), and lane 13(b). The post-staining procedure was

performed with 3 X GelRed ™ dye to show the DNA bands. M: 1 kb plus DNA ladder

markers.
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Lane M| 1 2 3 4 5 6 7 8 10 [ 1| 12| 13| 14
MRSA - - - 5 : + - + + +

ST9 (mM) = 2 1 0.5 0(DMSO0)

SGI (mM) 0 (DMSO) 05

M
o
~——
L —

Fig. 2.3.5 Effects of SGI and ST9 on LAMP in the detection of MRSA. Reaction

mix containing 10° copies MRSA template (odd number lane) or water (even number

lane) as the starting material was pre-mingled with SGI or ST9 at the concentration as

indicated. In some tests, DMSO (4 %) was included as the solvent control. The

post-staining procedure was done with 3 X GelRed™ dye to show the DNA bands. M:

1 kb plus DNA ladder markers.
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(c)
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Fig. 2.3.6 RT fluoresence-based LAMP detection. (a) Change of relative
fluorescence unit per time (baseline substracted): The initial PVL DNA template was
10® copies per reaction. Reactions were run at 65 °C for 50 min in the presence of ST9

or SGI at the concentration as indicated. (b) Comparison of the threshold cycle (Ct)
values for two dyes at different concentrations. (n=3, mean + SD). Linear trendlines

were obtained to study the correlation coefficient. The R? values were 0.93 in both 10°

and 10° copies of MRSA ST9 groups. (¢) Standard curves of 1 uM and 0.5 pM ST9 or
SGI were also generated. (n=4,mean = SD). The LAMP efficiencies using 2 dyes

were defined by the slopes of the standrad curves. For the Ct value, 1 cycle = 1 min.
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Fig. 2.3.7 12 % PA gel photos showing MRSA PVL gene PCR result with
different concentration of ST9 dye. The DNA bands were captured before

post-staining (a) or after post-staining GelRed™ dye (b). The copies number of PVL

6
DNA template was 1 x 10 copies.
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2.3.3Spectral- SPR method for detecting Lamplicons

In LAMP reaction, the biotin-FIP in the target DNA after amplification bound to
the streptavidin immobilized on the gold surface to form the biotin-FIP-DNA
stem-loop like Lamplicons. Different form PCR, the Lamplicons were of different
sizes after LAMP reaction. It is expected that the longer the amplification time, the
larger the amount of long Lamplicons. When bound to the streptavidin on the SPR
gold surface, these larger Lamplicons would generate a bigger dip shift. In Figure
2.3.8, the RT-LAMP assay was done monitoring by SPR. The Lamplicons were
immediately transferred from the 65 °C incubator and diluted with running buffer
after different time intervals. To investigate the dip change of SPR-LAMP generated
by the Lamplicons, 50 uL of running buffer were injected to the chamber before and
after assay. According to the Figure 2.3.8, there was no dip change generated in the
absence of PVL template although finishing 50 min LAMP reaction. On the contrary,
the reaction mixture containing template gave a dip increase. It is indicated that the
optical signal can be generated and distinguished by Lamplicons in SPR-LAMP

assay.

As can be seen in Figure2.3.9, the change in the dip shift from the Lamplicons was:

30 min (LAMP reaction time) = 20 min > 0 min and negative control. The dip shift
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from the 30 min reaction time was very close to that of the 20 min, suggesting that the

streptavidin sites have been saturated with the Lamplicons after 20 min of reaction.

To confirm there were successful LAMP reaction in our experimental conditions,
the Lamplicons used in the SPR detection were resolved by the agarose gel
electrophoresis (1.5 % wi/v) pre-stained with 1 X GelRed™. As can be seen in Figure
2.3.10, the Lamplicons after 30 min LAMP reaction at 65 °C showed a smear in lane
5. Obviously, the Lamplicons from the 20, 10 and 0 min Lamp reaction did not

generate any GelRed™

signals suggesting that the amount of these Lamplicons may
not be high enough to be detected by the gel electrophoresis. Taken together, our
SPR-LAMP reaction was able to generate the dip shift response and show the
difference from the 0, 20 and 30 min Lamplicons. Our data therefore provide

evidence to support the use of SPR-LAMP biosensor for MRSA detection, which

provides a higher sensitivity than that of the conventional agarose gel electrophoresis.
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Fig. 2.3.8 RT-SPR-LAMP spectrum. LAMP reaction mixtures with (a) or without
the presence of PVL template (b) were incubated at 65 °C. Reaction mixture was
immediately diluted with the running buffer and injected into the SPR chamber after
incubating for 20, 30, 40 and 50 min. 50 yL of running buffer was injected for rinsing

the unbounded Lamplicons at the end of the assay.
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Fig. 2.3.9 SPR spectrum of MRSA PVL Lamplicons. (a) LAMP reaction using PVL

8 0
template (10 copies), primers, Bst and dNTPs was performed at 65 C for 0 (not
shown), 20 (not shown) and 30 min. Lamplicons were then diluted and injected into
the SPR gold chip chamber. The negative control was obtained by replacing the

template with ddHZO (30 min LAMP reaction). The black line indicated the baseline

obtained before injecting samples. Blue line indicated the response after injecting
samples. Red line indicated the spectrum finishing samples injection. The diamond
showed the dip position in each spectrum curve. (b) The zoom in diagram (red box in
(@)). Chart (c) showed the mean of the dip shift after finishing the samples injection

(n=2).
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Incubationtime / 30 min 0 min 10 min 20 min 30 min

Template / ddH,0 10%copies 10°copies 10°copies 10%copies

Fig. 2.3.10 1.5 % agarose gel electrophoresis of Lamplicons corresponding to
SPR-LAMP detection.

2.4 Discussion

As mentioned in Section 2.1, isothermal DNA amplification is accurate, with the

advantage in time saving due to the lacking in thermal cycles, when compared with

the PCR. Hence, there is potential to apply the isothermal DNA amplification to

develop the “point-of-care” diagnostic tool with enhanced efficiency for pathogen

detection.

To develop a RT-LAMP assay, a fluorescent reporter is needed. SGI is a
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commonly used fluorescent reporter in qPCR. We first tested the use of SGI for the

RT-LAMP. SYBR Green was introduced in early 1990s as a fluorescent dye for

probing nucleic acids [Yue et al., 1997]. SGI is ideal for probing double-stranded

DNA (dsDNA) while SYBR Green 11 is highly selective for RNA and single stranded

DNA. SGI carries two positive charges and binds to the dsDNA through two

mechanisms, intercalation into the base-pairs and binding externally to the minor

groove of dsDNA. Previous work showed that the latter emits stronger fluorescence

after excitation and the unbound SGI exhibits very little fluorescence, 11-fold lower

than that with the dsDNA binding [Zipper et al., 2004]. In fact, there are numbers of

DNA binding dyes, including the SYBR, SYTO, YO-PRO, TOTO, and TO-PRO

families etc., sharing different levels of binding affinities to nucleic acid. According

to Gudnason et al., SYTO-82 and SYTO-13 did not show inhibitory effect on PCR,

which may possible for multiplex reaction and increasing the qPCR efficiency.

During PCR, SGI remains stable during thermocycles. Also, SGI displays a

wide dynamic linear range of up to 4 orders of magnitude. With these features, it is

not surprising that SGI is widely used for the gPCR applications [Giglio et al., 2003].

ST9 is another commonly used dsDNA fluorescent probe which does not show

preferential binding to GC rich sequences and PCR inhibition effect [Gudnason et al.,

2007]. On the contrary, SGI shows preferential binding to GC rich sequences and
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affecting the melting curve analysis [Gudnason et al., 2007]. However, in LAMP

reactions, the primers binding regions are GC rich. Due to the above reasons, SGI

perform strong binding affinity to the DNA strands in LAMP reaction, may affect the

Bst DNA polymerase strand displacement activity. In PCR, Giglo et al. reported 2 uM

of SGI could inhibit PCR reaction by about 22 %. The PCR reaction would be

completely inhibited by SGI at the concentration of 20 uM, which also showed the

dose dependent inhibitor effect on PCR reaction. It is suggested our finding of the

side-effect of DNA molecular probes on LAMP reaction is sensible.

SPR has been reported for analyzing of DNA hybridization and the presence of

DNA mutations [Su et al., 2008; Nelson et al., 2001; Carrascosa et al., 2009]. SPR

worked as the surface absorbed the DNA probes, allowed the match and mismatch

DNA sequences to hybridize, which had different binding affinities. In the previous

reported study, scientists suggested the concentration of short DNA sequences (18 bp)

at 10 nM could be easily detected. Actual data from the hybridization adsorption of

DNA and RNA molecules result in a maximum 1 % change in the percent reflectivity

[Nelson et al., 2001]. The change of reflectivity of DNA in SPR is quite small but

sensible, due to the relatively small size and length of DNA is relatively smaller, to

compared with the proteins or peptides.

One of the advantages using SPR as optical tool for DNA or RNA analysis is
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that multiplex detection can be done by spotting different probes onto the gold chip

surface, creating a DNA or RNA array [Brockman et al., 1999; Smith et al., 2001].

SPR imagine can be obtained by CCD capturing. In our study, Lamplicons after

LAMP reaction can be distinguished from the one without target genes or without

LAMP reaction, which had obvious A dip shift. As mentioned in the Chapter 1,

Lamplicons are in stem-loop, with irregular length and size, which is able to increase

the amount of target genes’ fragments and the size of the DNA fragments. Hence,

SPR-LAMP is potential for developing the multiplex DNA amplification and

detection platform, which allows amplifying more than one target genes

simultaneously for enlarging the signals. On the other hand, the LSPR effect of

AuNPs in suspension for Lamplicons hybridization was not significant in our study. It

may be due to some factors, such as the size of the AuNPs, and the concentration of

salt or components in the LAMP reaction buffer. The AuNPs with the monolayer PNA

or ssDNA fabrication, however, can work as the sensing beads, hybridized to matched

sequences and give alternative signal enhancement in the gold chip surface [Hall et al.,

2011].
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Chapter 3 Novel Tunable Resistive Pulse Sensing (TRPS)

technigue on MRSA DNA detection

3.1 Introduction

Nanoparticle is usually the particles with the size between 1 to 100 nm [Patel et
al., 2008]. Rather than just focusing on physical and chemical studies, scientists pay
more attention in biological and medical applications, including biosensors
development in detecting proteins, DNA or pathogens [Salata 2004]. We herein focus
on the use of gold nanoparticles (AuNPs) for biosensing. Due to the easy surface
modification for DNA immobilization, optical effect and fluorescent-label free
characters, AuNPs become widely used for nanoscale DNA analysis [Harriman and
Leake 2011]. By thiolated DNA or biotin-avidin conjugation, DNA probes can be
easily attached on the AuNPs. The specific sequence of target DNA can be
hybridized with the AuNPs and form aggregations, which can be applied for SNP
detection [Bao et al., 2005].

According to the pervious chapter, it is found that the traditional DNA binding
dyes, SGI and ST9 shows different levels of inhibition to the LAMP reactions. It is
suggested that the non-fluorescence detection may be suitable for real-time LAMP

monitoring. To eliminate the usage of fluorochrome labeling, Tunable Resistive Pulse
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Sensing (TRPS) was applied in the detection of Lamplicons, which are conjugated

with the AuNPs. The principle of TRPS is based on a transient decrease of electrical

current in the ionic current flow when a particle passes through a nanopore in the

TRPS system. TRPS allows the particle-by-particle assessment of complex mixtures,

which is similar to the working principle of flow cytometry. The advantage of using

TRPS is that each of the AuNPs-Lamplicons assemblies can be analysis by its size

and surface charge. Also, the concentration of the assemblies in the reaction mixture

can be detected. By using the concept of TRPS, we can accurately quantify the

Lamplicons and target gene in a fast and simple fashion.

In this chapter, our focus is on the use of AuNPs with TRPS in biosensor

development, based on their size and optical properties. AuNPs have been widely

used as probes and carriers for various biomedical applications (e.g. localized surface

plasmon resonance) [Feldheim and Foss, Jr., 2001; Stewart et al., 2008]. For example,

binding or hybridization events such as antibody-antigen interaction, DNA-DNA or

DNA-PNA (peptide nucleic acid) can be determined on the basis of dispersion and

aggregation of the AuNPs for the presence of disease markers [Sato et al., 2003;

Pingarron et al., 2008; Kanjanawarut and Su, 2009; Upadhyayula 2012]. One of the

DNA sequences modified AuNPs methods is polyvalent DNA gold nanoparticles,
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co-discovered by Mirkin et al. and Paul Alivisatos [Mirkin et al., 1996]. With the
interaction between gold and thiols (-SH), single-stranded DNA can form layer
surrounding the AuNPs. Between the AuNPs, the phosphate backbone of DNA leads
to the negative charge repulsion, which keeps the DNA strands out to the solution.
The DNA strands can provide specific sequences targeting to the target genes
[Mirkin et al., 1996]. Target DNAs can interact with the AuNPs and form aggregates,
reporting colorimetric change in a highly sensitive and specific manner [Storhoff et

al., 2000; Rho et al., 2009; Li et al., 2002].

Tunable Resistive Pulse Sensing (TRPS) is a non-optical AuUNPs-DNA analytical
method. The nanopore fabricated on an elastomeric membrane enables it to be
tunable in size to suit and optimize analysis conditions thus improving the sensitivity,
especially for assays where aggregates of different sizes are formed. Furthermore, the
direct measure of particle counts and the rate of blockade events are directly
proportional to particle concentration [Kozak et al., 2011; Henriquez et al., 2004;
Roberts et al., 2012; Willmott et al., 2010].With the usage of TRPS, physical
properties such as concentration, size, shape and surface charge of objects in
suspension can be investigated rapidly and in a cost-effective manner [Kozak et al.,

2011; Liu et al., 2010; Howorka and Siwy, 2009; Zhang et al., 2009]. These highlight
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the potential of utilizing nanopore-based devices as a rapid sensing output platform.

In brief for the TRPS, two liquid compartments containing aqueous electrolytes

are separated by a nanopore, and a constant voltage is applied between the liquid

compartments. When the particle passes through the nanopore, it generates ionic

resistance in the aperture. The transient increase in the resistance causes a transient

decrease in the ionic current flowing through the nanopore. This change in the ionic

resistance is known as ‘resistive pulse’ or ‘blockade event’ [Vogel et al., 2011]. The

amplitude or the magnitude of the resistive pulse is a function of the volumetric size

of the particle, while the width of the pulse (blockade duration) measures the time

taken for the particle to pass through the pore, which is related to the shape and

charge of the particle [Branton et al,, 2008; Kozak et al., 2011; Liu et al., 2010;

Howorka and Siwy, 2009; Zhang et al., 2009]. It also allows particles to be counted

during the passage of the particle through the pore. However, there is limitation in

the size range of studying particles or structures in the fixed diameter nanopore

TRPS system. Coulter counter, a widely accepted apparatus, due to the relatively

large pore size, the particles with size less than 400 nm are undetectable [Roberts et

al., 2012]. The pore size in Coulter counter limits the application in directly detection

of biomolecules, such as protein, antigens and DNA.
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Due to the above limitations, manufactures pay efforts to modify the
size-specific synthetic pores. Nanopores with diameters between 2 to 500 nm can be
fabricated by using different materials, including carbon nanotubes, silicon nitride or
polymers etching by particle beams. In this study, we used a tunable nanopore
instrument, gNano for the TRPS assay. It is a scanning ion occlusion spectroscopy
(SIOS) device with a real-time stretchable polyurethane nanopore membrane. The
pore is fabricated by mechanically puncturing a ~ 0.7 mm thick polyurethane
membrane, with a conical shape elastic pore (Figure3.1.1a). The diameter of the pore
can be controlled by stretching, in order to gate the threshold size for different

biomolecules passing through [Roberts et al., 2010, 2012] (Figure3.1.1b).
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Current signal Current signal

(b) [ e l

Fig. 3.1.1 (a) Confocal image of the conical pore with increasing macroscopic

stretch (i) 0 mm, (ii) 5 mm and (iii) 10 mm. (b) Schematic diagram shows the

principle of TRPS by stretching the membrane to gate the particles. [Robert et

al., 2010]

The aim of the study in this chapter is to develop a novel detection method based

on LAMP, TRSP and AuNPs. As a continuous study of Chapter 2, MRSA PVL gene

was used as the study model.

The concept of quantitative TRPS is straightforward and has been well

established ever since the 1950s with the patent of the Coulter Principle [Coulter

1953] and in the current resurgence of the development of pores for

DNA-sequencing purposes [Branton et al., 2008]. To do the TRPS assay, a nanopore

or micropore device is required. Compared with the other commonly used
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nano-biotechnological sensing techniques, such as electron microscopy, flow

cytometry, NP tracking analysis and dynamic light scattering, the nanopore TRPS

system shares lower cost, simplicity in both design and implementation, and the

capacity for true, label-free molecular detection [Roberts et al., 2012].

To demonstrate the use of this technique to detect disease marker, we described

here the employment of AuNPs, TRPS technique and LAMP to detect the DNA of

the PVL toxin gene of the MRSA [Johnsson et al., 2004]. As mentioned before,

LAMP is a technique that amplifies DNA at one single temperature using the Bst

DNA polymerase. The process of LAMP is available in the animation in the

following web site (http://loopamp.eiken.co.jp/e/lamp/anim.html). When Lamplicons

containing specific biotinylated primers are mixed with avidin-functionalized

AuNP1s, AuNP1-Lamplicons are obtained via strong biotin-avidin interactions. As a

part of diagnostic design, the assay sensitivity and specificity were further extended

by utilizing a second AuNP (AuNP2) that was functionalized with thiolated B2

primers on its surface in order to hybridize with the loop region of the Lamplicons.

After specific DNA-DNA hybridization, supra-AuNP1-Lamplicons-AuNP2

assemblies are formed [Basu et al., 2007; Alivisatos et al., 1996]. Figure 3.1.2 depicts

the working principle of the LAMP-based AuNPs in combination with TRPS for the
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detection of target DNAs. The setup of TRPS utilizing a nanopore sensor is

illustrated in Figure 3.1.2c, and detailed experimental steps were reported in detail

elsewhere [Roberts et al., 2012; Willmott et al., 2010; Low et al., 2011].
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Fig. 3.1.2 Principle of the TRPS for detecting MRSA DNA with the combination

of LAMP and AuNPs. (a) The target MRSA PVL gene is amplified by LAMP, with

the use of 5’- Biotin linked FIP primer. (b) The Lamplicons are in cauliflower-like

structure, conjugated with avidin functionalized AuNP1 (55 + 2 nm). AuNP2 with

thiolated B2 primer modified (30 = 15 nm) is hybridized with the

AuNP1-Lamplicons loop region to form assemblies. (c) The assemblies are subjected

to TRPS system. The pulse magnitude and duration time are recorded.
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3.2 Materials and Methods

3.2.1 Materials

3.2.1.1 Bacterial Cell Line

L. casei (ATCC 334) and PVL-positive S. aureus MW2 strain (ATCC

BAA-1707) were purchased from American Type Culture Collection (ATCC).The

genomic DNA (gDNA) of S. aureus Mu50 was obtained from ATCC (ATCC

700699).

3.2.1.2 Buffers and Reagents

All the buffers and reagents were prepared by dissolving chemicals into double

distilled water (ddH,0). The pH value was adjusted with HCI or NaOH.

Phosphate buffered saline (PBS) was composed of 136mMNacCl, 2.7 mM KCl,

1.5mM KH,PO4 and 8mM Na,HPQO,. PBS is titrated to pH 7.4, and then sterilized by

autoclave. PBS was stored at room temperature.

5X TBE Buffer was composed of 57 g Tris base, 27.5 g boric acid and 20 mL

0.5 M EDTA (pH 8.0), dissolved in 1 L of ddH,0.

TRPS running buffer was composed of 10 mM sodium phosphate buffer

containing 200 mM of NacCl.

12% Poly-acrylamide (PA) Gel was composed of 40% (v/v) acrylamide (30%)

solution, 10% (v/v) 5X TBE buffer, 0.05% (w/v) ammonium per sulfate and 0.012 %
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(v/v) TEMED. The buffer was freshly prepared for each experiment.
6X DNA loading dye was composed of 30% (v/v) glycerol, 0.25% (w/v)

bromophenol blue and 0.25% (w/v) xylene cyanol FF. The dye was stored at 4 °C.

3.2.2 Methods

3.2.2.1 MRSA PVL DNA template preparation

Overlapping PCR was used to prepare PVL DNA template. Reaction was

performed as described as Section 2.2.2.1.

3.2.2.2MRSA genomic DNA extraction

S. aureus MW?2 and L. casei were cultured respectively in the nutrient broth and
lactobacilli MRS broth at 37 °C overnight according to ATCC instructions. E. coli
K12 was cultured at 37 °C in the LB broth overnight. The gDNA was extracted from
1 mL of overnight culture by Wizard® SV Genomic DNA Purification System
(Promega).

The gDNA of S. aureus Mu50 was dissolved in nuclease-free water. The Mu50
gDNA was amplified with IllustraGenomiPhi V2 DNA Amplification Kit (GE
Healthcare) and stored at -20 °C. The concentration of MW2 gDNA and Mu50
gDNA were measured by NanoDrop 2000 (Thermal Scientific), followed by dilution

with nuclease-free water and stored at -20 °C for long-term storage.
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3.2.2.3 PCR reaction

PCR reaction was performed similar as the overlapping PCR procedures as
described in Section 2.2.2.2. The total volume of reaction mixture is 25 uL, with
either F3 and B3 primers or Forward and Reverse primers for amplification.
Forward (5°23’): GTCCAAATTTATTTGTTGGATATAAACCATATAGTCAA

Reverse (5°23’): CATATCAATTATGTCCTTTCACTTTAATTTCATGA

3.2.2.4 LAMP reaction

LAMP reaction was done as described in Section 2.2.2.2.

3.2.2.5 Gel electrophoresis

PCR Amplicons and LAMP Lamplicons were detected by either Agarose gel
(1.5% wiv) or 12% PA gel electrophoresis. Agarose gel electrophoresis was
performed by loading 3 uL of Lamplicons or Amplicons into each well. The gel was
then run for 20 min with constant voltage 120 V. The agarose gel was pre-stained
with GelRed ™ nucleic acid gel stain (Biotium) for DNA visualization. For the 12 %
PA gel electrophoresis, it was performed by loading 10 uL of Lamplicons or
Amplicons into each well. The gel was run for 1 hr with constant voltage 120 V,

dTM

followed by post-stained with GelRed ™ nucleic acid gel stain.
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3.2.2.6 Synthesis of AUNPs

AUNPs were synthesized using standard sodium citrate reduction method as

described [Turkevich et al., 1953; Kimling et al., 2006]. Typically, boiling MilliQ

water (40 mL) was mixed with 2 mL of 10 mM HAuUCI, « 3H,0 (> 49 % Au) and 1

mL of sodium citrate (1 %, w/v). The mixture was kept boiled, stirred well for 10

min and then cooled down to room temperature. To grow colloidal AuNP1s, a

two-step hydroxylamine hydrochloride seeding process was performed according to

Brown’s protocol [Brown et al., 2000]. Briefly, 55 mL of AuNPs (as seeds) were

mixed with 50 mL of distilled water, 1 mL of 10 mM HAuCI, - 3H,0 and 375 uL of

0.2 M NH,OH - HCI. The mixture was stirred at room temperature until no color

change. The solution was then used as seeds for further colloid AuNP growing. The

final product was AuNP1s.

The size and concentration of AuNP1s and AuNP2s were confirmed by TEM

and UV-Visible spectrophotometry. From the TEM analysis, the size of the two

AuNPs was confirmed to be 55 + 2 nm (AuNP1) and 30 + 1.5 nm (AuNP2),

consistent with that reported elsewhere for the same standard preparation (Figure

3.2.2).
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Fig. 3.2.2 TEM micrograph showing the exact sizes of AUNP1 and AuNP2.

3.2.2.7 AuNP1s functionalized with avidin

To conjugate DNA products with biotin-FIP probes on to the surface of AuNP1s
after LAMP, AuNP1s were functionalized with avidin as described [Olofsson et al.,
2003]. Avidin (0.05 mg) was added into NaCl solution (5 mM) with AuNP1s. The
mixture was incubated at room temperature for 30 min. After removing excess avidin
by centrifugation twice at 2,000 g at 4 °C for 60 min, AuNP1s were re-suspended in

250 plL of 5 mM NaCl and stored at 4 °C.

3.2.2.8 AuNP2s functionalized with thiol-DNA probe

The sequence of the LAMP probe B2-LB was complimentary to the target DNA
with a 5’-ATAT-3’ linker with C6 thiolation at the 5’-end (Sangon Biotech). The
5’-thiol-B2-LB probes were then diluted by 10 mM Tris-HCI (pH 7.4) with 0.1 uM

DTT.
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Functionalization of AuNP2s with 5’-thiol-B2-LB probe was performed as
reported elsewhere [Zhao et al., 2009]. Briefly, the citrate-stabilized colloidal
AUNP2s were incubated with dATP in a molar ratio of 1000 in a mixture of 50 mM
NaCl and 10 mM sodium phosphate buffer (pH 7.4) at room temperature for 15 min.
Subsequently, 2 nmoles of 5’-thiol-B2-LB probe was subsequently added into the
AuNP2s mixture and the mixture was incubated at 60 °C for 3 hr. Excess dATP and
thiol-DNA were removed by centrifugation (11,000 g, 15 min) twice. Finally, the

functionalized AuNP2s were re-suspended in 50 mM NaCl and stored at 4 °C.

3.2.2.9 Tunable Resistive Pulse Sensing (TRPS) Assay

A commercially available tunable nanopore platform (gNano, IZON Science)
was used for the TRPS assays. The setup and pore setting were calibrated with
certified particle standards (Bangs Lab and 1ZON) with a sensing pore membrane
(Part # NP200A, or # NP400A) that was adjusted to the desired setting (XY49 mm).
The working principle of the nanopore platform, membrane structure and detailed
experimental steps for TRPS were reported in detail elsewhere [Henriquez et al.,
2004]. Briefly, electrolytes and samples were pipetted into the top and bottom fluidic

electrochemical chambers. For assay measurements, AuNP1s with avidin (50 pM, 7
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uL) were mixed with LAMP products (5 uL) and AuNP2s with the thiol-DNA probes

(150 pM, 7 uL). The mixture was then adjusted to 50 uL by TRPS running buffer.

Thirty-five microliter of AuNPs-LAMP mixtures were injected into the top

electrochemical chamber. Each experiment was measured for at least 10 min and data

were captured and analyzed with the V2.2 1ZON software.

3.2.2.10 Scanning electron microscopy (SEM)

For scanning electron microscopy, the samples were characterized by SEM

(FEI Quanta 400 FEG microscope). AuNPs-LAMP complexes were desalted with

distilled water by centrifugation at 14,000 g for 20 min. Subsequently, 5 pL of the

suspension was dried on a gold-coated silicon substrate (thickness 30 nm) at room

temperature overnight.

3.2.2.11 Statistical calculation

Data were compared by one-way ANOVA. Results were expressed as mean +

SD (n=3), and p-values less than 0.05 were considered statistically significant.
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3.3 Results

3.3.1 Demonstration of tunable pore in TRPS

In TRPS assay, a tunable pore can control the diameter of the nanopore by
stretching and relaxing the arms of elastomeric nanopore membrane. By stretching
the pore, nanopores will have the size similar to that of particles being detected. It is
allowed to measure the larger size particles or maximized the resistive pulse for the
smaller particles (Eldridge et. al). In Figure 3.3.1, when tuning the nanopore, by
pulling the arms of nanopore membrane from 47.00 mm to 49.00 mm, the blockade
duration produced by 207 nm standard particles was extended. At the same time,
there was no change in the signal magnitude. For the larger size standard particles,
which was in 355 nm, could gave a larger magnitude to compare with the 207 nm

one (Figure3.3.1b, d).
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Fig. 3.3.1 Snapshot capturing raw data of standard particles passing through

NP200 nanopore membrane in TRPS at the constant voltage supplied. The

membrane was stretching to (A) 47.00 mm; (B) 48.00 mm; or (C) 49.00 mm

respectively. The mean size of the standard particles was in 207 nm. (D) Signal

produced from 355 nm particles when passed through NP200 membrane at length

stretching to 48.00 mm.
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3.3.2 Concentration estimation of the hybridization between Lamplicons and
designed AUNPs system

To prove the existence of the hybridation of specific Lamplicons and designed
AuNPs system, TRPS was chosen as the quantification method. The concentrations
of the AuNPs in the presence of Lamplicons amplified from different initial copy
numbers of PVL DNA templates were estimated within a constant time (30 min)
(Figure3.3.2). The nanopore membrane in NP200 was chosen, which allowed the
particles in size from 50 to 800 nm passing through the membrane. Due to the
background noise and the nature aggregates, the larger aggregates with size > 175
nm was chosen for data enrichment. As shown in Figure 3.3.2, there were obvious
elevations of the total assemblies concentration in the groups with the presence of
Lamplicons (10* copies and 10° copies of initial PVL DNA templates), to compare
with groups without Lamplicons and negative control (O copy of initial PVL DNA
template). At the same time, the concentration peaks of the assemblies’ Sizes were
shift from right to left when increasing the initial PVL DNA templates. The result
indicated it is more favorable for the assembly populations forming larger size with
the involvement of Lamplicons. The size of the most abundant assemblies was in the
following order: AuNPs with Lamplicons from 10° copies PVL DNA templates

(about 300 nm) > 10* copies PVL DNA templates (250 — 300 nm) > 0 copy PVL
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DNA template (Negative control) and AuNPs only (about 200 nm).
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Fig. 3.3.2 TRPS assay to detect the concentration of the AuNPs assemblies by
recording for 30 min. The nanopore membrane was chosen as NP200. The

measuring threshold was chosen as 175 nm.
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3.3.3 TRPS 2D dot plot analysis

With the above finding, the combination of LAMP, AuNPs system and TRPS

can be utilized as a tool of DNA detection. It is interesting to study the relationship

between the amounts of target DNA and AuNP-Lamplicons assemblies’ size / shape,

in order to establish a novel quantification method for DNA detection. Similar to the

flow cytomteric (FCM) analysis, a 2D dot plotting can also be applied on TRPS

analysis. As shown in the schematic diagram (Figure 3.3.3), each dot represents the

individual blockade event duration time and its corresponding size can be shown in a

2D dot plot graph. Particles with irregular shape or increasing in surface charge have

a longer duration time. The population of particles would be focus on the upper

region (either upper-left (UL) or upper-right (UR) region). The X-axis represents the

size of particles, which means the larger size of particles locate at the right hand size

(RHS) of the graph. It was expected the after linking with Lamplicons,

AuNP-Lamplicons would become clusters, which had size elevation and were less

colloid in shape. The population would be shift from lower-left (LF) region to UR

region.

The particle distribution of AuNP assemblies linked with Lamplicons among

different amounts of PVL DNA templates were shown in Figure3.3.4. For each

sample, particles were detected for 10 min in TRPS system. In the negative control
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(Figure 3.3.4a), there was no PVL DNA template and Lamplicons, the population of

assemblies was mainly located at the LF region. When the initial PVL DNA template

increased from 10 to 10,000 copies (Figure3.3.4b-e), more and more Lamplicons

were produced and conjugated with AuNPs. There was a significant increase of the

number of AuNP-Lamplicons assemblies which differed in size and regularity. With

the increase in target DNA, an increase in the number of larger sized assemblies was

detected. The blockade peak duration of these larger sized assemblies had (on

average) increased too. A change to the UR corner would indicate a possible

lowering in charge density of ~10 to 20 times. By visual inspection of the number of

peak durations, the larger sized assemblies at LR did increase in peak durations, i.e.

1.5 to 5 times higher than the peak durations of the smaller assemblies (of bottom left

corner). This indicates a lowering in charge density of the larger assemblies,

consistent with particles binding together to forming aggregates.

To compare the data between each group, the experiments were repeated three

times, which were shown in Figure 3.3.5. It was observed that the initial PVL DNA

target copy numbers affected the number of assemblies recorded in TRPS. In Figure

3.3.53, the total number of blockade events and particles lager than 350 nm increased

gradually when increased the copy number of DNA. The rate of formation of

supra-assemblies appeared to have approximately double or triple when the DNA
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copies were increased from 0 to 100 or 1000, respectively in terms of the number of

assemblies in the two right quadrants of large supra-assemblies formed (Figure

3.3.5a, white bars). A close inspection of the data shows a noticeable gap in the total

number of the supra-assemblies when the DNA copy number increased from 10 to

100 (Figure 3.3.5a, grey bars). These observations appear to indicate that as low as

10 to 100 copies of DNA is the limit of detection (LOD) under the current

experimental setting (Figure 3.3.5a). The delta distribution histograms show the

number of differently sized assemblies that were formed above the background after

DNA hybridization (Figure 3.3.5b). A large amount of 200 to 550 nm assemblies was

found in the supra-form that was abundantly present in all DNA hybridized samples.

At a low DNA level of 10 copies, an appreciable amount of assemblies were formed

that were around 200 nm. Also, an increase in DNA number copies from 10 to

10,000 increased the number of larger size assemblies present in the population

(Figure 3.3.5b). An abundant proportion of particular sized assemblies might be due

to a stable configuration of the AuNP1-Lamplicons-AuNP2.
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Fig. 3.3.3 Schematic diagram showing the TRPS 2D dot plot analysis. The dot

plot can be divided into four quarters, upper-left (UL), upper-right (UR), lower-left

(LF) and lower-right (LR). The upper region indicates the particles with relatively

irregular shape. The UR and LR indicate the particles with larger size.
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Fig. 3.3.4 2D Dot plots showing the distribution of size of assemblies and
corresponding blockade duration time. Lamplicons were amplified from PVL
DNA template in different copy numbers (a) 0; (b) 10; (c) 100; (d) 1000 and (e) 10
000 respectively, at 65 °C for 30 min. 5 uL of Lamplicons were then mixed with
AuNP1 (50 pM, 7 yL) and AuNP2 (150 pM, 7 uL), followed by subjecting to TRPS

to measure for 10 min.
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Fig. 3.3.5 TRPS data analysis. (a) The bar chat showed the total number of

blockade events recorded in 10 min (grey bars) and the number of particles size

larger than 350 nm (white bars), corresponding to the Fig. 3.3.4. (n =3, mean £ SD)

(* p<0.005; ** p <0.001; # p <0.01; ## p <0.05) (b) Delta (concentration against

particle size ) population histogram was calculated using 1ZON software. The
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background concentration of negative control (ddH,O as template) was subtracted
from the supra-assemblies that were formed from the Lamplicons from different

initial DNA templates (n = 1).

3.3.4 SEM imagining on AuNP-Lamplicons assemblies

According to the TRPS results, more larger cluster of AuNPs could be found
with the involved of Lamplicons, to compare with the negative control. SEM
imaging could give information of the characteristic of AuNP-Lamplicons
supra-assemblies. The assemblies were desalted and resuspended into ddH-O,
followed by transferring onto a gold-coated silicon grid (Figure 3.3.6). In both 10°
copies and 10* copies PVL DNA template involved groups (Figure 3.3.6a-b), large
clusters of hundreds nanometers of AuNP1 and AuNP2 aggregate could be found.
The aggregates were form as the network with the connection of AuNP1 linked with
a serial of AuNP2s, whereas the small background aggregates (in about 150 nm)
could be found in the absence of Lamplicons (Figure 3.3.6¢-d). The clusters in the
absence of Lamplicons were loosely bound. This indicated the specificity of the
aggregation of AuNPs in the presence of specific Lamplicons, which was consistent

to the TRPS results.
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Fig. 3.3.6 SEM images showing the assemblies of AUNPs-LAMP in the presence
of Lamplicons in different initial PVL DNA templates. (a) 10° copies; (b) 10*

copies; (c) and (d) negative control (0 copy of template).
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3.3.5 Detection and quantification of MRSA genomic DNA

The utility of the combined system of TRPS, LAMP and AuNPs on MRSA

genomic DNA (gDNA) was tested. MRSA MW?2 strain, MRSA Mu50 strain, E.

coliK12 and L. casei were chosen as study models. To confirm the existence of PVL

gene in the models, both PCR and LAMP were done to amplify the PVL gene,

followed by 1.5 % agarose gel electrophoresis for detection. As shown in the gel

electrophoresis diagram in Figure 3.3.7, both PCR and LAMP were able to amplify

the PVL gene from the DNA template (lane 2, lane 8) and gDNA from the MRSA

MW2 (lane 3, lane 9). The gel diagram also reveals that PCR (lane 2, lane 3)

produced one single PVL DNA band (340 bp) while LAMP (lane 8, land 9) yielded a

series of DNA fragments of different sizes. Also, both PCR and LAMP could not

amplify the PVL from Mu50 (HA-MRSA) (lane 4, lane 10), and other non-MRSA

bacteria such as E. coli (lane 5, lane 11) and L. casei (lane 6, lane 12). These results

agreed with the finding that MW2 is a CA-MRSA containing the PVL gene while

Mu50 strain is a HA-MRSA that does not carry any PVL gene [Gillet et al., 2002;

Gordon et al., 2008]. The results also indicate that the primers are specific for the

PVL gene amplification.

With this groundwork and confirmation, both MW2 and Mu50 were chosen as

the positive and negative models for the LAMP-based AUNP TRPS assay. Snapshot
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was captured to display the raw signal trace from the assay with the Lamplicons, if

any, from the negative control, Mu50 and MW?2 (Figure 3.3.8a-d). When the

conjugated Lamplicon assemblies pass through the nanopore sensor, the number of

clusters can be counted. Using the distinct size disparity of the peak signals of the

conjugated groupings of the Lamplicon assemblies, it allows an additional way to

assess for them. As can be seen, both the negative control (Figure 3.3.8a) and Mu50

(Figure 3.3.8b) did not produce large peak signals that were larger than a set

threshold. However, after addition of Lamplicons from the MW?2 produced an

abundant amount of larger sized peak signals and the number of these events was

also higher (Figure 3.3.8c) when compared to that before the addition of the

Lamplicons and those raw signal traces in Figure3.3.8a-b. These results agreed with

the information in Figure 3.3.7 that only MW2 could generate Lamplicons with the

specific primers. Figure 3.3.8d shows the enlarged peak signals before and after the

introduction of MW2 Lamplicons into the TRPS sensor. In this experiment, AuNP1s

and AuNP2s were introduced into the fluid chamber at t = 0 and MW2 Lamplicons

were mixed with the AuNPs at t = 60s. The raw signal traces show the baseline

current, peak signal magnitude and blockade peak duration of assemblies recorded at

specific time stamp points of when they passed through the TRPS sensor.

Before the addition of Lamplicons, native background AuNPs self-assembly (e.g.
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350 nm) was observed (Figure 3.3.8d i and ii). In the presence of target Lamplicons,
an increase in peak magnitudes and deeper peak signals were obtained for the
supra-assemblies (Figure 3.3.8d, iii-vi). It was observed that both the peak magnitude
and blockade peak duration of the assembly increased as time increased. Figure 3.3.9
shows a graphical representation of the summarized results of the assays with
Lamplicons from the MW2 and Mu50 gDNA, and also the negative control without
DNA. It is apparent that the percentage of the assembly with a threshold size > 400
or 450 nm in the total population events with the Lamplicons from the MW2 gDNA
was significantly higher than that of Mu50 and the negative control. These results
show that the LAMP-based AuNP TRPS system can differentiate the positive from
the negative models, thus providing an approach to detect the presence/absence
(yes/no) of the interactions.

MW?2 gDNA (10, 100, 400, 1000, 4000 and 40000 copies) was employed for
LAMP reactions followed by the TRPS assay with the AuNPs to construct a standard
curve. As shown in Figure 3.3.10, a linear relationship was found between 10-40,000
copies of MW2 gDNA, showing a dynamic range of at least five log units, with a
linear correlation with a R*> 0.93. Using the equation for LOD calculation [LOD =
(3.3 x SD of the response)/Slope of standard curve] [Shrivastava and Gupta 2011],

the LOD of the LAMP-based AuNPs TRPS system based on the top 4 data points
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was found to be 530 copies (Top 5 points, LOD = 208, all the points, LOD = 172

copies) (Figure 3.3.10). The determined LOD value here was consistent and in

agreement with the observations in Figure 3.3.5 that utilized DNA template.

For the sensitivity and specificity, 23 samples were tested, including 15 of

MW?2 gDNA contented samples and 8 of MW2 gDNA absence samples. All the

samples were prepared by mixing various amounts of MW2 gDNA from same source

into different buffers. As Table 3.3.1 shown, 12 out of 15 MW2 gDNA content

samples were successfully giving positive result in TRPS with AuNP-Lamplicons

system. Using the equation of sensitivity calculation [True Positive / (True Positive +

False Negative) x 100%], the sensitivity of the designed LAMP-based AuNP TRPS

system was 80%. In the MW2 gDNA absence group, 6 out of 8 could be successfully

giving negative result, whereas the other two samples gave false positive result.

Using the equation of specificity calculation [True Negative/ (True Negative + False

Positive) x 100 %], the specificity of the system was 75 % (Table 3.3.1).
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Fig. 3.3.7 1.5 % Agarose gel electrophoresis showing the PCR amplification
(Lane 1-6) and LAMP amplification (Lane 7-12) of PVL gene. M: 1kb plus DNA
ladder; Lane 1, 7: Negative control; Lane 2, 8: 10° copies of PVL DNA template;
Lane 3, 9: MRSA MW2 gDNA; Lane 4, 10: MRSA Mu50 gDNA,; Lane 5, 11: E. coli
K12 gDNA; Lane 6, 12: L. casei gDNA. All of the gDNA were in 4 x 10° copies in

25 uL reaction mixture.
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Fig. 3.3.8 Signal traces of gDNA detection from TRPS before and after the
injection of Lamplicons. The Lamplicons were obtained from (a) Negative control
(no DNA); (b) Mu50 gDNA or (c) MW2 gDNA respectively (Lamplicons added at t
= 60 sec). (d) Typical individual peak signals of assemblies (i — ii) with only AuNP1
(50 pM, 10 yL) and AuNP2 (150 pM, 10 uL); (iii —vi) after injection of MW2 gDNA
Lamplicons. The size of the assemblies were (i — ii) 350 nm (t = 12 and 20 sec); (iii)
450 nm (t = 240 sec); (iv) 750 nm (t = 274 sec); (v — vi) 1000 nm (t = 262 and 263

Sec).
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Fig. 3.3.9 Bar chats showed the percentage of total events for the
AuNP-Lamplicons assemblies larger than 400 nm or 450 nm. Lamplicons were

from Negative control (no DNA), Mu50 or MW2 gDNA respectively (n = 3, mean *

SD) (* p < 0.01).
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Fig. 3.3.10 Standard curve for detecting PVL gene from MW2 gDNA. The
standard curve was obtained by calculating the percentage of population of blockade
events (setting threshold as 350 nm) against the logarithm of MW2 gDNA copies.(n
= 3, mean £ SD). Linear relationship was obtained by plotting both top four points

and six points (R? = 0.999 or 0.933 respectively).
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Table 3.3.1 Statistic analysis of LAMP-based AuUNP TRPS system on testing

MW?2 gDNA presence and absence samples.

N N
Positive True Positive 12 False Positive 2
Negative False Negative 3 True Negative 6
Total 15 8
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3.4 Discussion

The number of papers published in the topic related to DNA and AuNPs has a

dramatic increased since 1996. In the previous studies, scientists studied a lot in the

optical property and binding affinity between nucleotides and AuNPs. Either too

tightly (e.g. > 10-13 nm) or too weakly (e.g. < 3 nm) DNA absorption, binding

induced desorption has not been a popular signaling method. Also, if the AuNPs are

too large in size, even a single nucleotide absorption might be strong enough, where

DNA folding and hybridization may not include desorption or fluorescence signal

change [Liu 2012]. On the other hand, to quantify the aggregation of AUNPs-DNA,

there is only a few methods can be used. SEM or TEM can help us to observe the

structure of AuNPs-DNA assemblies, also for calculating the number of assemblies

in a specific area. However, it is not a good method for real-time monitoring the

assemblies’ formation [Roberts et al., 2012]. Due to the limitations mentioned above,

there is room for developing novel technique for measuring the hybridization of

target DNA and nanoparticles with non-optical assay.

In this study, it was demonstrated for the first time the use of the LAMP-based

AuNP TRPS to detect the PVL gene of MRSA. This approach provides a

straightforward and sensitive protocol for detection. Different from PCR, thermal

cycles are not required in this assay to amplify the target DNAs. Instead, one single
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temperature and four primers are used to isolate and amplify target DNAs by LAMP.

Two gold nanoparticle samples (AuNP1 and AuNP2) are used to increase the assay

sensitivity. The required amounts of sample and reagents for LAMP and TRPS are

small, only 35 uL. Also, the combined TRPS approach and setup is affordable to

most common laboratories. In this study, the LOD for detecting MRSA DNA

template can be as low as 530 copies and the whole process is quantitative and can

be completed within two hours. This approach has solved the problems for DNA

quantification by using LAMP as well as the inhibition from dyes when the

traditional fluorescence-based quantitative method is used in LAMP. As

demonstrated, the size and number of AuNP assemblies are proportional to the

amount of input target gene templates. By setting a standard curve, our approach can

easily work as a quantitative LAMP machine without using molecular probes as

reporters.

Also, that using TRPS to quantify the assemblies of AuUNPs-DNA can avoid the

limitation of signal generation due to the sSDNA absorption or size of AuNPs. For

real application, this approach has a good selectivity for the PVL gene from the

CA-MRSA (MW2) and the ‘signal-to-readout’ workflow is straightforward. Taken

together, our results demonstrate that the combined LAMP-based AuNP TRPS is an

effective tool to detect the PVL gene from the CA-MRSA. It can be used to report the
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presence or absence (“yes/no” output) of other types of infectious microorganisms.

To conclude, here we demonstrate a novel detection method for quantifying the
pathogen DNA after LAMP reaction, by quantifying the sizes and concentrations of
the assemblies between target DNA Lamplicons and DNA probes functionalized
AuNPs. TRPS is applied for non-optical investigation and real-time detection of the
AUNPs-DNA assemblies. Due to the advantage of using a small amount of samples,
the LAMP-based AuNP TRPS is a great nanoscale biosensing approach which can be

developed on clinical usage.
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Chapter 4 Application of DNA functionalized Nanoflowers

particles (NFs) for human cells transfection

4.1 Introduction

Biocompatible NPs have been utilized as carriers on non-viral eukaryotic cells
transfection for basic and therapeutic application. The NPs used as DNA-carriers are
commonly composed of cationic lipids or polymers, with relatively large in size with
positive charges that enhance their clearance from circulation [Corsi et al., 2003]. In
2001, Mao et al. reported the novel non-viral transfection method by using
Chitosan-DNA NPsin HEK293 cells [Mao et al., 2001]. The chitosan-DNA NPs can
protect plasmid DNA from nuclease degradation, but with two to ten times lower
transfection efficiency when compared with the Lipofectamin™-DNA transfection.
AUNPs have high affinity to DNA. The modified AuNPs, mixed monolayer protected
gold clusters (MMPCs) have been reported as the carrier of plasmid DNA for the
transfection in mammalian cells [Sandhu et al., 2002]. In 2007, McBain et al.
reported the polyethyleneimine (PEI) molecules functionalized iron oxide NPs for
DNA delivery and transfection [McBain et al., 2007]. Iron oxide NPs with PEI

functionalized is not only capturing DNA, but also can be driven by magnetic field.
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As the increasing interest in utilizing of NPs and nanotechnology, the safety of
nanomaterials in clinical usage becomes highly concerned. In this decade, there are
reports on nanomaterials toxicity: the surfactant which can stabilize the NPs, such as
CTAB on AuNPs is highly toxic to human erythrocytes and basophile [Lau et al.,

2011; Cheung et al., 2012]

In this study, we used human basophil (suspension cells) and human embryonic
kidney cells (adherent cells) to demonstrate the use of the flower-like NPs,
nanoflowers (NFs) conjugated with DNA for transfection. Due to their unique
structure, NFs share higher surface area to volume ratio that compare with other
kinds of NPs. NFs can be applied for nucleic acid delivery by making use of the
unique features for targeted drug/gene delivery and therapeutic purposes. We aim to
show the feasibility of plasmid-functionalized NFs as a non-cytotoxic tool for
targeted gene delivery for biomedical purposes. By using the green fluorescent
protein (GFP) or red fluorescent protein (RFP) genes containing plasmid, the
fluorescent signals released from the treated cells were measured as a reflection of
the efficiency of transfection. Also, the toxicity of NFs used in this system was

investigated.
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4.2 Materials and Methods

4.2.1 Materials
4.2.1.1 Cell lines

Human Basophil KU812 cells were provided from Prof. C. K. Wong’s lab
(Department of Chemical Pathology, CUHK).

Human embryonic kidney cells HEK293 cells (293T cells) were obtained

from American Type Culture Collection, USA.

4.2.1.2 Buffers and reagents

Buffers and reagents were prepared by dissolving chemicals to distilled water,
followed by pH calibration with NaOH or HCI, unless otherwise specific.

2 X AlarmaBlue working solution was freshly prepared with 2 mL of
AlamarBlue® reagent, mixed gently with 8 mL of fresh RPMI or DMEM medium.

HEPES buffer (without BSA) was composed with 140 mM NaCl, 5 mM KCl,
10 mM HEPES, 2.5 mM CaCl, and 10 mM Glucose. The pH value was adjusted to
7.4. The HEPES buffer was sterile by filtration.

Phosphate buffered saline (PBS) was prepared by using 2.7 mM KCI, 1.5
MMKH,PO,4, 136 mM NaCl and 8 mM Na,HPO,. The pH value was adjusted to 7.4.

PBS was sterile by autoclave and then stored at room temperature.
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4.2.2 Methods

4.2.2.1 Cell culture and preparation

KU812 cells and 293T cells were cultured according to the ATCC instructions.
Briefly, KU812 cells were cultured at a cell density of 1 x 10° cells/mL in RPMI
1640 culture medium (Gibco, USA) supplemented with 10 % fetal bovine serum
(Gibco, USA) and 1 % penicillin/streptomycin (Gibco, USA) at 37 °C and 5 % CO,,
and passaged twice a week.

293T cells were cultured in DMED culture medium (Gibco, USA)
supplemented with 10 % fetal bovine serum (Gibco, USA) and 1%
penicillin/streptomycin (Gibco, USA) at 37 °C and 5 % CO,, and passaged twice a
week.
4.2.2.2 Alamar blue assay

Human basophils (1x10° cells/mL) were treated with different NFs
concentration for either 48 hr at 37 °C, 5 % CO,. After treatment, the cells were
stained with AlamarBlue® reagent (Invitrogen, USA) according to the protocol
suggested by the company. Briefly, 100 uL of cells were seeded into 96-well plate
with additional of same volume of 2 X AlarmaBlue working solution, and then
incubated for 3 hr at 37 °C, 5 % CO,. Absorbance at 570 nm and 600 nm was

measured with a microplate reader (Tecan Infinite M200) for cell viability. Positive
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control was achieved by adding 1 pM staurosporine (STS) to cells to induce

apoptosis.

4.2.2.3 Preparation of linearized plasmids

Circular plasmids pEGFP-N1 and pDsRedl1l-C1 were double-digested by
restriction enzymes BamHI and EcoRI. Briefly, 10 ug of circular plasmids were
added into 500 uL of reaction mixture, followed by incubation at 37 °C for 2 hr. The

linearized plasmids were stored at 4 °C.

4.2.2.4 Preparation of plasmids functionalized NFs

The NFs were prepared in house in the Department of Chemistry, CUHK, and
they were characterized in our previous study [Xuan et al., 2011]. Then they were
separately conjugated to the surface of the NFs by
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) conjugation according to
the instruction manual by Thermo Scientific. In brief, for a 300 pL reaction, 25 mg of
EDC was dissolved in 100 yL of linearized plasmid (2 ug), which was then quickly
mixed with 100 uM of NFs in 0.1 M imidazole. Immediately mixing by vortex, an
additional 200 pl of 0.1 M imidazole was added into the mixture. Subsequently, the

reaction mixture was incubated at 37 °C for 2 hr. The conjugated NFs were gathered
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by centrifugation at 12,000 rpm for 10 min, followed by resuspending in HEPES

buffer (without BSA).

4.2.2.5 Tunable nanopore-based resistive pulse sensing

TRPS assay were done as described in Section 3.2.2.9. Briefly, the NP2000
were chosen as the nanopore membrane for the assay. 40 uL of NPs sample was
injected to the flow cells for size and concentration measurement. The size of NFs

was calibrated with the standard polymer particles (mean size 960 nm).

4.2.2.6 PCR assay
PCR was done as decried in Section 2.2.2.1. Briefly, the supernatant, NFs, no
EDC NF-Plasmid and NF-Plasmid were 5 fold diluted with ddH,O before mixing

with the reaction mixture, followed by PCR process.

4.2.2.7 Flow cytometry

After the treatments, human basophils (1 x 10°cells/mL) were washed by PBS
and subject to flow cytometeric analysis (FACSCanto, BD Biosciences) for
measuring the green and red fluorescence from the control and transfected cells.

Results were processed and analyzed using WinMDI software. Mean fluorescence
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intensity (MFI) and peak value were calculated from the histograms.

4.2.2.8 Statistical analysis

The differences between the results of experimental and control treatments were

analyzed for statistical significance by Student’s t-test. Each experiment was repeated

for three times, each with three determinations. The trend of response from different

batches of cells was similar if not identical. All data points in the bar chart are mean

+ SD (standard deviation) from three different sets of experiments executed at

different dates.

4.3 Results

4.3.1 Size analysis of plasmids functionalized NFs

In Figure 4.3.1, size of the NFs (NF), Plasmid conjugated NF without EDC as

linker (no EDC NF-Plasmid) and also the plasmid conjugated with NF (NF-Plasmid)

were estimated by the TRPS assay. As mentioned before, the TRPS system has been

widely used for analyzing particles size by recording particles one-by-one. In this

study, a nanopore membrane NP2000 was chosen for size analysis. As shown in

Figure 4.3.2a, the NF is a flower like structure which contains a large surface area for

DNA conjugation, it is expected that the NF would have a size enhancement after
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plasmid functionalization. Both mean size (the average size of the population) and

mode size (the size appeared most in the population) were recorded. According to the

bar charts in Figure 4.3.1a, NF-Plasmid had a significant enhancement in terms of

mean size when compared with that of the NF alone or the NF with NF-Plasmid

groups in the absence EDC. The mean size of the NF and also the NF without EDC

NF-Plasmid were found to be 950 and 1000 nm (in sphere size) respectively, whereas

that of the NF-Plasmid was around 3,000 nm (Figure 4.3.1b). Although the mode size

of the NF-Plasmid was around 1800 nm, far smaller than the mean size, it was still

significantly larger than the mode size of the NF and the NF with NF-Plasmid groups

but without the addition of EDC for conjugation. The huge difference between the

mean and mode size of the NF-Plasmid may be due to the different amount of

plasmids randomly conjugated onto the NFs.

To confirm the size enhancement of NFs before and after plasmids

functionalization, TEM assay and Energy Dispersive X-Ray Analysis (EDx) were

done (Done by Mr. Lee S.F., from the Department of Chemistry, CUHK). From the

TEM images, the size of NFs was in approximately 200 nm in diameter, which is far

smaller than the one measured by the TRPS (Figure 4.3.2). It was clear to see the

flower-like shape structure, with a core in the middle. The DNA can conjugate onto
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the NFs, which is the branch extended from the core. The branch is constructed with

v-AlIOOH as nanosheet, providing high surface areas for functionalization. The

NF-EDC which is lacking in plasmid, remind the original shape with ~ 200 nm in

diameter (Figure 4.3.2a). After conjugation with plasmids, the NFs became

agglomerate with several cores inside the cluster. The size of NF-Plasmid was

obviously enlarged, with more than 500 nm in diameter. A large network of

flower-like shape NFs was found in TEM imaging after conjugation with plasmids

and EDC, as seen in the Figure 4.3.2b. The Edx showed the existence of the elements

for composing the NFs, including Fe, O, Si and Al. A connection between NFs was

also found in the one without EDC NF-Plasmid, but with the smaller size of network

to compare with the NF-Plasmid (Figure 4.3.2c). Both TEM and TRPS confirmed

that NFs had size enlargement after conjugating with plasmids.

PCR was done to amplify the plasmids among different samples, in order to

confirmed the successfully functionalization of plasmids. Also, after conjugation

process, the supernatants were also collected by centrifugation for PCR. In Figure

4.3.3, no amplicon was found in the negative control and bare NF group. For the

linearized plasmids, NF-Plasmid, and the supernatant of no EDC NF-Plasmid, there

were significant amount of DNA band with 629 bp in size (Lane 3, 4 and 7, expected
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size of amplicons: 629 bp). In the no EDC NF-Plasmid and the supernatant of

NF-Plasmid, there was lack of amplicons (Lane 5, 6). The result confirmed that the

linearized plasmids could be successfully conjugated onto the NFs with the EDC

linkage, but not in the one without EDC. Hence, the supernatant of NF-Plasmid was

lacking in plasmids, whereas the plasmids still remained in the supernatant of no

EDC NF-Plasmid.
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Fig. 4.3.1 TRPS assay for investigating the size of NF, NF with no EDC
conjugated plasmid, and plasmid conjugated NF. The mean and mode size were
measured with gNano machine and showed as bar charts. NP2000 nanopore

membrane was chosen for the TRPS assay (n=3, mean = SD) (* p < 0.05).
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Fig. 4.3.2 TEM images and EDx of NFs. NFs were conjugated with (a) EDC only,
(b) with both EDC and Plasmids, or (c) with Plasmids but no EDC. EDx results
showed the existence of NFs, which had high peaks on Fe, Si, O and Cu, and

significant amount of Al.
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Lane 1 2 3 4 5 6 7 M
NFs / |v / v v o |v v |/
pPEGFP-N1 | / / v v v v v /
EDC / |/ / v |/ v | |/
SUP [/ / / [ v v |/
629 bp

Fig. 4.3.3 1.5 % agarose gel electrophoresis image showing PCR assay of NFs
and plasmids functionalized NFs. Lane 1: negative control (ddH,0); 2: NFs only; 3:
plasmid only (pEGFP-N1); 4: NF-Plasmid; 5: no EDC NF-Plasmid; 6: Supernatant
of NF-Plasmid; 7: Supernatant of no EDC NF-Plasmid; M: 1 kb plus DNA ladder.

(SUP: Supernatant)
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4.3.2 NFs and functionalized NFs toxicity to suspension and adhesion cells

Toxic effect from NPs is a common problem. It is therefore important to

understand the level of cytotoxicity of NFs in human cells before using them for

transfection. In this connection, Alamar blue assay was performed to estimate the

cytotoxicity of the NFs. As shown in Figure 4.3.4, the NFs used in this study

demonstrated no or very little cytotoxicity to the human basophils (KU812 cells)

when compared to that of negative control as well as the positive apoptogenic control

(1 uM staurosporine (STS)). The cell viability maintained approximately 100 %

under the challenge of NFs from 3 nM to 300 pM, in both short-term (4 hr) and

long-term (24 hr) treatment. Therefore, these results indicate that the NFs were

biocompatible and useful for further application with the basophils KU812 cells.

Besides the human basophils (suspension cells), another cell line, human

embryonic kidney cells (293T cells, adhesion cells) was chosen as a model for

studying the transfection effect of plasmids carried by the NFs. The working

concentration of NF-Plasmid for cells transfection in our study was 0.1 nM. In order

to further understand the cytotoxicity level of the NFs in KU812 cells and 293T cell,

the concentrations of the plasmids functionalized NFs chosen were in 0.1 nM and

0.05 nM for alamar blue assay and the incubation time was extended to 48 hr.
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According to the results in Figure 4.3.5, both bare NFs and no EDC NF-Plasmids

groups demonstrated no or very little cytotoxicity in both the KU812 cells (Figure

4.3.5a) and 293T cells (Figure 4.3.5b). On the contrary, cells treated with the

NF-Plasmid, EDC contained NFs groups, had decreasing viability when compared to

that with the non-EDC contained NFs treated groups. The viability index of KU812

cells and 293T cells treated with 0.1 nM NF-Plasmid were found between 70 to 80 %.

When decreasing the NF-Plasmid concentration to 0.05 nM, the cell viability in both

cell lines increased.

NF-Plasmid was composed of NFs, linearized plasmids and EDC. EDC worked

as a linker to connect linearized plasmids and NFs in order to have successfully

functionalization. To investigate whether the cytotoxicity was due to the EDC,

mixtures containing NFs and EDC (NF-EDC) were added into cells. According to

Figure 4.3.5a, no matter under NF-Plasmid or NF-EDC treatments, KU812 cells had

similar rate of viability. It was suggested that the cytotoxicity effect was, at least in

part, due to the EDC linker. Not surprisingly, similar effects were found after treating

293T cells with EDC contained NFs for 48 hr. The viability rates of 293T cells

treated with NF-EDC were slightly elevated when compared with that of the

NF-Plasmid treatment groups (Figure 4.3.5b). These results thus indicate that the
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EDC used to connect the NFs and linearized plasmids is slightly cytotoxicity to
human cells. Taken together, it seems likely that the 293T cells had a higher EDC

tolerance than that of the KU812 cells.
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Fig 4.3.4 Alamar blue assay for determining the NFs toxicity to KU812 cells.
KU812 cells (1 x 10° / mL) were treated under different concentrations of NFs, in a
range between 3 nM to 300 uM for either 4 or 24 hr. The positive control was done
by treating 1 uM of STS. Results were mean £ SD (n = 3), * p < 0.01 compared to

control.
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Fig. 4.3.5 Alamar blue assay on the cell viability of (a) KU812 cells and (b) 293T
cells under a treatment with NFs, no EDC NF-Plasmid, NF-Plasmid and
NF-EDC for 48 hr. Ctrl: control group, without any NFs; NF1: 0.4 nM NFs; NF2:

0.2 nM NFs; NF3: 0.1 nM NFs; NF4: 0.05 nM NFs; no EDC1: 0.1 nM no EDC
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NF-Plasmid; no EDC2: 0.05 nM no EDC NF-Plasmid; NF-Plasmidl: 0.1 nM

NF-Plasmid; NF-Plasmid2: 0.05 nM NF-Plasmid; NF-EDC1: 0.1 nM NFs with EDC;

NF-EDC2: 0.05 nM NFs with EDC. The working concentration for transfection was

0.1 nM NF-Plasmid. Results are n = 3, mean £ SD, * p < 0.05, ** p < 0.01.
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4.3.3 Florescent proteins expression in KU812 cells and 293T cells after the

transfection with the GFP plasmid conjugated with NF

Next, the transfection efficiency of NF-Plasmid in both suspension (KU812

cells) and adhesion cells (293T cells) were studied. In this study, two plasmids,

PEGFP-N1 and pDsRed1-C1 containing the GFP and RFP genes respectively, were

chosen for transfection. KU812 cells were incubated with either the culture medium

alone, or the medium containing NF, plasmid, no EDC NF-Plasmid, or NF-Plasmid

for 24 or 48 hr, followed by flow cytometric analysis to investigate the green (Ex 488

nm, Em 530 £ 30nm) or red (Ex 488 nm, Em695 + 40nm) signals for the GFP and

RFP respectively.

In Figure 4.3.6a-b, histograms showed the fluorescence signal in KU812 cells

under different treatments. To compare with the control group, cells did not show any

obvious peak shift after either 24 or 48 hr of treatment with the bare NFs, plasmid or

no EDC NF-Plasmid. For the NF-Plasmid treated groups, there were slightly

increased in either the RFP or GFP expression after 24 hr treatment, compared with

the other treatment groups. The populations with RFP and GFP expression in the

selected region (M1) were 14.16 % (KU812, RFP) and 29.77 % (KU812, GFP)

respectively after transfection for 24 hr (Figure 4.3.6a-b), which have elevated 0.96-
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and 1.3-fold increase when compared with the control groups. These results suggest

that the plasmids alone in the medium could not be carried into cells and successfully

expressed if the cells were only incubated with the linearized plasmids or NFs

without plasmids conjugation in the absence of EDC linking. In Figure 4.3.6¢c-d, the

bar charts showed the event populations with both the RFP and GFP expression 48 hr

after transfection. The cell populations with either RFP or GFP expressions in the

NF-Plasmid treated groups were significantly larger than the other treatment groups

(Figure 4.3.6¢c-d). At 48 hr post-transfection, approximately half of the cell

populations were positive in fluorescent proteins expression. In comparison, the

RFP-positive and GFP-positive cell populations were approximately 6.8- and 4.5-

fold larger than the control groups, respectively. Although an increasing population

size with fluorescence was detectable 24 hr after transfection, some of the cells

needed a longer time to produce fluorescent proteins. NF-Plasmid, no matter

conjugated with linearized pEGFP-N1 or pDsRed1-C1, could carry the plasmids into

the KUB812 cells, and expressed fluorescent proteins successfully after incubation for

48 hr.

Experiments were repeated by using the adherent 293T cell line. In 293T cells,

loss of cell adhesion was found in the NF-Plasmid treatment groups. Hence, the cells
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suspensions were also collected for fluorescence signal measurement. Similar to the

KU812 cells, the histograms showed no peak shift in 293T cells treated with

plasmids or no EDC NF-Plasmid, when compared with that of the control groups

(Figure 4.3.7a). However, there was a slightly increase in the cells populations with

fluorescence under the NFs treatment. Because of the lacking of plasmids, it was

suggested that the fluorescence signals may due to the NFs.

For the NF-Plasmid treated 293T cells, after transfection, part of the cells

lacking in the ability of adhesion. Hence, cells could be derived into adhesion and

suspension fractions. According to the histograms shown in Figure 4.3.7a, only 22.31

% and 17.21 % of cells in the adhesion fractions were RFP and GFP positive

respectively, close to the NF alone treated groups. It indicates that the fluorescence

signals detected from the adhesion fraction might not be due to the production of

fluorescent proteins. On the contrary, cells found in suspension fractions were

obviously highly RFP or GFP expressed. There were nearly 80 % of cells expressing

fluorescence signals (Figure 4.3.7a-c). According to the above results, NFs worked as

carriers to bring the plasmids into the 293T cells. And the expression of GFP or RFP

blocked the surface adhesion behavior. Also, the transfection efficiency using NFs as

a tool was higher in 293T cells than KU812 cells in our study.

126



()

Control

NF

Plasmid-C1

No EDC NF-

C1

NF-C1

Events

128

"
&
°L . .L
10' 10 10/ 10° 1 10° 10" 10! 100 To*

Chapter 4

24 hours 48 hours

[ «

7.44% 3.&8% 5.91t 0.6:‘1%

s
=z

p-S-A

PerCP-Cyb-5-A
- &

11.90% 2“.‘84%

6.591 0.55%
M

[
* I 107 10*

5.4
8 i 8 T
5.4210.23% 5.13+1.13%
M W
108 10! 1 e To “10° 10" ToF 70° To*
PerCP-Cy5-5-A PerCP-Cyb-5-A
8 T 8 ST
9.10+2.05% 9.66% 0.12%
L M
1o 10" 1 10* 10 o 10' 10} 107 10°*
PerCP-Cf5-5-A PerCP-Oy5-5-A
8 B 8 o
14.16 £2.31% 46.10* 1.76%
M M
“io® 10 07 100 To g8 10 1@ 107 7o
PerCP.CyS5-A PerCP-Cys-5-A
RFP (PerCP-Cy5.5)

127



Chapter 4

24 hours 48 hours

& c o [
& + o
12.9024.13% 10.64 £ 0.70%

M1
M

128

Control
10° 10 FIT“CU:\ 10? 10* 100 1o’ u:;;x: 07 10
. 17.11+1.74% 8 71;4».2787i 1.00%
L
— M

NF

Everts
|
=
Events
]

e

10? 10? 10*
FITC-A 10° 10 107 10° 10°*
FITC-A
- . B . gmea
] 10.14 £ 0.55% N 10.63 + 1.40%
g’ M ™
(V)
. o 3
Plasmid-N1
10° 10" 107 10? i0* ='| ] 10" ] £] 10°*
FITC.A o 0 FI;CO-A " ’
g &

16.59+1.47%

M

16.88 +1.20%
M

No EDC NF- .
N1

veni:
Everts

N .

10° 10" 10? 107 10* 109 10" 107 107 10*
FITC-A FITC-A
8 - - " SR
29.77+£0.47% - 58.17 £ 2.75%
L it

NF-N1

Everts
Everts

FITC-A FITC-A

GFP (FITC)

(b)

128



Chapter 4

80

RFP

60
* %
50
40 |

30

Events Population (%)

10

'om = == B

(C) Control NF Plasmid-C1  no EDC NF-C1 NF-C1

80

GFP

* ¥k
60 r

50
40

30 r

Events Population (%)

20 -

, "m0 m B

Control NF Plasmid-N1  no EDC NF-N1 NF-N1

Fig. 4.3.6 Fluorescence signal of (a) RFP or (b) GFP in KU812 cells detected by
flow cytometry after transfecting with pDsRed1-C1 or pEGFP-N1
functionalized NFs for 24 hr and 48 hr. Corresponding bar charts showed the

events population of cells with (c) RFP or (d) GFP expression, transfected for 48

hours (n =3, meantSD)(** p < 0.01).
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Fig. 4.3.7 Histograms showed the fluorescent signal (a) RFP or GFP in 293T

cells detected by flow cytometry after transfecting with pDsRed1-C1 or

pEGFP-N1 functionalized NFs for 24 hr and 48 hr. Corresponding bar charts

showed the events population of cells with (b) RFP or (c) GFP expression,

transfected for 48 hours (n =3, mean+SD)(* p< 0.05, ** p< 0.01).
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4.3.4 FSC and SSC investigation after transfections

By the flow cytometry, changes in SSC and FSC were seen under the treatment

with the NF-Plasmid. In view of this interesting observation, we tried to analyze the

SSC against the FSC in a 2D dot plots, in order to find out the relationships between

NF-Plasmid transfection and cells size and cellular complexity. To have a clear

picture, a FSC dependent gate was set. As shown in Figure 4.3.8, a trapezoid area

was chosen as the FSC gate, which was the region of the major cell population. In

the groups treated with the medium containing NFs alone, a small population with

high SSC and low FSC was appeared (arrow, Figure 4.3.8b, d-e), which was absent

in either the control or plasmid treated group (Figure 4.3.8a, c¢). . To distinguish

whether the small population was due to NFs particles or the aggregation of NFs,

NFs were mixed with culture medium for flow cytometry assay. It was found that no

event can be recorded. Hence, it was believed that the small population was caused

by the aggregation of NFs. The percentages in the arrow shown areas were

approximately 6 % and 10 % of total population in the NFs treated and NF-Plasmid

treated groups respectively. Hence, this small population was excluded for analysis.

Figure 4.3.9 showed the relative FSC histograms and bar charts among different

groups. To compare with the control group, cells did not showed any FSC change at

48 hours post-transfection with bare NFs, plasmid or no EDC NF-Plasmid (Figure
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4.3.9a) suggesting the cell size did not change. However, for the NF-Plasmid treated

groups, an obvious decrease in FSC could be seen (Figure 4.3.9a, overlapping

histogram). For comparison, the mean values of FSC among different groups were

elevated after the same gating. The FSC mean value remained the same in the control,

NFs, Plasmid and no EDC NF-Plasmid groups, whereas there was a significant

decrease in the FSC mean value in the NF-Plasmid treated group after gating,

suggesting that the cell size decreased after the NF-Plasmid transfection and

GFP/RFP expression.

At the same time, there was no significant change in the mean value of SSC in

the NF-Plasmid treated group, with reference to other groups (Figure 4.3.10a-b). The

SSC mean values of all groups remained same. In summary, approximately half of

the KUB812 cells could express fluorescent proteins after treating with the

NF-Plasmid, with a decrease in cell size and unchanged internal complexity.

Due to the above finding, we raised a question whether the decreased of FSC

value was caused by the transfection of NF-Plasmid and expression of fluorescent

proteins. In order to find out the answer, the RFP dependent gating was set as shown

in Figure 4.3.11. The upper region was positive in RFP expression, which was
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defined as R1 (red color labeled), whereas the lower region (R2) without the RFP

expression (green color labeled). The RFP gating was combined with FSC gating for

SSC against FSC 2D plots analysis (Figure 4.3.12a-e). In these 2D plots, it was clear

to see that RFP was expressed in the selected cell population. In Figure 4.3.12a-d, for

the control group, cells treated with NFs, Plasmid, and no EDC NF-Plasmid, the

majority of cells were RFP negative in RFP (label in green). However, in Figure

4.3.12e for the NF-Plasmid treated cells, the majority of cells were RFP positive. The

arrow showed population was absent in the NF-Plasmid treated group, which was

negative in the RFP expression among the other groups. To compare the FSC mean

values between R1 and R2, the mean values of FSC were plotted as bar chart in

Figure 4.3.12f. Besides the NF-Plasmid treated group, the FSC mean value in each

group in R1 was obviously lower than the one in R2, which indicated the cells with

RFP positive would have a smaller cell size. At the same time, the population in the

NF-Plasmid treated group shifted to the right hand side in the 2D plot, with a

decrease in the FSC mean value (Figure 4.3.12e-f). Of note, the FSC mean value of

R1 region in the NF-Plasmid treated group was same as the one in the R1 regions in

other groups. However, the FSC mean value in the NF-Plasmid treated group R2

region was as low as the one in same group R1 region. These results indicate that

RFP expression would be one of the reasons leading to cells size reduction. After the
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transfection of NF-Plasmid, even lacking in expressing fluorescent proteins, the cells

size of overall population was decreased for unknown reason. However, as the

populations in R1 region among other groups without successfully transfection were

only around 10 to 14 %, the majority of populations were located in the R2 region,

which had a larger cell size when compared with that of the successfully transfected

one. Hence, the overall FSC could also help us to define whether cells were

successfully transfected with the NF-Plasmid or not.

Additionally, in R1 region, there were significantly enhanced of SSC mean

values in the NF and no EDC NF-Plasmid treated groups with reference to the

control. It is suggested that the cells had increased the granularity as a result of

endocytosis of the NFs. On the other hand, no change was found in the SCC mean

value in the R2 region among all groups. However, a reduction in the SSC mean

value was found in the R1 region of the NF-Plasmid treated group suggesting a

decrease in cell complexity (Figure 4.3.12g). These results indicate that cells with

successful transfection had characteristics in both cell size and granularity decrease.
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Fig. 4.3.8 2D plots (SSC against FSC) of KU812 cells 48 hr after transfection.
Cells were incubated with 0.1 nM of (a) no NFs (medium only, Control); (b) NFs; (c)
Plasmid-C1; (d) no EDC NF-C1; (e) NF-C1 for 48 hours at 37 °C, followed by flow

cytometry assay. Gating according to the FSC was set (Trapezoid area) for analysis.
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Fig. 4.3.9 Analysis (with FSC gating) of FSC of KU812 cells 48 hr after

treatments. The gating was showed as Fig. 4.3.8. The histograms were showed in

(@). The FSC histograms of control group (black liner region) and NF-C1 treated

group (shaded region) were overlapped. In (b), the mean value of FSC from different

groups were compared (n = 3, mean + SD)(** p <0.01).
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Fig. 4.3.10 Analysis (with FSC gating) of SSC of KU812 cells 48 hr after

treatments. The gating was showed as Fig. 4.3.8. The histograms were showed in

(@). The SSC histograms of control group (black liner region) were overlaid with

NF-C1 treated group (shaded region). In (b), the mean values of SSC from different

3, mean = SD).

groups were compared (n
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transfection. Cells were incubated with 0.1 nM of (a) no NFs (Control); (b) NFs; (¢)
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Plasmid-C1; (d) no EDC NF-C1; (e) NF-C1 for 48 hours at 37 °C, followed by flow
cytometry assay. RFP signal dependent gating was set as shown in Region 1 (R1,

positive in RFP expression) and Region 2 (R2, negative in RFP expression).
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Fig. 4.3.12 Combined FSC gating as RFP signal gating for analyzing KU812
cells flow cytometry assay after undergoing 48 hr transfection. Cells were
incubated with 0.1 nM of (a) no NFs (Control); (b) NFs; (c) Plasmid-C1; (d) no EDC
NF-C1; (e) NF-C1 for 48 hours at 37 °C, followed by flow cytometry assay. The RFP
signal dependent gating and FSC gating were shown as Fig. 4.3.11 and Fig. 4.3.8
respectively. The corresponding (f) FSC mean values and (g) SSC mean values were

shown as bar charts. (n =3, mean £ SD) (* p <0.05, ** p <0.01)
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4.4. Discussion

NPs can be used as carriers to transfer DNA into cells. One of the purposes of

gene transfer is for gene therapy. As mentioned in Section 4.1, the free linearized

plasmids can hardly be and functionalized after entering mammalian cells. According

to the result of fluorescence signal measurement, it matched with this statement that

treating free linearized plasmid could hardly induce the expression of fluorescent

proteins in both suspension and adherent cells. Only the NFs carrying plasmids with

EDC linkage could successfully induce the expression of fluorescent proteins in cells.

Cells can uptake the NPs or NFs by phagocytosis or reacting with sub-cellular

structures [Simko et al., 2011; Xia et al., 2006]. The uptake process can be passive,

without specific membrane receptors or by adhesive interaction. However, whether

the cells retain the NPs, or trigger any chemical reactions, depend on the size and

composition of the particles.

The study in this chapter confirmed that the NFs used in our project did not

show cytotoxicity to human basophil and embryonic kidney cells. The NF-Plasmid

would lead to the decrease in cell viability. Our results indicate that the slight

cytotoxic effect was caused by the crosslink agent, EDC although not too many

papers report the cytotoxicity of EDC in mammalian cells in literature [Moshnikova
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et al., 2006]. EDC is a well-known crosslinking agent which has been commonly

used together with NHS, in nanomaterial modification or scaffold synthesis and it is

believed EDC is a suitable crosslinker in the NFs modification. Another agent which

can be wused for plasmids functionalization is polyethylenimine (PEI). NPs

functionalized with PEI and plasmids demonstrated low cytotoxicity in human

glioblastoma cells [Leung 2013].

Besides the cytotoxicity, the transfection efficiency has been a concern. The

transfection efficiency of human cells using other methods such as Lipofectamin® or

viral infection can be affected by the cell lines. In our study, it was found that the

transformation efficiency of NF-Plasmid in 293T cells was relatively higher than the

KU812 cells. Overall, the cell viability remained more than 70 % in both KU812

cells and 293T cells 48 hr after treating the cells with 0.1 nM of NF-Plasmid. In

addition, the expression rate of fluorescent proteins was more than 50 %, which had

satisfied transfection efficiency. The study confirmed that NFs is a good

nanomaterial for gene transfer.

In our project, we report the relationship between the NF-Plasmid transfection

and cell morphology for the first time. It was confirmed that KU812 cells had a
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reduction in cell size and granularity after transfection, together with the expression

of the fluorescent proteins. By this finding, it provides another dimension for cell

screening and sorting after NF-Plasmid transfection.
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Chapter 5 Use of TRPS to study the drug effect of
Polyphyllin D (PD) and silver nanoparticles (AgNPs)) on the

induction of eryptosis in human erythrocytes (RBCs)

5.1 Introduction

In this chapter, we tried to further demonstrate the usage of TRPS for cell-based
assays with human erythrocytes (RBCs). TRPS has recently been used widely in the
nanotechnology field to qualify and quantify non-optically the aggregation dynamics
of NPs without labeling [Vogel et al., 2011; Willmott and Parry, 2011; Roberts et al.,
2010; Low et al., 2011]. Now, more and more groups start to use TRPS as the

technique for viral and bacterial study.

Mature human red blood cells (RBCs) are the most abundant and specialized
cell type in our body. Apart from transporting oxygen and carbon dioxide, RBCs also
play an important role in the onset of many complications such as heart disease and
strokes [Bornéet et al., 2011]. For instance, RBCs release ATP into the blood, which
stimulates the release of nitric oxide from endothelial cells leading to vasodilation
and inhibition of platelet aggregation [Ellsworth et al., 2009]. Exposure of cells to

some toxic molecules elicits a cell death process in RBCs called
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eryptosis/erythroptosis although human RBCs are devoid of cell nucleus and

mitochondria for the induction of apoptosis [Lang et al., 2012a, b]. Cell shrinkage is

one of the early hallmarks for eryptosis/erythroptosis [Lang et al., 20123, b]. In view

of the fact that the average size of human erythrocytes, generally about 8 um in

diameter and 1 um in thickness [Khairy et al., 2008], falls in the detection range of

the TRPS system, we tried to use the TRPS for the first time to study the toxic side

effects of Polyphyllin D (PD), a potential anti-cancer drug which kills drug-resistant

liver cancer cells [Ong et al., 2008], in terms of change in cell size and

externalization of phosphatidyl-serine (PS), another feature of eryptosis/erythroptosis

in RBCs. One of the common side effects of using anti-cancer drugs in patients is the

development of anemia. We therefore asked whether we could employ the TRPS to

monitor the change in size and blockade duration in the human erythrocytes to study

the toxic side effects of PD.

Additionally, as reported in Chapter 4, NFs or other nanomaterials can be used

for different applications in the biomedical field. One of the examples is using

nanosilver particles (AgNPs) as materials of scaffold for wound healing and

anti-bacterial agent. Hence, in the second part of this chapter, AgNPs were chosen as

the model nanomaterials to study the cytotoxicity of AgNPs, if any, in the human
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RBCs using TRPS. AgNPs are defined as a cluster of silver atoms with at least one
dimension in 1-100 nm. AgNPs can be synthesized by different production methods
with different stabilizers, surfactants and shapes. In this study, AgQNPs were produced
in house by reducing [Ag(NHs).]"under UV light in the presence of poly(vinyl

pyrrolidone) (PVP) as stabilizer [Chaloupka et al., 2010].

Traditionally, Annexin V is a molecular probe which binds with the PS on the
apoptotic cells or eryptotic RBCs. Annexin V can be modified with fluorochrome
conjugation for signal reporting, which convinces the flow cytometry and confocal
microscopy assay. Here we try to combine the TRPS and Annexin V-tagged NPs, to
study the effect of PD or AgNPs in RBCs, to report the concept to employ TRPS for

cell-based toxicity studies.

5.2 Materials and Methods

5.2.1 Materials

Polyphyllin D (PD) was obtained from Shanghai Fine Chemical. PD was
dissolved in DMSO at 50 mM as stock storing at -20 °C in dark.
Annexin-V-RFP was synthesized in house and purified by nickel affinity
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column, store at -20 °C in dark.

BcMag™ His-Ni Magnetic beads (mean size 1 pm diameter) were obtained
from Bioclone Inc. (CA, USA).

AgNPs (28 nm edge length silver nanoparticles) were supplied by Dr. H.F. Lu,
Department of Electronic Engineering, CUHK. AgNPs were produced by reducing
[Ag(NHs),] under UV light in the presence of PVP as stabilizer. The size of AgNPs
was characterized by its extinction spectrum (Figure 5.2.1a). The size of AgNP was
estimated to be 29.0 £ 3.6nm, which is characterized by 490nm extinction peak.

AgNPs were in a decahedronal shape and SEM image is shown in Figure. 5.2.1 b.

1.4
1.2-‘
1.0 5
0.8

0.6

Extinction

0.4 <

0.2 -

0.0 -

L | L 1 i I . I ki 1 L 1 L 1
300 400 500 600 700 800 900 1000
(a) Wavelength(nm)

153



Chapter 5

(b) |—| Mag= 6234 KX EHT = 4.96 kv WD = 53 mm Signal A = InLens

Fig. 5.2.1 The UV-vis extinction spectrum and SEM image of AgNPs used in this
study. (a) Silver nanodecahedrons with 490nm extinction peak were estimated to be
29.0 = 3.6nm in edge length. (b) The shape and size of AgNPs were captured by

SEM.

A commercially available size-tunable nano/micropore platform (gNano, IZON

Science) was employed for the TRPS assay.

5.2.2 Methods

5.2.2.1 Human Erythrocytes Preparation and Culture
This study was approved by the Clinical Research Ethics Committee of the
Chinese University of Hong Kong (Protocol number: CRE-2012.025), the Hong

Kong Special Administrative Region, China. Two to three droplets of fresh human

154



Chapter 5

RBCs were obtained from healthy donors following informed consent by puncturing
fingertips with a sterile lancet with depth setting. Heparinized RBCs were washed
three times with isotonic PBS (136.9 mM NacCl, 2.7 mM KCI, 10 mM Na,HPO,, and
1.5 mM KH,PQy, pH7.4) for experiments.

RBCs (1.5 x 107/mL) were resuspended with HEPES buffer (140 mM NaCl, 5
mM KCI, 10 mM HEPES, 2.5 mM CaCl,, 10 mM Glucose and 0.1% (w/v) BSA, pH
7.4) in 12-well plates. Simultaneously, PD was added into RBCs in final
concentration as 0.31, 0.63, 1.25, 2.50 and 5.0 uM respectively. The RBCs were
incubated at 37 °C for 24 hr. For the ionomycin treatment group, 2 uM (final
concentration) was added into RBCs, followed by 37 °C incubation for 24 hr.

In AgNPs treatment groups, AgNPs were added into each of the well in 12-well
plates. Before applying AgNPs to cells, AgNPs were first centrifuged in 12,000 rpm
for 10 min. The supernatant was then removed and the AgNPs pellet was
resuspended with HEPES buffer into suitable concentration. The final concentrations
of AgNPs were in a range from 2 x 10" particles/mL to 3.1 x 10® particles/mL, in
2-fold dilutions. RBCs were incubated at 37 °C for 24 hr.

For the antioxidant containing group, RBCs were co-treated with AgNPs and 1
mM of N-acetylcysteine (NAC). The control group was done by adding HEPES

buffer instead of AgNPs solution.
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Independent experiments were repeated. Results shown in this paper represent
typical responses from at least 3 independent trials.
5.2.2.2 Hemolysis assay

Human erythrocytes (1.5 x 10’/mL) were incubated in HEPES buffer with PD at
37 °C for 3 hr. After treatment, 100 uL of supernatant from each treatment group was
transferred to 96-well plates. The absorbance of supernatant was determined against
blank (HEPES buffer) at 415 nm with a fluorescent plate reader (Tecan) for the
leakage of hemoglobin (Hb). Total cell lysis was achieved by incubating cells with
Triton X-100 (final concentration: 0.1 % (v/v)).

For studying the hemolytic effect of AgNPs, same procedures were done as
AgNPs replaced PD, for incubating at 37 °C for 24 hr. NAC (1 mM) was added into
cells as the anti-oxidant.
5.2.2.3 Confocal laser scanning microscopy

After treatments, erythrocytes (1.5 x 10°/mL) were washed by HEPES buffer by
centrifugation at 2000 rpm for 5 min, followed by staining with Annexin V-RFP (5uL
in 1000 uL of cells suspension) for 15 min at room temperature in dark. Cells were
then observed by confocal microscopy after washing. For the Annexin V-magnetic
beads staining groups, 1.25 uL of Annexin V conjugated beads (preparation

procedure was described in section 5.2.2.4) were added in 1000 yL of cells
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suspension, followed by observation by confocal microscopy after 15 min of
incubation, without washing. Cells were imaged using a confocal laser scanning
microscope (FluoView FV1000, Olympus) equipped with a laser (543 nm) for
excitation. Red Fluorescence Protein (RFP) signal was acquiredat583 nm, and
images were processed by FluoView application software FV10-ASW 3.0
(Olympus).
5.2.2.4 Conjugation of Annexin V-RFP onto Magnetic beads

BcMag™ His-Ni Magnetic beads (100 pL) were transferred into a 1.5 mL
eppendorf tube. The supernatant was removed completely by placing a magnetic
separator, followed by washing with 4 volumes of 1 X binding/washing buffer (0.5
M NaCl, 100 mM HEPES, 10 mM imidazole, pH 8.0) twice. The beads were
resuspended with one volume of 1 X binding/washing buffer. 100 ug of Annexin
V-RFP (contained His-tag) was added into the beads. Beads and protein mixture were
mixed well by inverting several times and incubated for 20 min at room temperature
with continuous rotation. After incubation, beads were washed with 8 volumes of 1 X
binding/washing buffer for three times. The conjugated beads were resuspended with

one volume of 1 X binding/washing buffer and store in dark at 4 °C.
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5.2.2.5 Tunable RPS analysis

The working principle, structure and design and detailed experimental

procedures of the TRPS using gNano (IZON Science) were reported elsewhere [Ito et

al., 2004; Ito et al., 2004 and Henriquez et al., 2004], similar to the procedure as

described in Chapter 3 (Section 3.2.2.9). Briefly, the setup and pore setting were

optimized using a tunable nano/micropore NP4905 (IZON Science) and certified

particle standards (NIST (National Institute of Standards and Technology)-traceable

certified polymer beads, mean size = 4422 nm) (Bangs Lab). Pore stretch was

maintained at 48.50 mm with a constant voltage of 0.1 V. For the size measurement

of human erythrocytes, 35 pL of cell suspension (in HEPES buffer with 0.1% wi/v

BSA) was added to upper liquid compartment and a constant air pressure of 1

mmH,0 was applied to maintain steady flow of electrolytes or aggregates. Working

procedures followed supplier’s instructions. Each measurement was recorded for

1,500 blockade events. Results were processed and analyzed by software application

(V2.2.56) from 1ZON Science (Figure 5.2.2).
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Fig. 5.2.2 Schematic diagram shows the SIOS experimental design.

5.2.2.6 Statistical Analysis

Results were expressed as mean + SD of three to nine determinations from the
blood of different donors of several (>3) independent trials. Data were compared
using the Student’s t-test; p-values less than 0.05 were considered statistically

significant.
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5.3Results

5.3.1 Size and blockade duration investigation by TRPS

PD is an anti-cancer agent which Kkills liver cancer cells with multi-drug

resistance (MDR) with an IC50 around 5 uM [Cheung et al., 2005; Ong et al., 2008;

Gao et al., 2012]. In the hemolysis assay, as shown in Figure 5.3.1, PD can lead to

100 % hemolysis at the concentration as 2.5 uM or above. The IC50 of PD in human

RBCs is around 0.63 uM, much smaller than the IC50 from the cells with MDR.
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Fig. 5.3.1 Hemolysis assay of human RBCs 3 hr after PD treatment. Cells
suspension after PD treatment was transferred to a 96-well plate, followed by
measuring the absorbance at 415 nm. Total hemolysis was obtained by treating with
Triton X-100. The percentage of hemolysis was expressed as the percentage of total

hemolysis (meantSD, n=3). (Anthony Cheung MPhil. CUHK Thesis, 2012).
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Figure 5.3.2 is a typical example of a RT-TRPS trace using the NIST particle
standards (mean size 4422 nm) (top) and human erythrocytes (bottom). It can be seen
that a steady baseline was maintained at 103-109 nA after optimization. The baseline
current is proportional to the size of nanopore, electrolyte conductivity and the
voltage applied on the two sides of the nanopore. According to Ito et al. [2004a,
2004b], the magnitude of blockade event is proportional to the size of particles.
Therefore by comparing the blockade event magnitude of erythrocytes to that of

particle standards, the size of erythrocytes can be obtained.

As shown in Figure 5.3.3, the peak magnitude of erythrocytes in terms of
current was about two times of that of particle standards. After normalization, the
mean volume of erythrocytes was found to be 86 + 12 fL, which was in line with the
results from other studies [Canham, 1969; Evans and Fung, 1972; Tycho et al., 1985].
Abnormally small RBCs from patients with iron deficiency or thalassemia trait are
called microcytes with a mean volume less than 80 fL [Van Vranken 2010]. Larger
cells with a mean volume greater than 100 fL are called macrocytes. The most
common etiologies for macrocytosis are alcoholism, folate and vitamin B12
deficiencies [Kaferle andStrzoda, 2012]. The mean volume size is therefore helpful

in the diagnosis for microcytic and macrocytic anemia.
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Fig. 5.3.2 Signal traced from TRPS system. The size of human erythrocytes was

calibrated and quantified utilizing the NIST (mean size = 4422 nm) standard. Signal

traces obtained in HEPES buffer.
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Fig.5.3.3 Signal obtained and recorded by using TRPS system for RBCs size
measurement. The histograms of blockade magnitude for (Upper) standard particle
and erythrocytes and (Bottom) cell volume of RBCs were obtained by using qNano

software. (Anthony Cheung MPhil. CUHK Thesis, 2012)
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5.3.2 RBCs cell shrinkage under PD treatment

Figure 5.3.4 showed the histogram showing the effect of PD on cell volume of

human RBCs treated with PD of various concentrations. Significant size change to

the whole cell population was observed with increasing PD exposure. An obvious

cell shrinkage was observed in the group exposing to 2.5 uM PD.

At high dose of PD (e.g. 2.5 and 5.0 uM), few cells remain intact, with most of

cells lysed. Assays were repeated and data are retrieved and presented in curves for

comparison (Figure 5.3.5a, b). As expected, a dose-dependent decrease in the cell

size was observed from 90 to less than 20 fL (Figure 5.3.4 and 5.3.5a). It seems

therefore likely that the smaller particles less than 20 fL in the sets of RBCs treated

with 5.0 uM PD should be the apoptotic bodies (confirmed by confocal microscopy,

see below). Apoptotic bodies are smaller structures with sealed membrane vesicles

detached from cell body during the process of eryptosis. In fact, formation of

apoptotic bodies is another feature of eryptosis [Willekens et al., 2005; Bosman et al.,

2005; Lang et al., 2006]. In Figure 5.3.5a, no significant difference between the mean

and mode size was observed, indicating homogeneity in the cell size distribution.

Likewise, the effect of PD on the duration time was in a dose-dependent fashion

(Figure5.3.5b). As can be seen, the cells travelled through the sensing pore with
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shorter duration times with increasing dose of PD treatment. This observation agrees

well with the reduction in cell size. Also, the mean duration time was larger than that

of its mode value (Figure 5.3.5b), indicating that a large proportion of cells did not

travel with similar individual duration times but rather with a wide heterogeneous

distribution of velocities.
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Fig. 5.3.4 RPS assay estimating the size of the RBCs. The RBCs were undergoing
PD treatment for 24 hr at 37 °C. The final concentration of PD was (a) 0 pM, (b)

0.31 uM, (c) 0.63uM, (d) 1.25 uM, and (e) 2.5 uM. (f) RBCs was treated with 2 uM

of ionomycin.
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Fig. 5.3.5 Effect of PD on cell volume and blockade duration of human RBCs in
solution of different osmolarities. Human erythrocytes (1.5 x 10°/mL) were treated
with HEPES buffer (control) or PD at the concentration as indicated for 24 hr at 37°C
and their cell volume and blockade duration were measured by TRPS. Assays were
repeated and the mean and mode value of cell volume (fL) (a) and blocakade
duration (ms) (b) were determined. Results are mean £ SD (n = 3), *p<0.05,

**p<0.01 when compared to the corresponding control.
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5.3.3 Confocal Imaging to prove the aggregations of eryptotic RBCs by the

Annexin V-RFP functionalized beads

During the eryptosis, the externalization of lipid molecules phosphatidyl-serine

(PS) from the inner to the outer leaflet of the plasma membrane marks the early

phase of eryptosis. It serves as “eat-me” signal to invite macrophages to remove the

defective RBCs [Foller et al., 2008]. Annexin V is a well-known probe which is

commonly used for detecting cell death. Annexin V can be conjugated with

fluorochromes such as green fluorescence protein (GFP) or red fluorescence protein

(RFP), for fluorescence reporting in flow cytometry or confocal microscopy. In this

study, we first to confirm the Annexin V-RFP modified beads can conjugate to the

eryptotic RBCs. Confocal imaging was done with the Annexin V-RFP beads staining

group.

Figure 5.3.6 shows the positive control group that RBCs were treated with

ionomycin. The confocal images demonstrate that RBCs shrinked and formed

apoptotic bodies (shown as arrow). Formation of echinocytes with spicules on the

RBC surface was successfully stained with Annexin V-RFP. The RFP signal was

localized at the cell periphery, as shown in the confocal photo. For the negative

control, there was no RFP signal detected on the cell membrane, which indicated the
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RBCs were not undergoing eryptosis in the absence of PS externalization.

Experiment was repeated by using bead-Annexin V-RFP. In the positive control
group, a group of bead-Annexin V-RFP (positive in RFP signal) was sticking on the
surface of RBCs, connecting numbers of RBCs to form a colony of cell cluster. In
comparison, the Annexin V-RFP soluble solution stained onto the PS on RBCs
without agglutination, indicating that binding of the soluble Annexin-V-RFP to the
PS on the surface of apoptotic cells was insufficient to produce aggregates. On the
other hand, there was no connection between RBCs and bead-Annexin V-RFP in the
negative control group. RBCs were separated, without any beads sticking on the cell
membrane. The results were matched with the Annexin V-RFP staining group. Hence,
it is proved that the bead-Annexin V-RFP could successfully conjugate with the

eryptotic RBCs.

Next, we performed the assays with PD and analyzed the RBCs with or without
PD treatment. As expected, the PD-treated RBCs produced aggregates with the beads
coated with the Annexin-V-RFP or stained with soluble Annexin V-RFP solution
(Figure 5.3.7a-b). Also, apoptotic bodies were seen under microscope. With this

groundwork and confirmation, we repeated the assays using the TRPS.
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5.3.4 Detection of eryptosis by using Bead-Annexin V-RFP and TRPS

As shown in Figure 5.3.8, treatment of RBCs with PD reduced the averaged

cellular volumetric size in a dose-dependent manner. In the presence of beads coated

with Annexin-V-RFP, the histograms shifted to the right hand side indicating the

formation of aggregates or assemblies with larger size (Figure 5.3.8a-c). Similar

results were obtained from the positive control with ionomycin (Figure 5.3.8d).

Experiments were repeated, data compared and significance found (p<0.05) (Figure

5.3.8e). In the delta graph where the percentage of particle population with beads

were subtracted from the corresponding control without beads fraction by fraction

(Figure 5.3.8), it can be seen that positive bars were obtained from the PD treated

groups after 85 fL suggesting that assemblies were formed with eryptotic RBCs with

a size larger than that of the normal RBC. It is noteworthy to mention that RPS was

able to detect the number of assemblies of different sizes. This size variation

indicates that apart from the eryptotic RBCs, apoptotic bodies were also attached to

the beads.

Moreover, agreed with our previous observations that more cells were

disintegrated in the 2.50 uM PD-treated group, more and larger positive bars were

obtained from the 1.25 than the 2.50 uM PD group. On the other hand, more
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negative bars were found before 85 fL in Figure 5.3.9 reveals that less small particles
appeared in the preparation with PD and beads as most of them induced by the PD

treatment (i.e. apoptotic bodies) had been absorbed by the Annexin-V functionalized

beads.
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Fig. 5.3.6 Confocal imaging of RBC staining with either Annexin V-RFP or
Bead-Annexin V-RFP. RBCs were treated with HEPES buffer in the presence or
absence (Negative Control) of 2 uM ionomycin for 24 hr at 37 °C.RBCs then were
washed with HEPES buffer by centrifugation at 2,000 rpm for 5 min, followed by
resuspensed in the Annexin V-RFP contained HEPES buffer (5 uL dye in 1 mL of
cells). RBCs were incubated at room temperature in dark for 15 min, followed by
washing with HEPES buffer. RBCs were resuspended in 1 mL HEPES buffer and
transferred to a confocal dish for imaging. For the Ni-Mag-Annexin V-RFP groups,
RBCs were directly resuspended in 1 mL HEPES buffer without the Annexin V-RFP
dye and transferred into a confocal dish. Bead-Annexin V-RFP was injected into the
sample at dilution in 800 X. Zoom-in image are the enlarged view of the inset in the

merged images. Arrow: apoptotic body; scale bar, cell dimension in um.
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Fig. 5.3.7 Confocal imaging of PD treated RBC staining with either Annexin
V-RFP or Bead-Annexin V-RFP. RBCs were treated with HEPES buffer containing
1.25 or 2.5uM PD for 24 hr at 37 °C. RBCs then were washed with HEPES buffer by
centrifugation at 2,000 rpm for 5 min, followed by resuspended in the (a) Annexin
V-RFP staining solution (5uL of dye in 1 mL cells) or (b) Annexin V-RFP beads
(1:800 dilution). RBCs were incubated at room temperature in dark for 15 min,
followed by washing with HEPES buffer. RBCs were resuspended in 1 mL HEPES
buffer and transferred to a confocal dish for imaging. For the Annexin V-RFP beads
groups, no washing step involved after incubation. Zoom-in image are the enlarged
view of the inset in the merged images. Arrow: apoptotic body; scale bar, cell

dimension in pm.
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Fig. 5.3.8 TRPS assay for detecting eryptosis in the PD-treated RBCs with
bead-Annexin V-RFP. RBCs were incubated with (a) 0 uM of PD, (b) 2 uM of
ionomycin or (¢) 1.25 uM of PD treatment for 24 hr. The solid line showed the cells
populations before adding the bead-Annexin V-RFP, whereas the dotted line showed

the cells population added with beads. The final concentration of Annexin V-RFP



Chapter 5

beads was in 1:800 diluted. The beads were added into RBCs samples for 15 min

before injecting to TRPS flow cell.
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Fig. 5.3.9 Delta histogram (% of population against particle size) calculated by

IZON software. The background populations of RBCs without bead-Annexin

V-RFP were subtracted from the bead-Annexin V-RFP conjugated populations after

PD treatment at the concentration as indicated (n=1).
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5.3.5 Cytotoxicity of silver nanodecahedrons particles (AgNPs) to RBC

To show the toxic effect of AgNPs to human RBCs, hemolysis assay was done.
RBCs were treated with different concentrations of AgNPs for 24 hr, followed by
detection of the absorbance of supernatant at 415 nm. As shown in Figure 5.3.10,
hemolysis occurred when RBCs were treated with AgNPs at the concentration higher
than 0.5 x 10 particles/mL. There was no obvious hemolytic effect in the range
from 0 to 0.25 x 10'° particles/mL of AgNPs. On the other hand, RBCs were in low
hemolysis rate when co-treated with AgNPs and anti-oxidizing agent NAC,
maintained, at around 20 to 40% of the total hemolysis throughout the experiments.

These observations indicate that NAC can rescue RBCs from the AgNPs toxicity.

5.3.6 Morphology study under confocal microscopic imagining

Under high concentration of AgNPs, RBCs underwent eryptosis as evidenced by
the formation of ghosts and the Annexin V-RFP staining on the cell periphery (Figure
5.3.11). Early disco-echinocytes (white arrows) and ghosts were found in 1 x 10%°
particles/mL of AgNPs treated RBCs (Figure 5.3.11). The presence of ghost cells in

the confocal images supported the high hemolytic rate as the RBCs were devoid of Hb.
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On the other hand, disco-echinocytes and echinocytes were found in the NAC AgNPs
treated groups contained AgNPs of 2 x 10 and 1 x 10" particles/mL. Also, no or only
a small number of ghost cells were found in these groups. Moreover, the Annexin
V-RFP signals in the NAC containing groups were less than the one without NAC

added (Figure 5.3.11).

160
* % *® %k
140
120
100

80

60

40

Hemolysis Percentage (%)

20 3 =

2.5

Particles concentrations (x 10/ mL)

Fig. 5.3.10 Hemolysis assay of RBCs under the AgNPs treatement. RBCs were
cultured in 12-well plates in the presence of 2.5 x 10%, 5.0 x 10°, 1.0 x 10'° or 2.0 x
10'° particles/mL AgNPs respectively; at 37 °C for 24 hr in the presence (1 mM)
(dotted line) or absence of NAC (solid line).Results are expressed as mean£SD (n=3),

* p< 0.05, ** p< 0.01.
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Fig. 5.3.11 Confocal images showing the morphology and Annexin V —-RFP

signal from the RBCs after AgNPs treatment. RBCs were cultured in the presence
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10 0
of 2.0 x 10 particles/mL AgNPs, at 37 C for 24 hr. For the NAC treated group, 1

mM NAC was added into each well with AgNPs. RBCs were washed by HEPES
buffer at 2,000 rpm, 5 min, followed by staining with Annexin V-RFP dye for 15 min
at RT. RBCs were washed with HEPES buffer after staining. Then, RBCs were
resuspended in 1 mL HEPES buffer in a confocal dish and observed under a confocal

microscope.

5.3.7 Cells volume assay by TRPS

After the studies on the effect of AgNPs treatment in human RBCs, we applied
the TRPS technique to investigate the change in cell volume and blockade duration,
in order to link up the relationship between the death of RBCs and cells size after

AgNPs treatment.

The first assay was done to identify the mean and mode cell volume of RBCs
after treating with AgNPs. As shown in Figure 5.3.12a, there was a gradually
increase of the cell volume from 90 to 155 fL when the concentration of AgNPs
increased from 0 to 1 x 10 particles/mL. At the highest concentration (2 x 10"
particles/mL), the RBCs shrinked, reducing the mean cell volume to around 60 fL. It

is suggested the effect of AgNPs on RBC cells size was in a dose-dependent manner.
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At the same time, there was no big different between the mode and mean size, except
the one of the highest concentration treated group. These results indicate
homogeneity in the cell size distribution under the treatment of AgNPs in the range

from 0 to 1 x 10" particles/mL.

Likewise, the effect of AgNPs on the blockade duration time was also in a
dose-dependent fashion (Figure 5.3.12b). As can be seen, the cells took longer
duration time to travel the nanopore after treatment with increasing dose of the
AgNPs from 2.5 x 10° to 1 x 10" particles/mL. This observation agrees well with the
increase in cell size. Also, the mean duration time was larger than that of its mode
value (Figure 5.3.12b), indicating a wide heterogeneous distribution in terms of the

travelling velocity.

According to the results from the hemolysis assay and confocal imaging, an
obvious reduction of Hb leakage and Annexin V-RFP signal were observed in the
treatment group with both the NAC and AgNPs. Hence, it was interesting to
investigate the cell volume of RBCs under NAC and AgNPs treatment. As shown in
the bar chats of Figure 5.3.13a, the control groups, no matter with or without NAC,

the cells volume was around 90 fL. One mM of NAC did not affect the RBC cell
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volume in control groups. In comparison, in the range between 0.25 to 2 x 10%
particles/mL of AgNPs, the RBC cell volume maintained relatively stable (~110 fL)
among different dose of the AgNPs treatment groups when NAC was added. At the
same time, in the dosage of AgNPs between 0 to 1 x 10" particles/mL, the duration
time for RBCs passing through the nanopore was shorter, compared with the groups
without NAC. There was no obvious difference found among the groups with AgNP

and NAC.

Our results therefore indicate that NAC can reduce the toxic effect of AgNPs in

RBCs including the hemolysis rate, PS externalization and cells enlargement.
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Fig. 5.3.12 Effect of AgNPs in RBCs on cell volume and blockade duration

measured by TRPS. The RBCs were cultured in 12-well plates in the presence of

9 9 10 10
25x10,50x10,1.0x10 or20x 10 particlessmL AgNPs respectively, at 37

0C for 24 hr. The cell volume (a) and blockade duration (ms) (b) were determined.

Results are mean £+ SD (n = 3), * p<0.05, ** p<0.01 when compared to the

corresponding control.
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Fig. 5.3.13 TRPS assay on determining the effect NAC in AgNPs treated RBCs.
Cells were incubated with AgNPs at 37 °C for 24 hr, in the presence or absence of 1
mM NAC. The cell volume (a) and duration time (b) were obtained. (MeantSD, n =

3) (* p<0.05, ** p<0.01 when compared to the corresponding control).

5.4 Discussion

Results from our study indicate that TRPS is a sensitive and robust
measurement method and it provides a new application in the cell-based study. In
this regard, the TRPS platform required much smaller volume of suspension (35 L)
for sensing compared with that for microscopy (~ 0.5 mL) or flow cytometry (several
mL). Using TPRS, our results show that PD is highly toxic to human erythrocytes
leading to eryptosis based on our observation from the TRPS for cell shrinkage,
apoptotic body formation and PS externalization. More work is needed to solve its

side effect in RBCs if PD is to be used as an anti-cancer agent.

Also, data from our study show a dose-dependent size change in the RBCs and a
high hemolysis rate when human RBCs were treated with AgNPs. RBCs enlarged in
cell volume first followed by shrinkage as the concentration of AgNPs increased. At

the same time, according to the results from confocal imaging, the RBCs treated with
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2 x 10" particles/mL of AgNPs became ghosts. These observations are similar to the
one that RBCs were kept in hypotonic environment. Cell enlargement in hypotonic
environment is due to the influx of water: the cells swell and the integrity of the cell
membranes disrupt. As a result of this, Hb escapes from the RBCs. Under the
treatment of AgNPs, the shape of the RBCs changed from discocytes to early
dico-echinocytes [Oftedal et al., 2012], and to the ghosts. The geometric axial ratio
(RP = thickness/diameter) of discocytes are 0.5, whereas RP = 0.5-0.9 in the
dico-echinocytes [Milton and Frojmovic, 1979]. Diso-echinocytes were identified as
discocytes which processed pseudopods and/or as swollen discocytes [Milton and
Frojmovic, 1979]. It is believed that the high concentration of AgNPs leads to the
pore formation on the RBC cell membrane, followed by the leakage of Hb. These
results suggest that AgNPs have potential to affect the lipid component of RBC
membrane. Also, ghost cell were found after the treatment with the AgNP suggesting
that the RBC shape was maintained as a result of the balance between the intra- and

outer-cellular pressure [Johnson et al., 1980; Oftedal et al., 2012].

Cell swelling is related to the anion permeability, and its increase may be due to
the membrane oxidation or consequence of certain pathological conditions [Vitvitsky

et al., 2000]. AgNPs have a strong antibacterial activity for the induction of oxidative

189



Chapter 5

stress. In this connection, it has been proved that AgNPs can generate ROS leading to
the degradation of cell membrane [Sanpui et al., 2011; Gurunathan et al., 2013].
RBCs were found to swell at the AgNPs concentration between 0.25 to 1 x 10™
particles/mL. This may be due to the production of ROS which led to cell swelling
and then shrinkage eventually. NAC is a well-known and popular antioxidant which
is supposed to reduce the oxidative stress. The role of NAC in minimizing oxidative
stress is a result of its act to be the precursor for glutathione (GSH) synthesis
[Romagnoli et al. 2013]. According to the confocal images and TRPS cells
measurement, NAC demonstrated the effect on rescuing the RBCs from the AgNPs
cytotoxicity. However, more work is needed to show the mechanism how NAC

blocks the eryptosis in human RBCs.
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Chapter 6 Conclusions

In this thesis, the use of LAMP assay to detect the MRSA PVL gene as a
proof-of-concept model, by using traditional DNA binding dyes, optical method such
as fluorescence or SPR, and a novel approach combining AuNPs and TRPS was
demonstrated. On the other hand, the use of NPs carrying plasmid DNA for
transfection, and probes against PS for measuring the cytotoxicity of drugs in RBCs
were also described. To sum up, chapters in this thesis tried to demonstrate an
integration of different biochemical methods, kinds of NPs and electrochemical
analysis such as TRPS for different biomedical applications

Biosensor is a device for detecting analytes including proteins, enzymes,
antigens, nucleic acids and cells etc., based on their biological and physiochemical
features [Turner et al., 1987]. Biosensor requires a sensitive detector system
reflecting the true status of target signals in the sensing system. As demonstrated in
Chapter 2, the traditional DNA binding dyes exhibit inhibitory effects in both gPCR
and the RT-LAMP. This indicates that the current detection/signal generation
methods based on the use of fluorescent DNA-binding dyes for quantifying DNA are
not suitable for the next-generation biosensor.

The platform demonstrated in Chapter 3 presents an integrating approach for the

detection of MRSA or other pathogens. First of all, in the AuUNP-Lamplicons section,
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specificity was enhanced in the LAMP-based AuUNP TRPS platform, which is a result

of the combined use of both the capturing and reporting AUNPs. The

double-targeting AuNPs work like the primary and secondary antibodies in the

sandwich ELISA and Western blot to recognize the targets and amplify the signals

for detection. Moreover, the LAMP-based AuNP TRPS platform involves DNA

amplification which can be finished within 30 min to generate more copies of targets.

In particular, LAMP is able to amplify a small amount of target DNAs into abundant

amount of large sized DNA stem-loop structures in one single temperature without

the need of thermal cycling. It allows the employment of the for capturing and

reporting AuNPs to form large aggregates for TRSP sensing despite there are only a

few hundreds of target DNAs initially. The sensitivity is enhanced by this approach

and the LOD was found to be 208 copies of the MRSA PVL template in our

experimental setting. Besides the testing of the presence or absence of target DNAS

(positive/negative), the TRPS is able to provide a quantitative measurement for

LAMP products (qLAMP) without using any DNA binding dyes thus overcoming the

shortcoming of the inhibitory effects from the DNA binding dyes during the LAMP

process.

As a good biosensor for detection, speed and user-friendly are also important

According to our experience, the detection of MRSA PVL genes by our platform,
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including the extraction of gDNA, can be completed within two hours. To compare

with the conventional PCR, the time spending for DNA amplification and signal

acquisition is minimized in our LAMP-based AuNP RPS system. At the same time,

the volume of DNA sample required for sensing is only 35-40 yL after mixing with

the AuNPs mixture. It indicates that a small amount of reagents and sample obtained

from patients are sufficient for target detection. Additionally, the mechanism of

electrochemical based detection method is easy and robust to perform. The signals

generated from the TRPS can be acquired by setting an optimal threshold and/or

stretching the elastic nanopore membrane to provide flexibility for assays. As shown

in the individual signal tracings (Figure 3.3.8), each of the particles can display a

numeric signal. Therefore, our LAMP-based AuNP RPS platform matches most of

the criteria of a good bionsensor, which are user-friendly, time and reagent saving,

sensitive and specific for DNA detection and convenient for DNA quantification. For

the flexibility of the platform from the other angle, the DNA probes on the AuNPs

can be replaced by other pathogen-specific genes or drug resistance genes, which

allows the platform to detect other pathogens. With a better design, multiplexed assay

can be performed. The DNA profile of MRSA and other pathogens from patients can

be obtained easily in a short period of time in clinical setting.

The approach of using NFs to carry plasmid DNA is proved to be successful in
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transfecting human cell lines in Chapter 4. The advantages of using NFs as carriers

are two-fold. First, we can see a high transfection rate has been seen by using NFs as

DNA carriers. Second, the cytotoxicity is low when the NFs were used for

transfection. Comparing with other AuNPs, the NFs have a large surface area which

can carry more DNA strands thus enhancing the transfection rate. Also, the NFs are

obviously less toxic than the AuNPs and therefore they have potentials to be used in

human [Sarker et al., 2013]. The application of NFs can be extended by surface

functionalization with antibodies or apoptotic proteins for targeting cancer cells, so

that the transfection specificity and anti-cancer efficiency can be increased.

In this thesis, we have introduced the application of TRPS for the development

of novel biosensor. In fact, based on our trial, application of TRPS can be extended

from the field of nanotechnology to cell-based assays when combined with

appropriate designs with NPs or microparticles (beads). As demonstrated in Chapter

5, through the change of the cell size or enlargement after conjugating with detection

beads, TRPS can quantify and distinguish the death of RBCs form the viable

counterpart. This is a new biosensor which combines TRPS and functionalized beads

with molecular probes for cell-based assays. Taken together, this thesis shows an

approach to integrate and refine different aspects of science and technologies to

achieving superior R&D for new applications. This approach is an important key
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turning great research into great applications and products for biosensing.
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