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Abstract  

Cultured cell manipulation by the intracellular delivery of exogenous biomolecules 

like DNA and proteins is the cornerstone of modern experimental cell biology. The 

intracellular delivery of biomolecules can be carried out with different methods 

such as electroporation and microinjection, but these methods lack dosage control.  

The nanopipette is a needle with a nanopore size opening and by coupling with the 

scanning ion conductance microscopy, it has the potential to perform quantitative 

nanoinjection, i.e. intracellular  delivery at precise single molecule resolution. When 

a suitable voltage is applied, the biomolecule moves towards the nanopore and it 

temporarily disrupts the ionic current flow, which generates a distinctive 

translocation signal. However, nanopore experiments are typically carried out 

inside an electrolyte bath, and the electrolyte bath is different from the 

macromolecular crowded intracellular environment. This work will study w hether 

quantitative nanoinjection in the macromolecular crowded cell is possible, and 

whether the macromolecular crowded environment alters the translocation 

dynamic of a single molecule. 

$ÉÆÆÅÒÅÎÔ ÂÉÏÍÏÌÅÃÕÌÅÓ ÉÎÃÌÕÄÉÎÇ $.! ÐÌÁÓÍÉÄÓȟ ÅÎÚÙÍÅ ɼ-ÇÁÌÁÃÔÏÓÉÄÁÓÅ ÁÎÄ ɻ-

synuclein amyloid fibrils are delivered into different cells through the quantitative 

nanoinjection approach. The nanoinjection of these biomolecules is successful as 

confirmed by different fluorescence-based assays. Importantly, t hese biomolecules 

associated ionic currents were analysed and showed that the number of 

biomolecules delivered to the cell can be quantified, and thus the concept of 

quantitative nanoinjection can be realised. The translocation data obtained during 

the quantitative nanoinjection showed that the translocations of these 

biomolecules into the cell are slowed down, potentially due to the macromolecular 

crowded environment. This is further studied by adding the crowders 

poly(ethylene) glycol (PEG) and bovine serum albumin into the bath electrolyte to 

generate macromolecular crowded electrolyte bath, in which the translocation 

experiments are carried out inside. The results showed that the addition of 

crowders significantly improve the sensitivity of the nanopipette towards both 

DNA and proteins by nearly a 1000-fold. The use of the PEG crowded bath enables 

the nanopipette to detect different DNA plasmid topology and ɻ-synuclein fibrils of 

different lengths. 
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Chapter 1   

Intracellular Delivery Methods  
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1.1 Forethought on intracellular delivery  

The controlled manipulation of cells by the intracellular delivery of exogenous 

molecules is a cornerstone of modern cell biology. Among all molecules, the most 

widely delivered molecule is the DNA expression constructs, i.e. the DNA plasmids. 

The delivery of the DNA plasmids to cells is through a process commonly known as 

the transfection, in order to manipulate the cells to express any desired proteins, 

and this is a very common routine in studying cell biology and has enabled the 

research of the functions of various proteins in a cellular context (Kim, T.K. and 

Eberwine, 2010; Hunter et al., 2019). Beside the transfection of DNA plasmids, 

numerous exogenous molecules have been introduced into cells for different 

purposes, examples include the synthetic intracellular probes (Liu et al., 2015; 

Chang et al., 2016) and proteins for genome-editing (Doudna and Charpentier, 

2014; Cox et al., 2015; Wang, H.X. et al., 2017; Glass et al., 2018). Figure.1.1 depicts 

the diversity of the molecules that can be delivered into the cells, the expected 

cellular response and potential applications, it summarizes the potential of 

intracellular delivery as a way to manipulate and/or analyse cell functions. 

The direct delivery of proteins into a cell is important not only because of its 

potential impacts on the overall cellular functions, but it is also a way to 

understand, associate and elucidate the proteiÎȭÓ ÓÔÒÕÃÔÕÒÅȟ ÆÕÎÃÔÉÏÎ ÁÎÄ ÂÅÈÁÖÉÏÕÒ 

inside a cell. As mentioned above, proteins of interest are typically studied by DNA 

plasmid transfection, although convenient and simple to perform, the transfection 

relies on the intracellular machinery to produce the protein and thus it has its 

limitations. For example, it is difficult to control the amount of proteins being 

produced and the produced protein may fail to fold inside the intracellular 

environment, a problem exacerbated if the protein is produced at high levels (Halff 

et al., 2014; Marschall et al., 2014). Furthermore, the transfection of DNA plasmids 

typically requires many hours before the expression of proteins can be observed, 

in contrast, the direct delivery of proteins induces phenotypic changes of the cell 

within an hour (Tang et al., 2013; Wu, G. et al., 2017). Additionally , proteins can be 

manipulated and characterized before they are delivered into cells. For example, 

through chemical modification to conjugate small functional fluorescent dye onto 

the protein, the assembly of defined protein complexes, and the analysis of protein 

structure using biophysical techniques, and thus establishes a better correlation 
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ÂÅÔ×ÅÅÎ Á ÐÒÏÔÅÉÎȭÓ ÓÔÒÕÃÔÕÒÅ ÁÎÄ ÉÔÓ ÃÅÌÌÕÌÁÒ ÆÕÎÃÔÉÏÎ (Fu et al., 2014; Stewart, 

M.P. et al., 2018; Lee, Y.-W. et al., 2019). 

 

 

Figure.1.1. The possibilities of the intracellular delivery.  Combinations of cells and exogenous 
molecules are shown on the left input column. Through intracellular delivery, these molecules are able 
to exert their functions, consequently manipulate the cell behaviour and/or monitor the intracellular 
activity as depicted on the right column. The horizontal tiers are not mutually exclusive and 
substantial overlap exists between them. 4ÈÉÓ ȰÍÅÎÕȱ ÏÆ ÏÐÔÉÏÎÓ ÒÅÆÌÅÃÔÓ ÔÈÅ ÃÏÍÂÉÎÁÔÏÒÉÁÌ ÐÏÔÅÎÔÉÁÌ ÏÆ 
intracellular delivery to analyse cell properties and engineer cell function. Abbreviations: TCR, T cell 
receptor; CAR, chimeric antigen receptor; CNT, carbon nanotube; HSCs, hematopoietic stem cells. 
Taken from (Stewart, M.P. et al., 2018). 

 

The intracellular delivery of the gene editing protein Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR)/Cas9 ribonucleoproteins (Cas9 

RNPs) is a popular way to manipulate cells at genomic level (Jansen et al., 2002)}. 

By simply swapping the guide RNA strand, the CRISPR/Cas9 RNPs can perform 

gene editing efficiently and accurately, however, this requires the CRISPR/Cas9 

RNPs to be localised to the nucleus (Adli, 2018). The CRISPR/Cas9 RNPs are 



-4- 

commonly used to insert additional DNA sequence into the genome, but the 

CRISPR/Cas9 RNPs can also be structurally altered to perform different tasks such 

as overexpression and repression of certain genes as well as precise single point 

mutation (Qi et al., 2013; Tanenbaum et al., 2014; Gaudelli et al., 2017). 

Antibodies have been used extensively to study the cellular location and to probe 

the post-translational modifications status of different proteins inside and outside 

of cells due to their  high specificities towards the target proteins. Antibodies are 

typically used in a technique known as immunocytochemistry, this process 

involves the irreversible permeabilization of the cell membrane and fixation 

procedures that consequently kill the cells (Glynn and McAllister, 2006). 

Alternatively, through the direct delivery of antibodies into the intracellular space, 

ÉÔ ÃÁÎ ÂÅ ÕÓÅÄ ÔÏ ÍÏÎÉÔÏÒ ÔÈÅ ÔÁÒÇÅÔ ÐÒÏÔÅÉÎÓȭ ÃÅÌÌÕÌÁÒ ÌÏÃÁÔÉÏÎȟ ÔÈÅÉÒ ÄÙÎÁÍÉÃÓ Ánd 

functions in living cell (Marschall et al., 2014). Furthermore, it can also be used to 

interfere the assembly of macro intracellular structures such as the cytoskeleton, 

as an alternative approach to study the function of proteins involves in the 

assembly process (Keppeke et al., 2015). Antibodies can also be used to control the 

endogenous target protein level in living cells, via a method known as the Trim-

Away, it harnesses the cellular protein degradation machinery to remove the 

target proteins specified by the intracellular delivered antibodies (Clift, D. et al., 

2017; Clift, Dean et al., 2018; So et al., 2019).  

Direct intracellular protein delivery also furthers our understanding of cellular 

pathology on disease such as the amyloidosis, a group of diseases that is 

characterised by the build-up of the amyloid fibrils intra- and/or extracellularly in 

different organs. The amyloid fibril is a protein aggregate macromolecule that is 

formed by the aggregation of numerous protein monomers, an amyloid fibril has a 

classical cross-ɼ ÁÍÙÌÏÉÄ ÆÏÌÄ ÁÒÃÈÉÔÅÃÔÕÒÅ ÔÈÁÔ ÉÓ ÃÏÍÐÏÓÅÄ ÏÆ ÎÕÍÅÒÏÕÓ 

ÍÏÎÏÍÅÒÓ ÆÏÒÍÉÎÇ ɼ-strands, aligned perpendicular to the long axis of the fibril. 

The accumulation of amyloid fibrils eventually forms an abnormal structure like 

inclusion bodies, plaques or fibrillary tangles, and in some cases, proteins and 

other organelles can be found within these abnormal structures (Chiti and Dobson, 

2017; Eisenberg and Sawaya, 2017; Iadanza, M. G. et al., 2018; Alam et al., 2019; Ke 

et al., 2020). The consequence of the build-up and the formation of intracellular 

amyloid fibrils  is often associated with the disruption in cell function and 

cytotoxicity (Iadanza, M. G. et al., 2018; Chiki et al., 2020). It is known that during 
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the process of amyloid fibril formation, it generates aggregates of different sizes 

and structures that are lacking the characteristic organised cross-ɼ ÁÍÙÌÏÉÄ ÆÏÌÄ 

architecture, these aggregates can be isolated early on during the aggregation 

process in vitro and these structurally different aggregates have been shown to 

elicit different cellular responses (Chiti and Dobson, 2017; Eisenberg and Sawaya, 

2017; Iadanza, M. G. et al., 2018; Alam et al., 2019; Ke et al., 2020). Whilst the 

expression of the amyloid-related proteins via DNA plasmids can and has been 

used as a way to investigate the effects of the amyloid aggregates in living cells, it 

has an inherent disadvantage of not being able to accurately associate the cellular 

effects with the structure of the aggregates (Íñigo-Marco et al., 2017; Chiki et al., 

2020). Instead, structurally characterised aggregates and/or fibrils can be directly 

delivered to the cell, to obtain a better correlation between the structure and its 

associated cellular response (Cremades, N. et al., 2012; Bousset, L. et al., 2013; 

Peelaerts et al., 2015a; Fusco et al., 2017; Mahul-Mellier et al., 2020). 

 

1.2 The challenges of the intracellular delivery  

For any exogenous molecules to reach the intracellular space to exert their 

intended functions, they must first traverse the highly selective cell plasma 

membrane (Figure 1.2). This physical barrier limits the entrance and the exit of 

particles of different sizes, the exogenous molecules often require assistance to 

gain access into the intracellular space (Doherty and McMahon, 2009; Stewart, M.P. 

et al., 2018).  

Conversely, permeabilizing the plasma membrane wit h solvents like ethanol or 

detergents such as saponin, allows the free movement of exogenous molecules into 

cells, but this process lacks specificity and can result in cell death (O'Dea et al., 

2017; Wang, M. et al., 2018). In contrast to the permeabilization approach, there 

are less intrusive approaches available. For example, cell endocytosis based 

intracellular delivery, the molecules can be encapsulated inside a lipid vesicle to 

transverse through the cell membrane, or locally disrupt the cell membrane to 

access the intracellular space directly (Figure 1.2).  
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Figure 1.2. The process of intracellular delivery. The exogenous molecules are unable to access into 
the intracellular space due to being separated by the cell plasma membrane. For the molecules to 
exert its intended function inside the cell, they must gain access into the intracellular space first. The 
majority of the exogenous molecules can gain access either by endocytosis, where part of the cell 
membrane is internalised alongside with materials stuck on the membrane. However, these molecules 
are trapped inside the endosomes and must escape from the endosomes, this is termed endolysosomal 
entrapment. Failure to escape from the endosomes leads to the molecules being degraded by 
lysosomes. The molecules can bypass the endolysosomal entrapment by using carriers such as 
liposome, this lipid vesicle can fuse with the cell membrane and discharge the molecules into the 
intracellular space. Alternatively, the cell membrane can be mechanically disrupted to form pores to 
allow molecules to access the intracellular space. After gaining access into the intracellular space, 
depending on the nature of the molecules, some may need to further localise into different cellular 
compartment to exert its intended function. 

 

Cell endocytosis is a complicated process, briefly, the cell internalises part of the 

cell plasma membrane to form a lipid vesicle, any exogenous molecules that 

interact with the cell membranes will also be internalised at the same time 

(Doherty and McMahon, 2009; Kumari et al., 2010; Kaksonen and Roux, 2018). 

However, the membrane wrapped exogenous molecules are encapsulated within 

the endosomes shortly after the internalisation and shortly trafficked to the 

lysosomes for degradation, this encapsulation process is termed the 

endolysosomal entrapment. The exogenous molecules must escape from the 

entrapment in order to exert their intended functions, however, the probability of 

these molecules escaping from the entrapment remains less than 5% in most cases, 

this means that a majority of the internalised molecules are degraded before they 

exert their intended functions (Kim, J.-s. et al., 2015). Furthermore, the exact 

mechanism of how molecules escape from the entrapment is unclear, this 
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subsequently halted the development of more efficient intracellular delivery 

strategy. There are several models that have been proposed, such as the 

membrane fusion model, it hypothesizes that the internalised membrane fused 

with the endosome vesicle to discharge the exogenous molecules into the 

intracellular space. Alternatively, the budding collapse hypothesis suggests that 

the internalised molecules bud-off from the endosomes and escape into the 

cytoplasm (Dougherty et al., 2019; Pei and Buyanova, 2019).  

Overall, one further challenge, as well as the goal of the intracellular delivery is to 

get a specific molecule across the plasma membrane to the desired intracellular 

location without harming the cell. Various methods have been developed and/or 

improved to provide a better efficiency, these methods can be categorized into 

either the membrane disrupted methods or non-membrane disrupted methods. A 

list of the methods that will be briefly discussed in this chapter has been 

summarized in Table 1.1. 
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Table 1.1. Summary of the various approaches to deliver proteins  into a cell. 

 Description  Pros Cons Ref 

Non-membrane disrupted methods 
Cell Feeding Add the exogenous molecules 

at high concentration into the 
culture medium for the cell to 
internalise via endocytosis. 

¶ Gain access without 
disrupting the cell 
membrane. 

¶ Endolyosomal 
entrapment. 

¶ Efficiency varies for 
different molecules. 

¶ The delivery location is 
not controllable. 

¶ The number of 
molecules take up per 
cell is not controllable. 

(Cremades, N. et al., 
2012; Bousset, Luc 
et al., 2013; 
Peelaerts et al., 
2015a; Mao et al., 
2016; Fusco et al., 
2017; De Cecco et 
al., 2020; Mahul-
Mellier et al., 2020) 

Lipofection Lipofection is performed by 
liposomes. The exogenous 
molecules are packaged inside 
the cationic lipid vesicles 
known as the liposomes. 
Liposomes either discharge 
the molecules directly into the 
cell via membrane fusion or by 
endocytosis of the liposome. 

¶ Gain access without 
disrupting the cell 
membrane. 

¶ Large scale 
intracellular delivery. 

¶ Commercially available. 

¶ Endolysosomal 
entrapment. 

¶ Liposomes can be toxic 
at high concentration. 

¶ Require different 
liposome composition 
for different molecules. 

¶ The delivery location is 
not controllable. 

¶ The number of 
molecules take up per 
cell is not controllable. 

(Bangham and 
Horne, 1964; 
Bangham et al., 
1974; Colletier et 
al., 2002; Fretz et 
al., 2007; Xu, X. et 
al., 2012; Chatin et 
al., 2015; Ahmed et 
al., 2016; +ÏÌÁĤÉÎÁÃ 
et al., 2019) 

Cell 
penetrating 
peptides 
(CPPs) 

The CPPs are conjugated to 
the exogenous molecules, the 
structure of the CPPs allow 
strong interaction with the 
cell membrane. The CPPs 
conjugated molecules are 
taken up by either endocytosis 
or direct traverse the cell 
membrane into the cell.  

¶ Gain access without 
disrupting the cell 
membrane. 

¶ Large scale 
intracellular delivery. 

¶ High delivery 
efficiency. 

¶ Endolysosomal 
entrapment. 

¶ Conjugation disrupts 
the structure of the 
molecules and its 
intended function. 

¶ The delivery location is 
not controllable. 

¶ The number of 
molecules take up per 
cell is not controllable. 

(Frankel and Pabo, 
1988; Eiriksdottir et 
al., 2010; Hirose et 
al., 2012; Qian, Z. et 
al., 2014; Patel et al., 
2019) 

Virus-like 
particles 
(VLPs) 

The assembly of VLPs require 
a co-transfection of DNA 
plasmids to a fast proliferating 
cell line, and express the virus 
envelope and the gag tagged 
exogenous molecules. The 
assembled VLPs are released 
into the culture medium and 
collected to deliver the gag 
tagged molecules into 
different cells. The VLPs are 
taken up by endocytosis. 

¶ Gain access without 
disrupting the cell 
membrane. 

¶ Effective escape from 
endolysosomal 
entrapment. 

¶ Large scale 
intracellular delivery. 

¶ High delivery 
efficiency. 

¶ The Gag polyprotein is 
fused with the 
exogenous molecules in 
order to pack the 
molecules inside the 
VLPs. Potential 
structural and 
functional alteration. 

¶ Long and complicated 
preparation process. 

¶ The delivery location is 
not controllable. 

¶ The number of 
molecules take up per 
cell is not controllable. 

(Voelkel et al., 2010; 
Kaczmarczyk et al., 
2011; Patterson et 
al., 2017) 

Membrane disrupted methods 
Microinjection Glass pipettes with a micron-

sized pore is pre-loaded with 
the exogenous molecules, the 
pipette approaches the cell by 
micro/nanomanipulator and 
mechanically penetrates the 
cell membrane to reach the 
intracellular  environment. 
Application of pressure to 
deliver the molecules into the 
cell. 

¶ Procedure can be 
automated. 

¶ No limitation on the 
ÅØÏÇÅÎÏÕÓ ÍÏÌÅÃÕÌÅȭÓ 
property.  

¶ Exogenous molecules 
reach intracellular 
space directly. 

¶ Pipettes are easy to 
fabricate and 
affordable. 

¶ Delivery dosage 
control. 

¶ The injection platform 
is commercially 
available. 

¶ Low survival rate. 
¶ Disruption in the 

cytoskeleton. 
¶ Equipment dependent. 
¶ Requires extensive 

training to operate. 

(Barber, 1904; Cho 
et al., 2013; 
Keppeke et al., 
2015; Chow et al., 
2016a; Chow et al., 
2016b; Hinchcliffe 
et al., 2016; Dixon et 
al., 2017; Chaverra-
Rodriguez et al., 
2018; Nan et al., 
2019) 

Nanoinjection Glass pipettes with nanoscale 
pore at the tip end penetrates 
the cell membrane like 
microinjection. Exogenous 
molecules are delivered base 
on their electrical properties. 

¶ Minimum damage to 
the cell membrane and 
cytoskeleton. 

¶ Couple to the SICM 
allows injection at 
precise location. 

¶ Exogenous molecules 
reach intracellular 
space directly. 

¶ Pipettes are easy to 
fabricate and 
affordable. 

¶ Delivery dosage 
control. 

¶ The injection platform 
is commercially 
available. 

¶ Low throughput. 
¶ Charge dependent 

delivery, can be 
challenging with 
neutral molecules. 

¶ Equipment dependent. 
¶ Requires extensive 

training to operate. 

(Adam Seger et al., 
2012; Hennig et al., 
2015; Simonis et al., 
2017; Simonis et al., 
2019; Li, B. et al., 
2021) 
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Carbon 
nanotube 
endoscope 

The micron-sized glass pipette 
is fitted with a carbon 
nanotube at the tip end to 
fabricate the carbon nanotube 
endoscope. The endoscope 
gain access into intracellular 
space, pressure is used to 
deliver exogenous molecules 
into the cells like 
microinjection. 
 
 

¶ Minimum damage to 
the cell membrane and 
cytoskeleton. 

¶ No limitation on the 
ÅØÏÇÅÎÏÕÓ ÍÏÌÅÃÕÌÅȭÓ 
property.  

¶ Exogenous molecules 
reach intracellular 
space directly. 

¶ Delivery dosage 
control. 

¶ Low throughput. 
¶ The fabrication of the 

endoscope is technical, 
complicated and time 
consuming. 

(Singhal et al., 2011; 
Orynbayeva et al., 
2012) 

FluidFM A hollow channel cantilever of 
the AFM tip is drilled to form a 
nanopore ranging from 10 nm 
to 10 µm. The cantilever is 
positioned above the cell by 
AFM and penetrate the cell 
membrane. The exogenous 
molecules is loaded into the 
cantilever and delivered into 
the cell by pressure. 

¶ Minimum damage to 
the cell membrane and 
cytoskeleton. 

¶ No limitation on the 
ÅØÏÇÅÎÏÕÓ ÍÏÌÅÃÕÌÅȭÓ 
property.  

¶ Precise location 
injection. 

¶ Exogenous molecules 
reach intracellular 
space directly. 

¶ Precise delivery dosage 
control. 

¶ The injection platform 
is commercially 
available. 

 

¶ Low throughput. 
¶ Equipment dependent. 
¶ Requires extensive 

training to operate. 
¶ The FluidFM probe can 

be relatively expensive 
compared to other 
method. 

(Meister et al., 
2009; Stiefel et al., 
2012; Guillaume-
Gentil et al., 2013; 
Guillaume-Gentil et 
al., 2016). 

Nanostraws Cells are cultured on 
numerous protruding hollow 
nanostructures. These 
nanostraws penetrate into the 
intracellular space and gain 
access. The nanostraws are 
connected to a liquid reservoir 
that contains the exogenous 
molecules. These molecules 
are delivered into the cell by 
fluidic pressure and diffusion 
across a concentration 
gradient. 

¶ Minimum damage to 
the cell membrane and 
cytoskeleton. 

¶ No limitation on the 
ÅØÏÇÅÎÏÕÓ ÍÏÌÅÃÕÌÅȭÓ 
property.  

¶ High throughput 
injection. 

¶ Exogenous molecules 
reach intracellular 
space directly. 

¶ Delivery dosage 
control. 

¶ Conflicting evidence on 
the negative effects of 
the protrudi ng 
nanostructures on 
cellular function. 

¶ The penetration of the 
nanostraws is 
spontaneous. 

¶ Complicated fabrication 
process. 

¶ The delivery location is 
not controllable. 

(VanDersarl et al., 
2012; Golshadi et 
al., 2016; Xu, A.M. et 
al., 2017) 

Bulk 
Electroporation 

Application of multiple high 
voltage pulses across the 
suspended cells leads to the 
formation of numerous nano 
sized pores on their 
membranes. Exogenous 
molecules in the buffer enter 
the intracellular space by 
diffusion, electrically driven, 
or clustered on the cell 
membrane for endocytosis. 

¶ Very high throughput. 
¶ No limitation on the 
ÅØÏÇÅÎÏÕÓ ÍÏÌÅÃÕÌÅȭÓ 
property.  

¶ Procedures are 
standardised and easy 
to perform. 

¶ Commercially available 

¶ High cell mortality rate 
arose due to a very high 
voltage is needed to 
perform 
electroporation. 

¶ Molecules entered by 
endocytosis will be 
encapsulated by the 
endolysosomal 
entrapment. 

¶ Compartmental 
delivery into the 
nucleus claims to be 
possible by 
NucleofectorTM but the 
compartmental 
delivery mechanism is 
not known. 

¶ The delivery dosage is 
not controllable. 

(Neumann et al., 
1982; Golzio et al., 
2002; Kaminski 
Schierle et al., 2011; 
Kim, S. et al., 2014; 
Lin et al., 2014; 
Richardson et al., 
2016; Bai et al., 
2017; Conic et al., 
2018) 

Single-Cell 
Localised 
Electroporation 

A miniaturised 
electroporation combined 
with microfluidic. The cells are 
in close proximity with the 
electrodes and localised 
electroporation is done on 
each cell flowing through the 
electrodes inside the 
microfluidic channel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

¶ High throughput 
enabled by rational 
design of the 
microfluidic channels. 

¶ Higher cell survival 
rate due to a lower 
voltage is needed to 
generate the electric 
field for 
electroporation. 

¶ No limitation on the 
ÅØÏÇÅÎÏÕÓ ÍÏÌÅÃÕÌÅȭÓ 
property.  

¶ Fabrication of the 
device can be 
technically challenge. 

¶ Molecules entered by 
endocytosis will be 
encapsulated by the 
endolysosomal 
entrapment. 

¶ The delivery location is 
not controllable. 

¶ The delivery dosage is 
not controllable. 

(Adamo et al., 2013; 
Bürgel et al., 2015) 
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Nanofountain 
Probe 
Localised 
Electroporation 

A hollow cantilever similar to 
FluidFM is used to perform 
localised electroporation. The 
probe is positioned above the 
cell by AFM and 
electroporation happens in a 
small area. 

¶ Higher cell survival 
rate due to a lower 
voltage is needed to 
generate the electric 
field for 
electroporation. 

¶ No limitation on the 
ÅØÏÇÅÎÏÕÓ ÍÏÌÅÃÕÌÅȭÓ 
property.  

¶ Low throughput 
¶ Fabrication of the 

device can be 
technically challenging. 

¶ Equipment dependent 
¶ Molecules entered by 

endocytosis will be 
encapsulated by the 
endolysosomal 
entrapment. 

¶ The compartmental 
location delivery is not 
controllable. 

¶ The delivery dosage is 
not controllable. 

(Kang et al., 2013; 
Yang et al., 2018) 

Nanopore 
Electroporation 
(NanoEP) 

Cells are cultured on top of a 
membrane contains numerous 
nanopores. These nanopores 
are connected to a liquid 
reservoir similar to 
nanostraws. The 
electroporation happens at 
the cell membrane in direct 
contact with the nanopores. 
The exogenous molecules 
enter the intracellular space 
from the liquid reservoir via 
the nanopore after 
electroporation. 

¶ High throughput 
electroporation across 
multiple cells. 

¶ Higher cell survival 
rate due to a lower 
voltage is needed to 
generate the electric 
field for 
electroporation. 

¶ No limitation on the 
ÅØÏÇÅÎÏÕÓ ÍÏÌÅÃÕÌÅȭÓ 
property.  

¶ Fabrication of the 
device can be 
technically challenging. 

¶ Molecules entered by 
endocytosis will be 
encapsulated by the 
endolysosomal 
entrapment. 

¶ The compartmental 
location delivery is not 
controllable. 

¶ The delivery dosage is 
not controllable. 

(Cao, Y. et al., 2019; 
Chen, Z. et al., 2021) 

Nanostraws 
Electroporation 
System (NES) 

Combination of the 
nanostraws with the nanopore 
electroporation system. 
Localised electroporation 
happens across numerous 
nanostraws on one cell, the 
formation of the 
electroporation induced 
membrane pores aids the 
penetration of the nanostraws 
to reach the intracellular 
space. Exogenous molecules 
are delivered via 
electrophoresis and/or fluid 
flow pressure. 

¶ High throughput 
electroporation across 
multiple cells. 

¶ Higher cell survival 
rate due to a lower 
voltage is needed to 
generate the electric 
field for 
electroporation. 

¶ Exogenous molecules 
reach intracellular 
space directly. 

¶ No limitation on the 
ÅØÏÇÅÎÏÕÓ ÍÏÌÅÃÕÌÅȭÓ 
property.  

¶ Delivery dosage 
control. 

¶ Fabrication of the 
device can be 
technically challenging. 

¶ Conflicting evidence on 
the negative effects of 
the protruding 
nanostructures on 
cellular function. 

¶ The compartmental 
location delivery is not 
controllable. 

(Xie et al., 2013; Cao 
et al., 2018; 
Schmiderer et al., 
2020; Hebisch et al., 
2021) 

 

 

1.3 Non-membrane disrupted method  

Non-membrane disrupted methods describe a category of intracellular delivery 

methods where the cell plasma membrane is kept intact throughout the process. 

These include cell feeding which does not require any carrier (Figure 1.3), and 

carrier assisted methods such as liposome of lipofection, cell penetrating peptides 

(CPPs) and the virus-like particles (VLPs)(Figure 1.3).. These carriers promote the 

internalisation of the exogenous molecule. 
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Figure 1.3. Intracellular delivery by the Non -membrane disrupted methods. Schematic 
illustrations of the different methods used to deliver exogenous molecules into the cell without 
disrupting the cell membrane. 

 

Cell feeding relies on the endocytosis, typically an overwhelmingly high 

concentration of the exogenous molecules is added to the cell culture medium for 

the cell to uptake (Figure 1.3). This method is commonly used to deliver 

biophysically characterised amyloid aggregates and fibrils into the cell (Cremades, 

N. et al., 2012; Bousset, L. et al., 2013; Peelaerts et al., 2015a; Fusco et al., 2017; 

Mahul-Mellier et al., 2020). Although endocytosis can happen spontaneously and 

on any positions of the cell membrane, molecules that are able to interact with cell 

surface receptors often leads to a higher chance of internalisation (Grant and 

Donaldson, 2009). These include the lymphocyte-activation gene 3 (LAG3), cellular 

prion protein (PrPC), triggering receptor expressed on myeloid cells 2 (TREM-2), 

they have been shown to bind and facilitate the uptake of the in vitro ÇÅÎÅÒÁÔÅÄ ɻ-

synuclein, tau and amyloid-ɼ ÁÍÙÌÏÉÄ ÆÉÂÒÉÌÓȟ ÔÈÉÓ ÍÅÁÎÓ ÓÏÍÅ ÏÆ ÔÈÅ ÁÍÙÌÏÉÄ 

related materials can be efficiently delivered into the cell by cell feeding alone 

(Vaquer-Alicea and Diamond, 2019). However, cell feeding could be less efficient 

for exogenous molecules that do not interact with the cell membrane strongly or 

bind to any surface receptor. To facilitate the delivery of these molecules, synthetic 

molecule carriers can be used. 

One of the most widely used synthetic molecule carriers are the liposomes used in 

the lipofection method. This method was developed in 1964 by Bangham et al. 

(Bangham and Horne, 1964; Bangham et al., 1974) (Figure 1.3). Liposomes are 

lipid vesicles formed by combining the cationic and neutral phospholipids at a 

specific ratio depending on the application, the resulting positively charged 
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vesicles are then used to coat the negatively charged exogenous molecules, e.g. the 

DNA plasmids, the liposome and molecule complex is then delivered to the cell by 

co-incubating the cells and the liposomes. The positively charged vesicles adhere 

to the cell plasma membrane via charge attraction as the plasma membrane is 

negatively charged. The liposomes then traverse the cell plasma membrane either 

by the endocytosis as described above or by liposome membrane fusion, i.e. the 

liposomes fuse with the cell membrane and directly discharge the exogenous 

molecules into the intracellular space (Bozzuto and Molinari, 2015; Carter, M. and 

Shieh, 2015). Direct discharge of molecules into the cell bypasses endolysosomal 

entrapment, but if the liposome is internalised by the endocytosis pathway then it 

means that the liposome must escape before its degradation by lysosomes. To 

improve the escape rate, chemical surface modification of the liposomes and 

photochemical treatment during the co-incubation period have been shown to 

increase delivery efficiency (Fretz et al., 2007; Ahmed et al., 2016). Packaging the 

DNA plasmids into a liposome is standardised and commercially available. 

However, packaging proteins into the liposome is case dependent as a study shows 

that different proteins require liposomes made with different lipids and mixing at 

different ratio s (Chatin et al., 2015). The packaging efficiency of proteins can be 

improved by subjecting the liposome-protein solution mixture to multiple freeze-

thaw cycles (Colletier et al., 2002; Xu, X. et al., 2012). 

Cell penetrating peptides (CPPs) are another type of synthetic carrier. This was 

first reported by Frankel et al. in 1988 (Frankel and Pabo, 1988). They are short 

cationic peptides that efficiently interact with the cell plasma membrane, and 

conjugating the CPPs to the exogenous molecules aid the intracellular delivery 

process (Figure 1.3). The CPPs do not have a standardised amino acid sequence 

and different peptides with different amino acid sequences can all be classified as 

the CPPs, but in general they have less than 30 amino acids in total (Madani et al., 

2011; Cleal et al., 2013). The peptides by themselves are random coils in solution 

but upon interaction with the lipid membrane they adopted ÔÈÅ ɻ-helical 

structures, the structural changes facilitates the interaction between the CPPs 

conjugated molecules and the plasma membrane (Eiriksdottir et al., 2010). The 

CPPs conjugated molecules show a size-dependent traverse mechanisms after they 

bound to the cell membrane (Ruseska and Zimmer, 2020)Ȣ &ÏÒ ÅØÁÍÐÌÅȟ #00Óȭ 

conjugation to a small molecule such as a fluorophore leads to direct penetration 
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through the cell membrane into the intracellular space (Hirose et al., 2012). In 

contrast, conjugation to a larger molecule like the green fluorescent protein (GFP) 

involves the endocytosis pathway to internalise the molecules (Patel et al., 2019). 

Lastly, the sequence and the structure of the CPPs affect the chances of escape 

from the endolysosomal entrapment as studies show that a cyclized CPPs are more 

ÅÆÆÅÃÔÉÖÅ ÉÎ ÅÓÃÁÐÉÎÇ ÆÒÏÍ ÔÈÅ ÅÎÄÏÓÏÍÅÓ ÔÈÁÎ ÔÈÁÔ ÏÆ ÔÈÅ ɻ-helical CPPs (Pei and 

Buyanova, 2019; Ruseska and Zimmer, 2020).  

The virus-like particles (VLPs) are artificial engineered non-infectious viruses that 

act as a carrier (Figure 1.3), and Voelkel et al. was the first to use VLPs to deliver 

proteins to cell in 2010 (Voelkel et al., 2010). It is known that viruses efficiently 

escape from the endosome via membrane fusion with the endosomal membrane 

after internalization, similarly, the VLPs retain the ability to escape from the 

endolysosomal entrapment via fusion (White, J.M. and Whittaker, 2016; Zdanowicz 

and Chroboczek, 2016). The VLPs have been used to deliver proteins into the cells 

including enzyme caspases and GFP  (Kaczmarczyk et al., 2011; Patterson et al., 

2017). However, the generation of VLPs is time consuming. First, the formation of 

the VLPs requires the gag polyprotein, the sequence of this polyprotein is fused 

with the sequence of the protein of interest to construct a DNA plasmid. This 

particular DNA plasmid is then co-transfected to cells with another DNA plasmid 

that encodes the sequence for the expression of the virus envelope. After the 

transfection, the co-transfected cells start to produce the gag tagged protein of 

interest and the virus envelope, and eventually the assembly and the release of the 

VLPs. The medium is then collected and purified to obtain the VLPs (Kaczmarczyk 

et al., 2011). The complicated and lengthy procedure is a major hindrance in 

adopting this method. 

Whilst these non-membrane disrupted methods can be relatively easy to adopt, 

beside the common challenge of overcoming the endolysosomal entrapment, there 

are additional concerns about the toxicity of the carriers, potential structural 

alterations and consequently functional alterations of the molecules caused by the 

carriers (Lappalainen et al., 1994; Hu, X. et al., 2013; Kristensen et al., 2015; Smith, 

S.A. et al., 2018; Inglut et al., 2020). Furthermore, these methods have little control 

over the delivery location, this is especially important if the molecules have 

intended functions at a specific compartment, e.g. the delivery of DNA plasmids 

and CRISPR/Cas9 RNPs both need to be localised to the nucleus to exert the 
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functions. In contrast, the membrane disrupted methods, which partially disrupt 

the plasma membrane through physical means during the intracellular delivery 

process, can provide more control over the location of the delivery. Well known 

intracellular delivery method that belongs to this category are the electroporation 

and injection based delivery procedure. Moreover, recent advancements in 

nanotechnology subsequently enables the electroporation and injection to be 

performed locally and the procedures are shown to be minimally invasive to the 

cell. 

 

1.4 Microscale to nanoscale probes cellular injection  

Injection based delivery involves the mechanical penetration of the cell plasma 

membrane with a needle-like probe, the probe is pre-filled with the exogenous 

molecules through which they can enter the cell (Figure 1.4A). Microinjection uses 

a conical micron-sized glass micropipette and a pressure controller to control  the 

delivery of the molecules into the cell (Figure 1.4B) (Xu, Q., 2018). The original 

concept of microinjection was proposed by Barber over a hundred years ago in 

1904 (Barber, 1904). Positioning of the micropipette is controlled by a 

micromanipulator, which enables the injection of cells at a defined site. Successful 

penetration of the probe through the cell membrane heavily depends on the local 

cell membrane deformation rate. When the probe approaches the cell membrane 

at high velocity, the probe impalement rapidly ramps up the local membrane 

tension, and eventually it becomes energetically favourable to form a pore instead 

(Figure 1.4A). In contrast, slow penetration allows the membrane to pull lipids 

from reservoirs and eventually to mould and adopt the shape of the penetrating 

probe (Figard and Sokac, 2014; Stewart, M.P. et al., 2018). Moreover, a sharper and 

more cylindrical probe geometry shows to have a higher probability of successful 

penetration when it is compared to a blunt conical shaped tip, this is because of the 

sharp cylindrical geometry has a better mechanical advantage over the conical 

blunt geometry when attempting to penetrate the membrane (Obataya et al., 

2005).  

Microinjection is typically used for the injection of various different molecules such 

as DNA plasmids, antibodies and CRISPR/Cas9 RNPs into the nucleus directly (Cho 

et al., 2013; Keppeke et al., 2015; Chow et al., 2016b; Hinchcliffe et al., 2016; Dixon 
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et al., 2017; Chaverra-Rodriguez et al., 2018). However, there are significant 

drawbacks with the microinjection. Most notably the survival rate of the post-

injected cells is on average c.a. 50%, although this can be improved with the aid of 

automation (Chow et al., 2016a; Nan et al., 2019). The low survival rate is due to 

the impact of microinjection on cells by the large tip of the micropipette relative to 

the cell. Indeed, injection of cell with a 1 µm diameter micropipette results in the 

significant perturbation of cell, with the majority of the actin filaments being 

disrupted and the cell develops a deformed morphology (Orynbayeva et al., 2012). 

 

 

Figure 1.4. Intracellular delivery by injection . The mechanism of injection (B). The probe 
approaches the cell surface, it pushes down the cell membrane, leads to a build-up of local tension, 
eventually penetrating the cell membrane, allows exogenous molecules to access the intracellular 
space. Schematic illustrations of the different methods for the injection of cells (B). Taken from (Chau, 
C. et al., 2020). 

 

One strategy to minimize the cellular impact of the injection process is to reduce 

the size of the probe to the nanoscale, which has been shown to improve the cell 

viability after injection (Figure 1.4B) (Singhal et al., 2011; Orynbayeva et al., 2012; 

VanDersarl et al., 2012; Guillaume-Gentil et al., 2013; Simonis et al., 2017). One 

such probe-based device is the nanopipette, which is essentially a scaled down 
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micropipette with a nanometer scale pore, a nanopore, at its tip (Stanley and 

Pourmand, 2020; Xue et al., 2020). A pair of nanopipettes can be easily fabricated 

using a laser puller from a single quartz capillary, and the pore diameter can be 

adjusted within the 10 - 300 nm range (Stanley and Pourmand, 2020; Xue et al., 

2020). Nanopipettes can be integrated with nanomanipulators, as used in the 

scanning ion conductance microscope (SICM), where the vertical position of the 

nanopipette with respect to surface can be controlled with nanometer precision 

(Chen, C.C. et al., 2012; Zhu, C. et al., 2020). The SICM has been successfully used 

for the high-resolution topographical imaging of living cells in culture (Novak et al., 

2014; Seifert et al., 2015; Shevchuk, A. et al., 2016; Zhou, Y. et al., 2018; Takahashi 

et al., 2019). The resultant topographical map can then be used to position the 

nanopipette anywhere on the cell membrane and precisely insert the nanopipette 

tip into the cell (Novak et al., 2013; Simonis et al., 2017; Vivekananda et al., 2017; 

Simonis et al., 2019). Because nanopipettes are fitted with electrodes, the delivery 

of molecules into cells can be triggered by the application of a voltage of suitable 

polarity  while maintaining a high cell survival rate compared to micropipettes 

(Hennig et al., 2015; Simonis et al., 2017; Simonis et al., 2019). Antibodies and 

amyloid aggregates have been delivered into cells using this technique (Simonis et 

al., 2019; Li, B. et al., 2021). The concept of the SICM and nanoinjection will be 

discussed in more detail in Chapter 3. 

A carbon nanotube endoscope is a micropipette fitted with a carbon nanotube at 

its tip, the carbon nanotube typically has an inner tube diameter of 50 ɀ 200 nm 

(Figure 1.4B) (Singhal et al., 2011; Orynbayeva et al., 2012). The endoscope is 

coupled with a pressure controller to regulate the delivery duration as well as 

delivery liquid volume. Quantum dots and fluorescent dyes can be delivered into 

cells with minimum disruption to the cytoskeleton and cell morphology (Singhal et 

al., 2011; Orynbayeva et al., 2012). An alternative tool is the FluidFM platform, 

which is an adaptation of atomic force microscopy (AFM) (Figure 1.4B) (Meister et 

al., 2009; Stiefel et al., 2012; Guillaume-Gentil et al., 2013). The injection probe of 

the FluidFM is a hollow AFM cantilever that is connected to a liquid reservoir 

coupled with a pressure controller, the opening of the pore can be manufactured 

with a diameter ranging from 10 nm to 10 µm. Upon the penetration of the plasma 

membrane, the pressure controlled injection is used to deliver molecules into the 

cells including the nuclear injection of DNA plasmids, to demonstrate that the 
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intranuclear delivery by the FluidFM does not affect the cell viability. Besides the 

DNA plasmids, cell impermeant fluorescent dyes and vaccinia virus have been 

delivered to the cytoplasm and cell surface using the FluidFM (Meister et al., 2009; 

Stiefel et al., 2012; Guillaume-Gentil et al., 2013; Guillaume-Gentil et al., 2016).  

Without automation, the injection of cells with nanoscale probes has a low 

throughput, as the user can only inject one cell at a time. One solution is to use 

arrays of nanoscale probes to perform simultaneous injection of hundreds of cells 

at once (VanDersarl et al., 2012; Golshadi et al., 2016). Nanostraws are arrays of 

hollow elongated nanostructures which protrude from a polycarbonate or alumina 

membrane surface (Figure 1.4B) (VanDersarl et al., 2012). They typically have a 

diameter of hundreds of nanometers or less and lengths on the micrometer scale, 

and a straw density ranges from 0.01 to 1 straw per µm2 (VanDersarl et al., 2012). 

Cells are grown on top of the nanostraws, which are connected to a fluidic 

reservoir that allows the intracellular  delivery via fluidic pressure and 

concentration gradient diffusion. Molecules such as the cell impermeable 

fluorescent dyes, probes and DNA plasmids have been delivered into the cells via 

the nanostraws (VanDersarl et al., 2012; Golshadi et al., 2016; Xu, A.M. et al., 2017). 

Due to the design of this device, it lacks specificity at the delivery location. The 

nanostraws have shown to cause minimal impact on the genetic profile of the cell 

as revealed by analysing the expression of genes associated with cellular functions 

(VanDersarl et al., 2012), and yet some studies reported that long term culturing of 

cells on top of these protruding nanostructures can have undesired effects on cells. 

For example, the alteration in the cell growth rate and cell cycle progression, 

interfer es with the cell division mechanism and leads to the formation of the 

abnormal multinucleate cells (McKnight et al., 2004; Persson et al., 2013; Persson 

et al., 2015). 
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1.5 Bulk and localized electroporation  

Electroporation  utilises a strong electric field to temporarily permeabili ze the cell 

plasma membrane, allowing the entrance of the exogenous molecules from the 

solution into the cells (Santra and Tseng, 2016) (Figure 1.5A). Electroporation was 

first used to deliver genetic materials in 1982 by Neumann et al (Neumann et al., 

1982). Nowadays, electroporation is a well-established technique and typically 

involves the use of an electroporation cuvette, a cuvette that has a set of parallel 

electrodes on the cuvette walls (Figure 1.5B). The cells are suspended in a 

conductive electrolyte inside the electroporation cuvette, and upon the application 

of a voltage, an intense electric field is instantly generated. This electric field is 

maintained for only several microseconds to a second, the on-and-off electric field 

is often described as a pulse. Depending on the applications and cell types, 

different combinations on the number of the pulses, the duration of the pulse and 

the electric field strength of the pulse can be tailored (Santra and Tseng, 2016; 

Stewart, M.P. et al., 2018). The mechanism which allows the intracellular space to 

become accessible is that the intense electric field causes the cell plasma 

membrane to undergo a phenomenon known as the thermal fluctuation, which 

leads to the formation of numerous membrane pores ranging from 0.5 to 50 nm in 

diameter, these pores connects the intracellular space to the extracellular space 

(Figure 1.5A) (Smith, K.C. et al., 2014). Electroporation has been widely used to 

deliver DNA plasmids into the cell, the negatively charged DNA plasmids migrate 

towards the intracellular space by electrophoresis under the influences of the 

electric field (Stewart, M.P. et al., 2018). However, the typical physical dimension of 

a DNA plasmid is usually bigger than the electroporation induced membrane 

pores, thus the majority of these plasmids will be found clustered on the surfaces 

of the cell membrane, threading themselves through the electroporation induced 

membrane pores (Golzio et al., 2002). These clusters of DNA plasmids are 

internalised by cell endocytosis, eventually some of the endocytosed DNA plasmids 

will make its way to the nucleus and consequently transfect the cell (Bai et al., 

2017). Electroporation often utilises a short pulse duration and the 

electroporation induced membrane pores immediately shrink and reseal when the 

electric field is off (Venslauskas and Satkauskas, 2015). This limitation affects the 

delivery of smaller, less charged molecules, for example, proteins migrate towards 

the intracellular space mainly by diffusion rather than the electrophoresis, this 
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together with the short accessible time frame for the proteins to be diffused into 

the intracellular space through the pore makes it extremely challenging for protein 

delivery through bulk electroporation (Stewart, M.P. et al., 2018). However, 

various proteins including antibodies, CRISPR/Cas9 RNPs and amyloid related 

proteins such as ɻ-synuclein have also been successfully delivered into cells by 

bulk electroporation (Kaminski Schierle et al., 2011; Kim, S. et al., 2014; Lin et al., 

2014; Richardson et al., 2016; Conic et al., 2018). 

 

 

Figure 1.5. Intracellular delivery by e lectroporation. The mechanism of electroporation (A). An 
ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÉÓ ÁÐÐÌÉÅÄ ÁÃÒÏÓÓ ÔÈÅ ÃÅÌÌȭÓ ÐÌÁÓÍÁ ÍÅÍÂÒÁÎÅȟ ÔÈÅ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÁÎÄ ÍÅÍÂÒÁÎÅ ÔÈÅÒÍÁÌ 
fluctuation lead to the formation of transient pores, allowing access into the intracellular space of 
exogenous molecules. Schematic illustrations of the different electroporation methods (B). Taken from 
(Chau, C. et al., 2020). 

 

Besides the issue of delivery, the existence of a relatively large gap (1 mm to 4 mm) 

between the electrodes of the electroporation cuvette is a major issue in retaining 

a high cell survivability rate after the bulk electroporation. To maintain a 

consistently strong enough electric field to electroporate the cells across a long 
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distance through the conductive electrolyte will require the input of a high voltage 

(Figure 1.5B) (Santra and Tseng, 2016). The prolonged exposure to the intense 

electric field causes lipid peroxidation and the generation of reactive oxygen 

species, which can cause massive damage to the protein and DNA inside the living 

cell (Luft and Ketteler, 2015; Kotnik et al., 2019). Moreover, the need of the high 

voltage to maintain the intense electric field leads to an increased in the local 

temperature and local pH changes in the area close to the electrodes (Kurata et al., 

2012; Li, Y. et al., 2015). As the consequences of the above effects brought by the 

electric field and high voltage, many cells die immediately after the procedure, 

whereas the surviving cells have been shown to have a reduced viability and 

proliferative potential (Lenz et al., 2003). To improve the survival rate and the 

overall health of the cells post-electroporation, developments in micro and 

nanofabrication technologies have enabled the production of a localised 

electroporation device. The localised electroporation device is any device that 

places the electrodes in a much closer proximity, almost adhering to the cell 

membrane (Figure 1.5B). The significant reduction in the distance between the 

electrodes means that a much lower voltage can be used to maintain the same 

electric field strength for electroporation and consequently minimi zes the localised 

heating and pH changes issues caused by the high voltage (Zhu, T. et al., 2009; 

Zhao, D. et al., 2016). As a result, the overall survival rate and cell viability after 

electroporation as well as the DNA plasmids transfection efficiency have all been 

shown to be increased (Cao et al., 2018; Mukherjee et al., 2018; Yang et al., 2018; 

Cao, Y. et al., 2019; He et al., 2019; Tay and Melosh, 2019; Santra et al., 2020).  

A variety of devices have been developed to perform localized electroporation 

(Figure 1.5B). For example, this can be achieved by incorporating electrodes 

containing microchips inside a microfluidic channel to perform single cell localised 

electroporation. The microfluidic channel allows the cells to flow through whilst 

simultaneously being subjected to localized electroporation, this has been shown 

to enable cell impermeable fluorescent dyes and small interfering RNAs (siRNAs) 

to be delivered into single cells as they pass through the channel and electric fields 

(Adamo et al., 2013; Bürgel et al., 2015). Alternatively, a probe can be used to 

perform localized electroporation (Figure 1.5B). The nanofountain probe system is 

similar to the above described FluidFM, with a hollow cantilever-based probe and 

coupled with the (AFM) for positioning (Kang et al., 2013). In this approach, the 
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nanofountain probe is positioned in close proximity to the plasma membrane, then 

the application of an electric field allows the delivery of molecules ranging from 

DNA plasmids to proteins such as bovine serum albumin, and CRISPR/Cas9 RNPs 

into the cells (Kang et al., 2013; Yang et al., 2018).  

Array based methods can also be used to perform the localized electroporation 

with the main advantage of electroporating multiple cells simultaneously at the 

same instant. In one such device, known as the nanopore-electroporation 

(NanoEP) platform, the cells are deposited and cultured on top of a polycarbonate 

membrane which contains 100 nm diameter nanopores at a density of 0.2 pores 

per µm2 (Figure 1.5B). These nanopores are connected to a liquid reservoir 

containing the exogenous molecules similar to the nanostraws, the localised 

electroporation through numerous nanopores induced the formation of the 

membrane pores and allow the exogenous molecules to enter the cell (Cao, Y. et al., 

2019; Chen, Z. et al., 2021). The NanoEP has been used to deliver a variety of 

exogenous molecules, including mRNAs, DNA plasmids, CRISPR/Cas9 RNPs, 

functional stromal interaction molecule 1 (STIM1) proteins, as well as 

fluorescently labelled proteins into the cell cytoplasm (Cao, Y. et al., 2019; Chen, Z. 

et al., 2021). The nanostraws electroporation system (NES) has essentially the 

same set-up as the nanostraws system previously described, with the addition of 

electrodes in the liquid reservoir underneath the straws and in the cell culture 

medium reservoir to enable the localised electroporation (Xie et al., 2013; Cao et 

al., 2018). This increases the delivery efficiency over that of fluidic delivery by 

nanostraws alone, and has been used to deliver DNA plasmids, nanoparticles, 

proteins CRISPR/Cas9 RNPs and STIM1 into the various cells at high viability rate 

including the primary stem cells (Xie et al., 2013; Cao et al., 2018; Schmiderer et al., 

2020; Hebisch et al., 2021).  

The most well-known location controlled delivery based on the electroporation is 

the NucleofectorTM Technology, a highly optimised electroporation parameter 

accompanied with specially formulated buffers to maintain high cell viability as 

well as high delivery efficiency of DNA plasmids directly into the nucleus (Distler 

et al., 2005). However, the exact mechanism of the nucleus targeted 

electroporation delivery is unclear. Several studies have adopted the 

NucleofectorTM technology to deliver CRISPR/Cas9 RNPs into the nucleus but the 

advantages of such technology is not demonstrated properly (Kim, S. et al., 2014; 
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Lin et al., 2014; Richardson et al., 2016). The CRISPR/Cas9 RNPs proteins used in 

these studies are tagged with the nuclear localisation signals (NLS), the NLS tagged 

molecules will be directed and imported into the nucleus via the intracellular 

machinery (Marfori et al., 2011), this affects the interpretation on the localised 

compartmental delivery ability of the NucleofectorTM technology. 

 

1.6 Quantitative intracellular delivery?  

The above sections highlight some of the commonly used intracellular delivery 

methods, these methods are constantly being improved to address issues such as 

cell viabilit y and improving the intracellular delivery efficiency. However, the 

dosage control of these methods are usually not the main focus. Controlled dosage 

delivery is important, particularly for protein functional analysis as excess proteins 

may cause undesired effects while insufficient protein  may lead to no cellular 

response. There are several ways to reasonably estimate the number of molecules 

delivered. For example, an estimate can be extrapolated from the delivery duration 

ÁÎÄ ÍÏÌÅÃÕÌÅÓȭ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÔ Ôhat time. Alternatively, fluorescent signals can be 

quantified and used to estimate the number of fluorescent particles delivered, 

providing that the exogenous molecules are fluorescent molecules or conjugated to 

a fluorophore or dye (Guillaume-Gentil et al., 2013; Chow et al., 2016b; Drews et 

al., 2016; Cao et al., 2018). However, estimation can be error prone as the 

intracellular environment is vastly different from an in vitro mimic environment 

(Minaschek et al., 1989; Guillaume-Gentil et al., 2013). To avoid the estimation 

based approach, instead, the delivery can in theory be performed at single 

molecule resolution with the use of the nanopore of a narrow nanopipette. The 

molecules passing through the nanopore can be detected at single molecule 

resolution based on the well-established technology known as the resistive pulse 

sensing (RPS). 

 

1.6.1 Nanopores 

Nanopore is an exciting and promising platform for the development of rapid 

biochemical related assays at single molecule resolution (Miles et al., 2013; 

Muthukumar et al., 2015; Varongchayakul et al., 2018; Xue et al., 2020). The 
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fundamental principle and set-up of a nanopore single molecule sensor is simple 

(Figure 1.6), two chambers of conductive electrolyte are separated by a nanopore 

such that the only connection between these two chambers is through the 

nanopore opening. Each separated chamber is fitted with an electrode and when a 

voltage is applied between the two electrodes, an electric field is established 

through the nanopore. Depending on the charges of the ions and molecules present 

in solution, they either move towards to the anode or cathode through the 

nanopore via electrophoresis. Since the pore dimension of the nanopore restricts 

the number of ions that can flow through the nanopore at the same instant, the 

dimension of the nanopore acts as the main resistor in the equivalent electric 

circuit.  

 

 

Figure 1.6. The set-up of the nanopore detection system. The nanopore is the only connection 
between two separate chambers containing conductive electrolyte. Appling voltages across the 
nanopore leads to an establishment of an electric field (dotted arrows) and ions move towards the 
electrode by electrophoresis. 

 

There are two main types of nanopore that are used for the single molecule 

detection purpose: the biological nanopore and the solid-state nanopore. The 

biological nanopores are typically found and embedded in the cell membrane of 

ÌÉÖÉÎÇ ÃÅÌÌÓ ÁÎÄ ÏÒÇÁÎÅÌÌÅÓȟ ÔÈÅÓÅ ÂÉÏÌÏÇÉÃÁÌ ÎÁÎÏÐÏÒÅÓ ÔÙÐÉÃÁÌÌÙ ÈÁÖÅ Á ɼ-barrel 

structure where multiple protein domains assemble to form a single channel 

structure. Some of the commonly used biological nanopores include the pore 

ÆÏÒÍÉÎÇ ÔÏØÉÎ ɻ-ÈÅÍÏÌÙÓÉÎ ɉɻ-HL) from Staphylococcus aureus (Clarke, J. et al., 
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2009; Stoddart et al., 2009), and the mycobacterial porin A of Mycobacterium 

smegmatis (Figure 1.7A) (Mathe et al., 2011; Laszlo et al., 2016). Others include the 

voltage dependent anion channel of the mitochondria (Jacobs et al., 2019) and 

Fragaceatoxin C of Actinia fragacea (Huang, G. et al., 2019). These biological 

nanopores have an inner pore diameter of typically less than 5 nm, measured on 

their resolved crystal structures (Song et al., 1996; Faller, 2004; Bayrhuber et al., 

2008; Tanaka et al., 2015). The advantages of biological nanopores as a single 

molecule sensor are that the pore dimension and geometry are always consistent 

regardless of the production batch, and the properties of the nanopore can be 

engineered by mutations to improve the pore sensitivity (Wang, S. et al., 2018). 

Solid-state nanopores can be fabricated in membranes, for example the commonly 

used silicon nitride (Figure 1.7B) (Kong et al., 2013; Niedzwiecki et al., 2020), 

graphene (Merchant et al., 2010) or molybdenum disulfide (Graf et al., 2019). 

Solid-state nanopores can be fabricated on these membranes by different methods 

including drilling with electrons from a transmission electron microscope (TEM), 

focused ion beam milling, reactive ion etching, laser-etching and dielectric 

breakdown (Chen, Q. and Liu, 2019; Xue et al., 2020), these procedures result in 

the formation of nanopores from 1 nm to 10s of nanometers in diameter. 

Alternatively, a solid state nanopore of <10 nm in diameter and above can be 

fabricated by laser assisted pulling of glass capillaries to form a pair of conical 

glass nanopores, commonly known as the nanopipettes, as mentioned previously 

(Figure 1.7B) (Stanley and Pourmand, 2020; Xue et al., 2020). The dimension of the 

solid-state nanopore varies slightly each time, this is different from the biological 

nanopore where the inner pore dimension is determined by its amino acid 

sequence. However, the solid-state nanopores generally exhibit greater mechanical 

robustness, finer control over the pore geometry and opportunities for chemical 

functionalization compared to the biological nanopores (Varongchayakul et al., 

2018; Fragasso et al., 2020). 
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Figure 1.7. Biological and solid -state nanopores. 4ÈÅ ɻ-ÈÅÍÏÌÙÓÉÎ ɉɻ-HL) has a nanopore of 2.6 nm 
in diameter (A(i)) and mycobacterial porin A (MspA) has a pore diameter of 2.5 nm and 4.3 nm at the 
bottom and the top respectively (A(ii)). The diameter measured is based on the crystal structure. 
Protein DaÔÁ "ÁÎË )$ȡ ϋ!(, ÆÏÒ ɻ-HL and 1UUN for MspA. The solid-state nanopore can be fabricated 
by using focused electron beam to drill on the silicon nitride membrane, they have nanopore diameter 
ranging from 2 to 20 nm imaged by transmission electron microscopy (B(i)). Solid-state nanopore can 
also be fabricated by pulling capillaries to form nanopipettes. The scanning electron microscopy 
image showed a nanopipette with a pore size of c.a. 20 nm diameter (B(ii)) . (B(i)) is taken from 
(Niedzwiecki et al., 2020), (B(ii)) is taken from (Ivanov et al., 2015). 

 

1.6.2 Single molecule detection  

Recent advancements in the single molecule detection via the nanopore have 

enabled the development of nanopore-based platform for DNA sequencing which 
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was first demonstrated by Kasianowicz et al. in 1996 (Kasianowicz et al., 1996), 

this technology ultimately led to the commercialisation of the MinION nanopore 

DNA sequencing device from Oxford Nanopore Technologies in 2015, a small 

portable device that can be used to sequence DNA at high precision (Howorka et 

al., 2001; Jain et al., 2015; Loman and Watson, 2015), Since then, the community 

has focused on the development of protein peptide sequencing technology with the 

nanopore (Ouldali et al., 2019; Howorka and Siwy, 2020). Besides sequencing 

technology, the nanopore enables single molecule structure investigation such as 

discerning the topological state of DNA plasmid and DNA knots (Fologea et al., 

2007; Steinbock et al., 2010; Kumar Sharma et al., 2019), ribosome and poly-

ribosome differentiation (Raveendran et al., 2020a), protein structural 

investigation e.g. post-translational modification detection (Restrepo-Pérez et al., 

2019), unfolding kinetics (Si and Aksimentiev, 2017), protein-protein binding 

affinity (Wloka et al., 2017), and protein aggregation (Yusko, Erik C. et al., 2012; 

Martyushenko et al., 2015; Giamblanco et al., 2018a; Giamblanco et al., 2018b; 

Giamblanco et al., 2020a; Giamblanco et al., 2020b). These are all enabled by 

utilising the resistive pulse sensing (RPS) technology with the nanopore. 

The translocation of biomolecules can be detected by RPS technology. Using 

nanopipette as the example: the established electric field allows ions to flow 

through the nanopore, when a single molecule passes through the nanopore under 

the influence of the electric field, the flowing ions are temporarily excluded by the 

molecule, this causes an geometrical exclusion phenomenon and disrupts the ionic 

current flow, and thus increases the resistivity of the nanopore at that instant and 

consequently a temporarily drop in the ionic current baseline, this drop is known 

as the RPS (Figure 1.8A) (Varongchayakul et al., 2018; Xue et al., 2020). This type 

of detection technology was first proposed by W.H. Coulter in 1953 (Coulter, 

1953), this technology was then adopted and commercialised ɀ the Coulter 

counter, an instrument for counting and sizing particles suspended in the 

electrolytes (DeBlois and Bean, 1970). The nanopore detection is essentially a 

scaled down Coulter counter for the analysis of single molecules. Each RPS event is 

defined by two parameters: the relative change in the ionic current baseline due to 

the geometrical exclusion ɀ the current peak maxima and the duration of the 

geometrical exclusion caused by the translocating analyte molecule ɀ the dwell 

time (Figure 1.8B). This information can be used to define the physical properties 
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of the molecule at that particular instant as it passes through the nanopore (Yusko, 

E. C. et al., 2017; Houghtaling, Jared et al., 2019).  

Geometrical exclusion will always lead to a disruption in the ion flow and 

consequently a decrease in the ionic current baseline, however in some cases, the 

translocation events are current enhancing instead of dropping as demonstrated in 

multiple molecule translocation studies (Smeets et al., 2006; Aksimentiev, 2010; 

Kowalczyk and Dekker, 2012; Lan et al., 2014; Ivanov et al., 2015; Raveendran et 

al., 2018; Raveendran et al., 2020b). The current enhancement event can be 

attributed to factors including the geometry of the nanopore, the electrolyte salt 

concentration and the properties of the translocating molecules (Smeets et al., 

2006; Chen, K. et al., 2017). The geometry and the salt concentration affect the 

thickness of the electrical double layer (EDL), and the thickness of the EDL 

determines the magnitude of the ion concentration polarization phenomenon at 

the tip of the nanopipette. This polarization leads to the enhancement in the 

current during the translocation of molecule (Chen, K. et al., 2017). The properties 

of the translocating molecules also contribute to the formation of the current 

enhancing translocation event, as highly negatively charged molecules like DNA, 

the surrounding environment of the DNA is shielded with cations (Smeets et al., 

2006; Gebala et al., 2015; Gebala et al., 2016). The migration of this highly shielded 

molecule brings in excess ions to the tip of the nanopipette and these excess ions 

lead to the formation of the current enhancing event during the translocation of 

DNA (Smeets et al., 2006). The relationship between the nanopore and the analyte 

molecules will be discussed in more detail in Chapter 4. 
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Figure 1.8. Nanopipette as the single molecule sensing tool. The schematic set-up of the single 
molecule sensor using the Nanopipette as the example (A). An electric circuit is established by 
immersing two electrodes into the conductive electrolyte. The electrodes are separated by a nanopore, 
in this case the nanopipette. Molecules of interest are driven towards their polar opposite electrode 
due to the electric field. Illustration of the formation of the resistive pulse sensing (RPS) event signal 
(B). The upper panel illustrates how a molecule pass through the nanopore from reaching the pore, 
passing through the pore and passed the pore. The passing of the molecule through the pore affects 
the current baseline led to a sudden increased in resistance. This is visualised as a drop in the current 
size, the duration of the drop correspond to the time the molecule spent passing through the pore. 
These two parameters together formed the RPS event signal. Taken from (Chau, C. et al., 2020). 

 

Since each individual RPS event is associated with the translocation of a single 

molecule, the number of the molecules passed through the nanopore can be 

quantified by simply counting the RPS events (Figure 1.8B) (Charron et al., 2019). 

Furthermore, the nanopore was able to fully control the number of DNA delivered 

into an electrolyte bath through the nanopipette by manipulating the applied 

voltage (Ivanov et al., 2015). Moreover, the recently developed nanopore-

optofluidic chip device combines the nanopore with a optofluidic system and a 

microcontroller feedback control circuit module, this chip device shows that it 

detects and restricts down to only one molecule (DNA or ribosome) to pass 

through the nanopore. In this device, when a defined number of the RPS events 

were detected (as low as 1 RPS event), the microcontroller immediately applies 0V 

to immobilise the remaining molecules in the chamber that has yet to pass through 

the nanopore. This single molecule then diffuses through a microfluidic channel 

and confirms by the optical measurement (Rahman et al., 2019). These studies 

demonstrate that complete control over the number of molecules delivered is 

possible in an electrolyte bath. To date, two studies have demonstrated that 
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nanopore sensing can quantify the number of molecules delivered into the cell 

during intra cellular delivery. The first one uses an optical tweezer to immobilize 

the cell on top of a 2.5 nm diameter nanopore for the quantitative delivery of the 

DNA plasmids to transfect the cell (Kurz et al., 2014). In the other study, a NES-like 

system with 200 nm hollow electrodes is able to detect multiple RPS events caused 

by the delivery of gold nanorods into the cells (Huang, J.A. et al., 2019). 

  

1.6.3  Potential applications  

The precise controlled delivery of materials into the cell can be used to aid 

biological research and potentially be used to investigate important biological 

questions.  

Allowing the researchers to precisely deliver a certain number of molecules can be 

used as a tool to control the intracellular environment. This can be achieved by 

combining the quantitative approach with the established Trim-Away method 

where certain proteins will be targeted for degradation as previously discussed 

(Clift, D. et al., 2017; Clift, Dean et al., 2018; So et al., 2019). As an example, cell 

signalling related proteins can be depleted to a desire level by the quantitative 

intracellular delivery of the Trim-Away antibodies which can help researchers to 

further  understand the cell signalling process. 

The quantitative delivery approach can be used to perform single cell transfection 

of plasmid. It has been estimated that in order to transfect a cell with plasmid, 

approximately 20 copies of DNA plasmids will be needed to be localised to the 

nucleus (Lechardeur et al., 1999; Bai et al., 2017). However, the commonly used 

lipofectamine approach delivers approximately 20,000 copies of the plasmids to 

the cell cytoplasm (Lechardeur et al., 1999; Bai et al., 2017). A high number of 

plasmids delivered to a cell inevitably affects the cell viability  (Geiler-Samerotte et 

al., 2010; Park et al., 2013; Kafri et al., 2016; Kintaka et al., 2016), this is due to the 

overloading of the protein  translation process and exhausting resources for 

protein turnovers (Moriya and Cohen-Fix, 2015). This can be problematic, e.g. the 

investigation of protein function inside the cell via transfection, overexpressing the 

protein of interest leads to a reduction in cell viability, and consequently leads to 

researchers to establish a potentially false positive correlation between the protein 

of interest and cell viability.  In contrast, a controlled dosage delivery of plasmid at 
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low number directly to the nucleus minimise the probability of overloading the cell 

and its protein production process and resources. 

Alternatively, this quantitative approach may have important application as a key 

tool to understand key biological question, e.g. the amyloid diseases. Amyloid 

ÄÉÓÅÁÓÅÓ ÓÕÃÈ ÁÓ 0ÁÒËÉÎÓÏÎȭÓ ÁÎÄ !ÌÚÈÅÉÍÅÒȭÓ ÁÒÅ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÔÈÅ ÆÏÒÍÁÔÉÏÎ ÏÆ 

amyloid fibrils through abnormal protein aggregation, and the abnormal build-up 

of the amyloid fibrils can disrupt the function and viability of cells (Chiti and 

Dobson, 2017; Eisenberg and Sawaya, 2017; Iadanza, M. G. et al., 2018; Alam et al., 

2019; Ke et al., 2020).  Amyloid fibrils can be formed by the aggregation of 

different proteins, e.g. ɻ-synuclein iÎ 0ÁÒËÉÎÓÏÎÓȭ ÄÉÓÅÁÓÅ ÁÎÄ ÁÍÙÌÏÉÄ-ɼ ÉÎ 

!ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅȟ ÈÏ×ÅÖÅÒȟ ÔÈÅÓÅ ÆÉÂÒÉÌÓ ÓÈÁÒÅ Á ÃÏÍÍÏÎ ÕÎÄÅÒÌÙÉÎÇ ÃÒÏÓÓ-ɼ 

amyloid fold architecture (Chiti and Dobson, 2017; Eisenberg and Sawaya, 2017; 

Iadanza, M. G. et al., 2018; Alam et al., 2019; Ke et al., 2020). Amyloid proteins like 

ɻ-synuclein aggregate inside the intracellular compartment, and subsequently lead 

to the formation of the intracellular Lewy body, an inclusion body that contains 

different intracellular components (Spillantini et al., 1997; Mahul-Mellier et al., 

2020; Fares et al., 2021)Ȣ 3ÉÎÃÅ ÔÈÅ ÐÒÏÔÅÉÎ ɻ-synuclein can aggregate inside the 

cell, the intracellular delivery of structurally characterised fibrils and aggregates is 

crucial to understand the correlation between protein structure and how the cell 

responds, and the structure and cell viability relationship has been demonstrated 

before in different studies (Cremades, Nunilo et al., 2012; Bousset, Luc et al., 2013; 

Paslawski et al., 2014a; Paslawski et al., 2014b; Chen, S.W. et al., 2015; Peelaerts et 

al., 2015b; Fusco et al., 2017; Alam et al., 2019; Guerrero-Ferreira et al., 2019; 

Chakroun et al., 2020; Guerrero-Ferreira et al., 2020; Schweighauser et al., 2020; 

Chou et al., 2021). 

The commonly used method to investigate the effects brought by the amyloid 

fibrils in cell biology is to incubate cells with amyloid fibrils by adding the fibrils to 

the culture medium (Cremades, N. et al., 2012; Bousset, L. et al., 2013; Peelaerts et 

al., 2015a; Fusco et al., 2017; Ke et al., 2020; Mahul-Mellier et al., 2020). Other 

methods have also been used to deliver amyloid materials into the cell directly, 

such as the electroporation and injection (Kaminski Schierle et al., 2011; Li, B. et 

al., 2021). These methods are of particular interest as they bypass the cell 

membrane and deliver the amyloids directly into the intracellular space, which not 

only improves the efficiency of delivery, but also eliminates cell responses 
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associated with the endocytosis of the amyloids and amyloid-lipid interaction. It 

provides a direct way to correlate the intracellular responses to the structure of 

the amyloids, i.e. a way to understand how the cell responds when the amyloid 

initially starts to aggregate inside the cell. Similarly, the quantitative nanoinjection 

approach also bypass the lipid membrane and deliver the molecules directly to the 

intracellular space.  

The advantage of the quantitative approach is the control over the number of 

molecules delivered which is important in the field of amyloid disease. It is known 

that certain amyloid aggregates, e.g. the in vitro generated ÁÇÇÒÅÇÁÔÅÓ ÏÆ ɻ-

synuclein can be used as to seed the formation of larger aggregations inside cells 

and animals (Danzer et al., 2009; Freundt et al., 2012; Luk et al., 2012; Rey et al., 

2013; Witt et al., 2016; Gribaudo et al., 2019; Rey et al., 2019; Hijaz and Volpicelli-

Daley, 2020; Mahul-Mellier et al., 2020; Sang et al., 2021). Recent study has 

calculated that on average less than 100 intracellular ɻ-synuclein aggregates 

would be sufficient to seed the formation of additional intracellular aggregates 

(Sang et al., 2021). The quantitative nanoinjection method has potential to be used 

as a tool to further understand the complicated relationship between the number 

of aggregates, the structure of aggregates and the cell response. 
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Thesis Aims 

The first aim of this thesis was to develop a quantitative nanoinjection platform 

and workflow, to enable the delivery of biomolecules from a nanopipette into the 

intracellular space of the cell and to simultaneously quantify the number of 

biomolecules injected using resistive pulse sensing technology (Figure 1.9).  

This platform was comprised of two main components: the scanning ion 

conductance microscopy (SICM) with an integrated nanopipette of <30 nm in 

diameter and an inverted confocal fluorescent microscope. The SICM provides high 

spatial resolution for positioning the nanopipette and can lower down the 

nanopipette at a defined distance to penetrate the cell membrane and access the 

intracellular space. The nanopipette was used to nanoinject cells with different 

biomolecules in order to demonstrate the quantitative nanoinjection concept. The 

biomolecules injected included dextran conjugates, DNA plasmids, enzymes and 

amyloid fibrils. The nanoinjection associated ionic current trace was analysed and 

the number of translocated molecules will be quantified. Successful delivery of 

these biomolecules was then confirmed by fluorescent microscopy. 

 

 

Figure 1.9. Schematic illustrations of the two aims of the thesis. On the left, aim 1 is depicted i.e. 
quantitative nanoinjection in which biomolecules will be delivered into the cell via the nanopipette. 
The ionic current will then be analysed and the number of molecules will be quantified by counting the 
number of the translocation events as shown in the middle. On the right, aim 2 is depicted in which the 
translocation experiments are carried out using a macromolecular crowded environment. The ionic 
current and the translocation events will be analysed and characterised in order to understand the 
role of macromolecular crowding in the electrolyte bath on the translocation signals. 
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The second aim of this thesis was to investigate the role of the bath environment 

on the translocation dynamics of biomolecules through the nanopore of a 

nanopipette, in particular the effect of macromolecular crowding (Figure 1.9).  

The intracellular space is filled with macromolecules at high concentration, 

resulting in a macromolecular crowded environment, which is different from the 

pure electrolyte such as the Phosphate Buffered Saline (PBS) used in electrolyte 

baths. To mimic this in vitro, the crowding agents poly(ethylene) glycol (PEG) and 

bovine serum albumin (BSA) were used to generate macromolecular crowded PBS 

baths. The nanopipette was filled with different biomolecules and translocation 

experiments were performed into the macromolecular crowded baths to study 

whether macromolecular crowding affects the translocation dynamics of 

biomolecules. 
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Chapter 2   

Methods  
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2.1 Plasmids preparation and analysi s 

2.1.1 Plasmids production  

The pMaxGFP plasmids from the Cell Line NucleofectorTM Kit V (VVCA-1003; 

Lonza) and pmCherry-NLS (the pmCherry-NLS from Martin Offterdinger; #39319; 

Addgene; RRID: Addgene_39319)(Micutkova et al., 2012) were used. The pMaxGFP 

was provided as solution at 0.5 µg/µl. The pmCherry-NLS arrived as a E. coli 

bacterial stab from Addgene. The Luria broth medium was generated by dissolving 

25% (w/v) of Luria broth powder (L24020; Melford) in ddH 2O followed by 

autoclave sterilisation. Colonies of the E. coli stab was picked using a clean pipette 

tip and inoculated inside 2 ml of 25% (w/v) Luria broth medium containing 50 

µg/ml of kanamycin overnight at 37°C at 200 rpm shaking. The 2 ml overnight 

inoculated culture was transferred to 1 L of 25% (w/v) Luria broth medium 

containing 50 µg/ml kanamycin and allowed to further inoculate overnight 37°C at 

200 rpm shaking. The overnight E. coli culture was collected, lysed and the 

pmCherry-NLS plasmids were isolated using the Qiagen Plasmid Maxi Kit (12162; 

1ÉÁÇÅÎɊ ÁÓ ÐÅÒ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓȢ !ÌÌ ÐÌÁÓÍÉÄÓ ×ÅÒÅ ÓÔÏÒÅÄ ÁÔ -20°C. 

 

2.1.2 Restriction digestion  

To confirm the length of the plasmids, they were linearized by restriction digestion 

using the enzyme Kpn I (R0142S; New England Biolabs) in the NEBufferTM r1.1 

(B6001; New England Biolabs). A 20 µl reaction mixture was made by combining 1 

µg of plasmid, 1U final concentration of restriction enzyme Kpn I, 1× NEB BufferTM 

r1.1 and ddH2O. The reaction mixture was incubated at 37°C for 1 hour. The 

restriction digestion process was inactivated by incubating the reaction mixture at 

65°C for 15 minutes immediately after the digestion reaction. The resultant 

linearized DNA was kept at -20 °C for storage. 

 

2.1.3 Agarose gel electrophoresis  

The plasmid concentration was measured by UV absorbance at 260 nm with a 

NanoDropTM 2000 (Thermo Fisher). For gel electrophoresis, a 10× Tris-acetate 

ethylenediaminetetraacetic acid (EDTA) buffer (1× TAE buffer; 400 mM Tris-
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acetate, 10 mM EDTA, pH 8.3) was used to cast agarose gel and as the running 

buffer. 0.8% (w/v) of agarose (A9539; Sigma Aldrich) was dissolved in 1× TAE 

buffer under high heat inside a microwave, 1× SYBR safe (S33102; Thermo Fisher) 

was incorporated into the solution mixture before it was solidified, the solution 

was poured into a gel caster and a gel comb was used to create wells in the gel. 

Once set, the gel was immersed into the 1× TAE buffer inside the horizontal 

electrophoresis apparatus, and the comb was removed. 1 µg of the sample DNA 

was loaded into the gel well, and an voltage of 80V was applied for 90 minutes to 

cause the DNA to migrate to the anode. 1 µg of either TrackItTM 1 Kb Plus DNA 

Ladder (10488085; Thermo Fisher) was used as the DNA size standard. 

 

2.2 Protein preparation and analysis  

2.2.1 ɼ-galactosidase purification  

ɼ-galactosidase of E. coli (G5635; Sigma-Aldrich) was further purified and 

characterised by gel filtration using a calibrated Supderdex 200 10/300 GL column 

(GE Healthcare Life Sciences). The column was ÅÑÕÉÌÉÂÒÁÔÅÄ ×ÉÔÈ $ÕÌÂÅÃÃÏȭÓ 0"3 

(D8537; Sigma Aldrich), the column was calibrated by three separate analyses of 

standards: vitamin B12 (1 kDa; V2876; Sigma-Aldrich) and blue dextran (2000 

kDa; D5751; Sigma-Aldrich); cytochrome C (12 kDa; C2506; Sigma-Aldrich), bovine 

serum albumin (66 kDa; A7030; Sigma-Aldrich) and ferritin (440 kDa; F4503; 

Sigma-Aldrich); and  ovalbumin (43 kDa; A5503; Sigma-Aldrich) and alcohol 

dehydrogenase (150 kDa; A7011; Sigma-!ÌÄÒÉÃÈɊȢ ɼ-galactosidase was eluted at 

the expected elution volume for a tetramer of c.a. 491 kDa, this molecular weight is 

ÃÌÏÓÅ ÔÏ ÔÈÅ ÁÃÔÕÁÌ ÍÏÌÅÃÕÌÁÒ ×ÅÉÇÈÔ ÏÆ ÔÅÔÒÁÍÅÒÉÃ ɼ-galactosidase of 465 kDa, the 

collected fractions were concentrated using a Vivaspin protein concentrator 

(Z614092; Sigma-Aldrich), snap frozen and stored at -ψπȍ# ÆÏÒ ÆÕÔÕÒÅ ÕÓÅȢ 

 

2.2.2 -ÅÁÓÕÒÅÍÅÎÔ ÏÆ ɼ-galactosidase activity using a plate reader  

4ÈÅ ÓÎÁÐ ÆÒÏÚÅÎ ɼ-galactosidase was thawed, serial diluted and incubated with 

final concentration of 2.5 µM fluorescent substrate SPiDER-ɼ'ÁÌ ɉ3'πς-10; 

Dojindo) for 30 minutes at room temperature inside a 96-well black clear bottom 
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microplates (3631; Corning). The fluorescent signal was measured using the 

CLARIOstar Plus plate reader (BMG LABTECH). 

 

2.2.3 ɻ-synuclein protein expression  

BL21(DE3) (carries the gene for T7 RNA polymerase under control of the lacUV5 

promoter) competent E. coli (C2527; New England BioLabs) was transformed with 

carbenicillin resistant pET23a encoding a codon optimised gene encoding full 

ÌÅÎÇÔÈ ÈÕÍÁÎ ɻ-synuclein using the heat shock transformation. Briefly, 1 µl of 200 

ng/ml plasmid was added to 50 µl of the E. coli, followed by incubation on ice for 

30 minutes and immediately followed by heat shock procedure at 42°C for 45 

seconds in a heat block. The transformed E. coli was then inoculated in a 25% 

(w/v) Luria broth medium for 60 minutes at 37°C, and then grown overnight at 

37°C on 25% (w/v) Luria broth agar plates containing 25 µg/ml of carbenicillin. A 

single bacterial colony was picked and grown overnight at 37°C with constant 

shaking at 200 rpm in 150 ml 25% (w/v) Luria broth containing 25 µg/ml of 

carbenicillin. The bacterial culture was mixed with 30% (v/v) autoclaved glycerol 

at the ratio of 1:1, and aliquoted into 1 ml cryotube vials (V7884; Sigma-Aldrich) 

and stored at -80°C as a glycerol stock for future use. 

&ÏÒ ÔÈÅ ÌÁÒÇÅ ÓÃÁÌÅ ÅØÐÒÅÓÓÉÏÎ ÏÆ ÔÈÅ ɻ-synuclein, approximately 1 µl of the 

transformed bacteria glycerol stock was added to 1 ml of 25% (w/v) Luria broth 

containing 25 µg/ml of carbenicillin and was grown overnight at 37°C with 

constant shaking at 200 rpm. This starter culture was then added to 1 L of 25% 

(w/v) Luria broth containing 25 µg/ml carbenicillin under constant 200 rpm 

ÓÈÁËÉÎÇ ÁÔ σχЈ#Ȣ  0ÒÏÔÅÉÎ ÅØÐÒÅÓÓÉÏÎ ×ÁÓ ÉÎÄÕÃÅÄ ÂÙ ÁÄÄÉÎÇ ÉÓÏÐÒÏÐÙÌ ɼ-D-1-

thiogalactopyranoside to a final concentration of 1 mM when the culture reached 

an OD600 of 0.6, followed by incubation for 4 hours.  

4ÈÅ Ð%4ςσÁ ÐÌÁÓÍÉÄ ÅÎÃÏÄÉÎÇ !ωπ# ɻ-synuclein single mutated version 

(expression under control of T7 expression) of the wild type human fÕÌÌ ÌÅÎÇÔÈ ɻ-

synuclein was transformed and expressed by Dr Michael Davies, the expression 

ÐÒÏÃÅÄÕÒÅÓ ÏÆ ÔÈÅ !ωπ# ɻ-synuclein are the same as the wild-type full length 

ÈÕÍÁÎ ɻ-synuclein. 
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2.2.4 ɻ-synuclein protein purification  

4ÈÅ ÐÕÒÉÆÉÃÁÔÉÏÎ ÏÆ ÍÏÎÏÍÅÒÉÃ ɻ-synuclein was performed as following. After the 

IPTG induction the E. coli was collected by continual action centrifuge (HeraeusTM 

BiofugeTM StratosTM Centrifuges; HCA 10.300 centrifuge rotor; Thermo Scientific) 

at 15,000×rpm. The collected E. coli was lysed by resuspending the E. coli into lysis 

buffer (25 mM Tris-HCl, pH 8.0; 100 µg/ml lysozyme; 50 µg/ml 

phenylmethylsulfonyl fluoride; 20 µg/ml deoxyribonuclease (DNase); 1 mM EDTA 

and frozen overnight at -20°C. 

The lysed bacteria were then thawed and lysed by mechanical homogenisation 

followed by 10 minutes incubation at 70°C in water bath. The bacteria debris pellet 

was removed by centrifugation at 35,000×rcf for 30 minutes at 4°C (JLA 16.250 

rotor; Beckman). The supernatant was titrated to pH 3.5 with 1 M HCl and 

incubated for 30 minutes with gentle stirring using a magnetic stirrer inside 4°C 

cold room. Then, the supernatant was collected by centrifugation at 35,000×rcf 

(JLA 16.250 rotor; Beckman) for 30 minutes at 4°C and the supernatant titrated 

with 1 M NaOH to pH 7.5. The solution was dialysed against 20 mM Tris-HCl pH 7.5 

using a 3.5 kDa dialysis membrane (68035; Thermo Scientific) overnight at 4°C 

with gentle stirring constantly with a magnetic stirrer.  

ɻ-synuclein was purified from the dialysed protein solution by anion-exchange 

chromatography, followed by size exclusion chromatography to increase the 

purity. The XK 50/20 column (Amersham Bioscience) packed with Q-Sepharose 

(GE Healthcare) were used for anion-exchange chromatography on the AKTA 

Prime column purification system (GE Healthcare). The column was equilibrated 

with 20 mM Tris-HCl, pH 7.5 buffer (Buffer A) with 15% (v/v) of 1 M NaCl, 20 mM 

Tris-HCl, pH 7.5 (Buffer B). After stable A280 and conductivity values were 

obtained, the protein solution was loaded onto the column and then followed by 1 

column volume (approximately 300 ml) of buffer A with 15% (v/v) of buffer B, this 

is equivalent to a total of 150 mM of NaCl throughout the entire column. Proteins 

were eluted under constant gradient of 3 column volume of buffer B from 15 to 

50%, i.e. 150 mM to 500 mM NaCl. Eluted fractions were collected at between 30 to 

37% of the buffer B, i.e. 300 to 370 mM NaCl concentration. The collected anion-

exchange fractions were then further purified by size exclusion chromatography. 

The eluted fractions were pooled and stored at 4°C for short term storage. The 

Superdex 75 10/300 GL column (GE Healthcare) was used with the AKTA Prime 
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column purification system (GE Healthcare) and equilibrated with buffer A. The 

pÒÏÔÅÉÎ ÓÏÌÕÔÉÏÎ ×ÁÓ ÌÏÁÄÅÄ ÏÎÔÏ ÔÈÅ ÃÏÌÕÍÎ ÁÎÄ ÔÈÅ ɻ-synuclein containing 

fractions were collected and pooled together, the fractions were dialysed against 

30 mM ammonium bicarbonate using a 3.5 kDa dialysis membrane at 4°C with 

gentle stirring using the magnetic stirrer overnight. The protein was then 

lyophilized and stored at -20°C for future use. The molecular weight of the 

ÌÙÏÐÈÉÌÉÚÅÄ ɻ-synuclein was confirmed by mass spectrometry. 

The purification procedure for the A90C mutated human full -length ɻ-synuclein 

monomers followed the same procedure as the wild -ÔÙÐÅ ÆÕÌÌ ÌÅÎÇÔÈ ɻ-synuclein. 

This was carried out by Dr Michael Davies. 

 

2.2.5 Mass spectrometry  

Mass spectrometry was carried out to identify the molecular mass of the purified 

ɻ-synuclein. Molecular mass was calculated using liquid chromatography 

electrospray ionisation mass spectrometry. Samples were submitted at 100 µM in 

ρϼ $ÕÌÂÅÃÃÏȭÓ 0"3 (D8537; Sigma-Aldrich) and filtered through 0.22 µm prior to 

mass spectrometry measurement. The measurement and analysis of the sample 

were carried out by Rachel George in the University of Leeds Mass Spectrometry 

Facility.  

 

2.2.6 ɻ-synuclein fibril formation  

4Ï ÇÅÎÅÒÁÔÅ ÔÈÅ ɻ-synuclein fibril seeds the lyophilised monomeric protein was 

rehydrated in 1× DulÂÅÃÃÏȭÓ 0"3 ÁÔ Á ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ υππ ʈ- ÁÎÄ ÆÉÌÔÅÒÅÄ ÔÈÒÏÕÇÈ 

Á πȢςς АÍ ÓÙÒÉÎÇÅ ÆÉÌÔÅÒȢ υππ ʈÌ ÏÆ ÔÈÅ ÆÉÌÔÅÒÅÄ ÐÒÏÔÅÉÎ ×ÁÓ ÔÒÁÎÓÆÅÒÒÅÄ ÔÏ Á ς ÍÌ 

glass vial (27267-U; Sigma-Aldrich) and a sterile magnetic stirrer bar added before 

the vial was sealed. The vial was then placed inside a mineral oil bath on top of a 

magnetic stirrer with heating (N2400-3010; STARLAB) and stirred for 3 days at 

ρυππ ÒÐÍ ÁÔ τπȍ#Ȣ 4ÈÅ ÒÅÓÕÌÔÁÎÔ ɻ-synuclein fibril seeds were pelleted down by 

centrifugation at 16,000×rcf for 1 hour inside a table top centrifuge. The protein 

concentration of the pellet was checked by BCA assay (J63283; Alfa Aesar) and was 

ÄÉÌÕÔÅÄ ÄÏ×Î ÔÏ ςππ А- ÍÏÎÏÍÅÒÉÃ ÅÑÕÉÖÁÌÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ×ÉÔÈ ρϼ $ÕÌÂÅÃÃÏȭÓ 

PBS, snap frozen and stored at -ψπȍ# ÆÏÒ ÆÕÔÕÒÅ ÕÓÅȢ  
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To generate fibrils by elongating the seeds, thawed fibril seeds in Eppendorf tubes 

were first sonicated inside a water bath sonicator at maximum power at 25 ºC 

ɉ5υππ(Ƞ 5ÌÔÒÁ×ÁÖÅɊ ÆÏÒ υ ÍÉÎ ÐÒÉÏÒ ÔÏ ÕÓÅȢ ,ÙÏÐÈÉÌÉÓÅÄ ÍÏÎÏÍÅÒÉÃ ɻ-synuclein 

was rehydrated with ρϼ $ÕÌÂÅÃÃÏȭÓ 0"3 ÁÔ Á ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ςππ А- ÁÎÄ ÆÉÌÔÅÒÅÄ 

through 0.22 µm syringe filter. The freshly thawed sonicated fibril seeds were 

ÍÉØÅÄ ×ÉÔÈ ÆÉÌÔÅÒÅÄ ÍÏÎÏÍÅÒÉÃ ɻ-synuclein such that the final solution contained 

10% (v/v) fragmented fibrils and 100 А- ÏÆ ɻ-synuclein monomers in 500 µl 

ÉÎÓÉÄÅ Á ρȢυ ÍÌ %ÐÐÅÎÄÏÒÆ ÔÕÂÅȢ 4ÈÅ ÓÁÍÐÌÅ ×ÁÓ ÔÈÅÎ ÉÎÃÕÂÁÔÅÄ ÁÔ σχȍ# ÕÎÄÅÒ 

intermittent shaking conditions (600 rpm shaking for 5 seconds followed by every 

4:55 minutes without shaking) for 5 days using the Thriller shaking incubator (91-

7010; Peqlab). The resultant fibrils were stored at room temperature for future 

use. 

4Ï ÇÅÎÅÒÁÔÅ ÔÈÅ !ÌÅØÁ &ÌÕÏÒ υωτ ÌÁÂÅÌÌÅÄ !ωπ# ɻ-synuclein fibril seed, the !ωπ# ɻ-

synuclein fibril seed was generated following the same procedure as the wild-type 

ɻ-synuclein. After 3 days of stirring at 1500 rpm at 40°C, the ÒÅÓÕÌÔÁÎÔ !ωπ# ɻ-

synuclein fibril seeds were collected by centrifugation at 16,000×rcf for 1 hour. 

The protein concentration of the pellet was checked by BCA assay and was diluted 

ÄÏ×Î ÔÏ ρππ А- ÍÏÎÏÍÅÒÉÃ ÅÑÕÉÖÁÌÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ×ÉÔÈ ρϼ $ÕÌÂÅÃÃÏȭÓ 0"3Ȣ 

Dithiothreitol (DTT) was added to the fibril seeds to a final concentration of 5 mM 

and incubated for 30 minutes on bench. After incubation, the fibril seeds were 

pelleted down by centrifugation at 16,000×rcf for 40 minutes, the pellet was kept 

and washed with 1× $ÕÌÂÅÃÃÏȭÓ PBS by pipette aspiration mixing. The pelleting and 

washing processes were then repeated for 3 times to remove DTT. The resultant 

pellet was then labelled with the Alexa Fluor 594 dye by incubating with 10 mM 

Alexa Flour 594 Maleimide (A10256; Thermo Fisher) at 4°C for 16 hours. Unbound 

Alexa Fluor 594 Maleimide dye was removed by pelleting and washing processes 

for 3 times to remove the dye similar to the removal of DTT. The protein 

concentration of the Alexa Fluor 594 labelled A90C fibril seed pellet was checked 

by BCA assay and diluted down to 200 µM monomeric equivalent concentration 

×ÉÔÈ ρϼ $ÕÌÂÅÃÃÏȭÓ 0"3ȟ ÓÎÁÐ ÆÒÏÚÅÎ ÁÎÄ ÓÔÏÒÅÄ ÁÔ -ψπȍ# ÆÏÒ ÆÕÔure use. The 

ÇÅÎÅÒÁÔÉÏÎ ÏÆ ÔÈÅ !ÌÅØÁ &ÌÕÏÒ υωτ !ωπ# ɻ-synuclein fibril seed was carried out by 

Dr Michael Davies. 
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2.2.7 Atomic Force microscopy (AFM) and sample preparation  

1 µl of the 100 µM (monomeric equivalent) fibril samples was added to 99 µl of 1 

M MgCl2 and incubated for 15 minutes, then the solution was deposited onto a 

freshly cleaved mica (AGG250-1; Agar Scientific) and incubated for 30 minutes. 

The solution was drained, and the mica surface was washed 3 times with ddH2O 

and dried with streams of nitrogen, followed by overnight drying at room 

ÔÅÍÐÅÒÁÔÕÒÅȢ 4ÈÅ ɻ-synuclein fibrils were imaged using a Dimension Fastscan 

(Bruker) in air tapping mode using the Fastscan A Silicon Nitride cantilever 

(FASTSCAN-A; Bruker). The probes were driven at resonance (1400 kHz in air). 

Images were acquired with a scan rate of 8-15 Hz (1024 X 1024 pixels) and 

processed with Nanoscope Analysis v1.9. The length and height data of the fibrils 

were analysed by FiberApp (Usov and Mezzenga, 2015). 

 

2.3 Single molecule detection with nanopipette  

2.3.1 Electrolyte bath preparation  

The reagents used for the generation of the PBS electrolyte bath are shown in 

Table 2.1. 

Table 2.1. Reagents used for the preparation of the electrolyte bath  
Chemical Catalogue Supplier 

Dulbecco A PBS Tablets  

(Composition at 1 × concentration: 137 mM NaCl, 3 mM 
KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4) 

BR0014 Oxoid 

Polyethylene Glycol 4000 (PEG 4000) A16151 Alfa Aesar 

Polyethylene Glycol 8000 (PEG 8000) 043443 Alfa Aesar 

Glycerol G2025 Sigma Aldrich 

Bovine Serum Albumin (BSA) >99% BS9808K BioServ UK Limited 

 

A 10× concentrated PBS solution was made by dissolving the PBS tablets in ddH2O, 

followed by autoclaving, then the 10× concentrated PBS was diluted to 1× with 

ddH2O.  

To generate 10 ml of 50% (w/v) PEG crowded bath, 5 g of PEG of desired 

molecular weight was added to 1 ml of 10× PBS and 4 ml of ddH2O. The solution 

mixture was put inside a 70°C oven for 2 hours to completely dissolve the PEG, 

followed by overnight incubation at 37°C. The PEG solution was allowed to cool 
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down to room temperature prior to usage. To generate 10 ml of a 50% (v/v) 

glycerol PBS bath, 5 ml of glycerol was added to 1 ml of 10× PBS and 4 ml of 

ddH2O. For a BSA PBS bath, lyophilized BSA powder was dissolved in ddH2O to 0.4 

g/ml (40% w/v) concentration overnight at 4°C and then diluted with 10 × PBS and 

ddH2O to obtain a concentration of 30% (w/v).  

The 50% (w/v) PEG solution, 50% (v/v) glycerol solution and 30% (w/v) BSA PBS 

solution were diluted with 1× PBS to change the concentration of the PEG, glycerol 

and BSA without altering the ionic strength of the solution. 

 

2.3.2 Nanopipette fabrication and ion current measurement  

Quartz glass with filaments with an outer and inner diameter of 1.0 mm and 0.5 

mm respectively were used to fabricate nanopipettes (QF100-50-7.5; Sutter 

Instrument). Nanopipettes were fabricated by using the SU-P2000 micropipette 

puller (World Precision Instruments), the fabrication of the nanopipette involves 

laser melting the centre of the quartz glass while simultaneously pulling the 

nanopipettes apart (Figure 2.1A), each quartz capillary produce a pair of 

nanopipettes with an almost identical pore size and geometry.  

For the production of the 25 nm nanopipette, the two-line parameter used was: (1) 

HEAT, 750; FIL, 4; VEL, 30; DEL, 145; PUL, 80, followed by (2) HEAT, 625; FIL, 3; 

VEL 40; DEL 135; PUL, 150. For the 80 nm nanopipette, two-line parameter used 

was: (1) HEAT, 750; FIL, 4; VEL, 30; DEL, 150; PUL, 80, followed by (2) HEAT, 500; 

FIL, 3; VEL 40; DEL 135; PUL, 150. It should be noted that the pulling protocol is 

instrument specific and there is variation between each laser puller. The fabricated 

ÎÁÎÏÐÉÐÅÔÔÅ ÔÙÐÉÃÁÌÌÙ ÈÁÓ Á ÃÏÎÅ ÓÈÁÐÅÄ ÇÅÏÍÅÔÒÙȟ ÔÈÅ ÃÏÎÅ ÁÎÇÌÅ ʃ ÃÁÎ ÂÅ 

approximated by using the taper length and the shank radius, these parameters 

are obtained by scanning electron microscopy (Figure 2.1B). 
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Figure 2.1. Schematic illustration of the fabrication process for a pair of nanopipette s and the 
geometry of a nanopipette. (A) The glass capillary was inserted into the SU-P2000 micropipette 
puller, a laser heat source was applied onto the centre of the capillary, simultaneously, the capillary 
was pulled by force in the opposite direction. The whole process is controlled by specified pulling 
parameters. Each glass capillary will generate a pair of nanopipette. (B) The schematic illustration of 
the geometry of a nanopipette tip end. To characterise the nanopipette, the taper length and the shank 
radius are often used. 

 

2.3.3 Scanning Electron Microscopy  

The nanopores of the nanopipettes were imaged by scanning electron microscopy 

(SEM) (Leo 1530 FEG-SEM; Zeiss). The nanopipette was first coated with a gold 

layer of few nanometer thicknesses via sputter coating. The nanopipettes were 

then mounted onto the sample holder and tilted to an angle of 60 and above for 

imaging. The nanopipettes were imaged at between 2 and 3 kV at a working 

distance of 5 mm and below at an aperture size of 30.00 m using an InLens 

detector. The SEM images used in the thesis were performed by Dr Mukhil 

Raveendran, Dr Mark Rosamond and Samuel Confederat. 
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2.3.4 Nanopipette pore si ze estimation  

Besides using the SEM to image the nanopore of the nanopipette, the pore 

diameter can also be estimated by theoretical approach based on an equation from 

Perry et al (Perry et al., 2016a) will be used, this equation does not consider the 

surface charge contributed by the quartz surface.  

Equation 1 

Ὑ
ρ
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Where the RNanopipette ÉÓ ÔÈÅ ÒÅÓÉÓÔÁÎÃÅ ÏÆ ÔÈÅ ÐÏÒÅ ÉÎ Џȟ ʆ ÉÓ ÔÈÅ ÓÏÌÕÔÉÏÎ 

conductivity in S/m, ri is the inner nanopipette radius in m, the shank radius is in 

m and taper length is in m. 

The Perry et al. model does not consider surface conductivity contribution to the 

nanopore conductance (Perry et al., 2016a). A better approximation should 

consider the surface charge on the quartz wall which induces an electroosmotic 

flow (EOF) that contributes to the ion concentration distribution within the 

nanopore and influences the current response (EOF will be further discussed in 

Chapter 4). In particular, a positive voltage will cause a EOF directed out of the 

pore and a negative voltage will cause an EOF in the opposite direction. The result 

of this flow is an increase in the ion-current rectification induced by the charge at 

the quartz wall (ICR will be further discussed in Chapter 4). Also, Perry model does 

not include the stray capacitances acting at the interface of the nanopipette and the 

electrolyte. The resistive behaviour introduced by Perry et al. has to be summed to 

the capacitive effect of the dielectric (quartz) between the inner and outer solution, 

thus, a total impedance has to be considered. However, when working with direct 

current  voltages throughout this thesis, the capacitance has a negligible effect and 

it is common practice not to include it in the impedance calculation which will then 

involve only a series of resistors, as Perry introduced (Perry et al., 2016a). 

Furthermore, as the aim is not to generate an accurate model that describes the 

relationship between resistance and poreȭÓ dimension, but rather the purpose of 

the equation is only to check whether the ÐÏÒÅȭÓ ÄÉÍÅÎÓÉÏÎs are significantly 

different between each fabrication. Additionally, the actual size of the nanopore 

will be characterised through scanning electron microscopy (Section 2.3.3). 
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The following parameters were used: 1.2 S/m (0.1 M KCl conductivity), the 

resistance value of the of the nanopipette when 0.1 M KCl is used inside the 

nanopipette and also as the bath, 4 mm taper length and 250 µm shank radius. The 

output of the equation will then be the pore radius in m. 

 

 

Figure 2.2. Nanopore diameter estimation curve based on equation 1. Assuming the electrolyte 
conductivity and minimum variations on the geometry of the nanopipette, a simpler equation y = 
8900.7 x-1 can then be used to approximate the diameter of the nanopore instead. Red dots indicate 
the estimated diameters when different resistance values are used in the equation. Blue squares 
ÉÎÄÉÃÁÔÅ ÔÈÅ ÍÅÁÓÕÒÅÄ ÎÁÎÏÐÏÒÅÓȭ ÓÉÚÅÓ ɉÓÃÁÎÎÉÎÇ ÅÌÅÃÔÒÏÎ ÍÉÃÒÏÓÃÏÐÙ ÉÍÁÇÅ ÉÎÓÅÒÔÓɊ ÁÎÄ ÔÈÅ 
corresponding resistance value. 

 

The values of the taper length and the shank radius were obtained by SEM imaging 

are further refined by Dimitrios Soulias and Fabio Marcuccio through the 

combination of current-voltage curve and COMSOL Multiphysics modelling.  

-ÕÌÔÉÐÌÅ ÖÁÌÕÅÓ ÏÆ ÒÅÓÉÓÔÁÎÃÅ ÒÁÎÇÉÎÇ ÆÒÏÍ ρςππ ÔÏ υπ -Џ ×ÅÒÅ ÉÎÐÕÔ into the 

equation, under the assumption that the geometry (taper length and shank radius) 

of the nanopipette remains the same, the pore radius and diameter can then be 

approximated. These values were used to construct a calibration curve with a 

simplified equation to estimate the nanopore diameter (Figure 2.2). The accuracy 
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of the estimation curve is cross checked through nanopore imaging via the 

scanning electron microscopy. 

 

2.3.5 Single molecule detection set -up 

For the translocation experiments, the nanopipettes were filled with analyte of 

interest diluted into 1× PBS, the nanopipette was fitted with a Ag/AgCl working 

electrode. The tip of the nanopipette was then immersed into the electrolyte bath 

of choice with a grounded Ag/AgCl reference electrode, thus establishing a 

complete electric circuit between the inside of the nanopipette to the outer bath 

solution. Depending on the polarity of the analyte, the application of a voltage to 

the working electrode caused molecules from inside of the nanopipette to 

translocate through the nanopore and into the bath solution. The ionic current was 

measured using a MultiClamp 700B (Molecular Devices) patch-clamp amplifier in 

voltage-clamp mode. Unless specified, the signal was filtered using Bessel filter at 

10 kHz and digitized with a Digidata 1550B (Molecular Devices) at a 100 kHz 

sampling rate (every 10 µs) and recorded using the software pClamp 10 

(Molecular Devices).  

 

2.3.6 Current Trace analysis and data output  

Event current analysis was carried out with a custom MATLAB script (provided by  

Prof Joshua B. Edel, Imperial College, London, UK). The MATLAB script is capable 

of picking out individual events in given ion current trace using defined thresholds, 

at least 5 standard deviations above baseline noise. The baseline is tracked via 

asymmetric least square smoothing algorithm and fit determined by Poisson 

probability distribution function. The first and last data point above the calculated 

baseline for each event is taken as the start and the end of the event, the event 

current peak maxima is measured away from the baseline, then the event dwell 

time is measured by full width at half maximum of the full translocation event. 

Figure 2.3 depicts the analysis process. 

 



-48- 

 

Figure 2.3. An example workflow of the MATLAB script analysis on trace. The raw current trace 
is loaded into the custom written MATLAB script. (1) The MATLAB script first inverted the raw trace 
as the event peaks go downward (the translocation caused an increase in the conductance), then the 
baseline is tracked via an asymmetric least square smoothing algorithm. (2) The threshold is then 
determined by Poisson probability distribution function at a minimum of 5 standard deviations above 
baseline noise. (3) Translocation events that are above the threshold are collected for analysis. 

 

The script calculated data outputs were plotted with different statistical software. 

The main output of the trace data included the current peak maxima and dwell 

time. For the calculation of the average and error of the overall dwell time value, 

the standard error of the mean (S.E.M.) were reported as the S.E.M. calculation 

indicated, not according to the hardware limitation. 

 

2.4 Cell Culture and Nanoinjection  

2.4.1 Cell culture  and maintenance  

All cells were cultured in cell culture flasks (83.3911.302; Sarstedt) or 35 mm glass 

bottom dishes (FD35-100; World Precision Instrument Ltd) inside an incubator at 

37°C with 5% CO2. Table 2.2 lists the cells used in this thesis and the culture 

medium used.  
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Table 2.2. Cell lines used in this thesis and the culture medium composition.  
Cell Line Origin Culture medium 

HeLa 
CVCL_0030, Verified by 
ECACC 

$ÕÌÂÅÃÃÏȭÓ -ÏÄÉÆÉÅÄ %ÁÇÌÅȭÓ -ÅÄÉÕÍ ɉ$υφχρ; Sigma 
Aldrich) supplemented with 1× GlutaMaxTM 
(35050038; Thermo Fisher), 1× Penicillin 
Streptomycin (15140122; Fisher Scientific) and 10% 
(v/v) foetal bovine serum (F7524; Sigma Aldrich) 

HeLa RNuc 

Established by expressing 
pmCherry-NLS in the 
original HeLa CVCL_0030. 
Followed by FACS sorting 

$ÕÌÂÅÃÃÏȭÓ -ÏÄÉÆÉÅÄ %ÁÇÌÅȭÓ -ÅÄÉÕÍ ɉ$υφχρ; Sigma 
Aldrich) supplemented with 1× GlutaMaxTM 
(35050038; Thermo Fisher), 1× Penicillin 
Streptomycin (15140122; Fisher Scientific) and 10% 
(v/v) foetal bovine serum (F7524; Sigma Aldrich) 

Normal Human 
Epidermal 
Keratinocytes 
(NHEK) 

C-12005; PromoCell 
Keratinocyte Growth Medium 2 (C-20011; PromoCell), 
1× Penicillin Streptomycin (15140122; Fisher 
Scientific) 

Human Umbilical 
Vein Endothelial 
Cell (HUVEC) 

C-12253; Promocell 
Endothelial Cell Growth Medium (C-22010; 
PromoCell), 1× Penicillin Streptomycin (15140122; 
Fisher Scientific) 

Primary Rat 
Cortical Neurons 

A36511; Gibco 

Neurobasal medium (21103049; Gibco), 1× 
GlutaMaxTM (35050038; Thermo Fisher), 1× B-27 
supplement (17504044), 1× Penicillin Streptomycin 
(15140122; Fisher Scientific) 

Primary Mouse 
Dorsal Root 
Ganglion (DRG) 
Neurons 

Provided by Prof Nikita 
'ÁÍÐÅÒȭÓ ÒÅÓÅÁÒÃÈ ÇÒÏÕÐ ÉÎ 
University of Leeds 

Neurobasal medium (21103049; Gibco), 1× 
GlutaMaxTM (35050038; Thermo Fisher), 1× B-27 
supplement (17504044), 1× Penicillin Streptomycin 
(15140122; Fisher Scientific) 

 

For dividing cells (HeLa, HeLa RNuc, NHEK and HUVEC), the cells were passaged 

when they were confluent. 4ÈÅ ÃÅÌÌÓ ×ÅÒÅ ×ÁÓÈÅÄ ×ÉÔÈ ρϼ $ÕÌÂÅÃÃÏȭÓ 0"3 (D8537; 

Sigma Aldrich), followed by the addition of a pre-warmed 1× trypsin-EDTA 

(T3924; Sigma Aldrich), the cells were then left inside the incubator for 3 minutes, 

the detached cells were collected by centrifugation at 500×rcf to remove the 

trypsin -EDTA, the pellet was immediately resuspended in culture medium, then 

plated into a cell culture flask or onto the 35 mm glass bottom dish. To 

cryopreserve the cells for long term storage, after the removal of the trypsin-EDTA 

solution, cells were resuspended in Synth-a-FreezeTM Cyropreservation medium 

(A1254201; Gibco) at minimum of 1×106 cells/ml. A minimum of 100 µl of the 

resuspended cell mixture was dispensed into a 1.8 ml cryovial (E3090-6222; 

Starlab). The cryovial was immediately sealed inside a polystyrene box and frozen 

down overnight at -80°C, and then transferred to a liquid nitrogen canister for long 

term storage.  

For neuronal cell-culture, the glass bottom dish was pre-coated with synthetic 

ÌÁÍÉÎÉÎ ÐÅÐÔÉÄÅ ɉ3#2ρςχȠ 3ÉÇÍÁ !ÌÒÉÃÈɊ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ 

instructions. After treatment, all solutions were removed from the inside of the 
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dish and rinsed with ddH2O, then the dishes were dried inside the flow hood and 

wrapped with parafilm and stored at 4°C. Prior to use, the dishes were rinsed two 

times with pre-warmed culture medium. For the primary rat cortical neurons, the 

1 ml thawed cell vial (1×106 cells) was mixed with 11 ml of the pre-warmed 

culture medium , and plated equally onto six laminin coated dishes. For the 

primary mouse DRG neurons, the cells were obtained by dissection carried out by 

$Ò 6ÉÎÃÅÎÚÏ 0ÒÁÔÏ ÏÆ 0ÒÏÆ .ÉËÉÔÁ 'ÁÍÐÅÒȭÓ ÒÅÓÅÁÒÃÈ ÇÒÏÕÐ ÉÎ 5ÎÉÖÅÒÓÉÔÙ ÏÆ ,ÅÅÄÓȟ 

the neurons were deposited onto the laminin coated 35 mm glass bottom dishes. 

The day of either thawing or dissection was dated as day 0 and all neurons were 

used between 3 to 10 days counting from day 0. 

 

2.4.2 Cell transfection and Cell line establishment  

Three plasmids were used to transfect cells in this thesis: pMaxGFP, pmCherry-NLS 

and the pSV-ɼ-Galactosidase Control Vector (E1081; Promega). To transfect cells, 

Lipofectamine® 2000 (11668030; Thermo Fisher) was used. The cells were plated 

at 50% confluency inside a 35 mm dish prior to the day of transfection in standard 

culture medium. 4 µg of the plasmid was diluted into 125 µl of serum-free culture 

medium in one Eppendorf tube, then 4 µl of lipofectamine reagent was diluted in 

125 µl of serum-free culture medium in another Eppendorf tube, the two tubes 

were allowed to sit on bench for 5 minutes. Then the plasmid containing culture 

medium was dispensed drop by drop into the lipofectamine serum-free culture 

medium containing tube and incubate at room temperature for another 15 

minutes. The mixture was then dispensed onto the culture dish and incubated 

overnight, the culture medium was exchanged the next day. Transfection was 

confirmed by microscopic imaging using a Zeiss LSM880 with Airyscan (Zeiss) or 

with an EVOS microscope with an appropriate fluorescent wavelength light cube. 

The establishment of the HeLa RNuc stable cell line involved the transfection of the 

pmCherry-NLS into the HeLa (CVCL_0030) cell line. Upon transfection, the cells 

were cultured in standard culture medium with an additional G418 sulfate 

(10131035; Gibco) at 1 mg/ml concentration to apply selective pressure for 2 

weeks. Then the cells were sorted by fluorescence-based flow cytometry (FACS) 

and only selected for the high brightness cells. The FACS sorting was done by Dr 

Ruth Hughes at the University of Leeds Bio-imaging and Flow Cytometry facility.  
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2.4.3 Scanning Ion Conductance Microscopy  

The SICM scan head consisted of a Z-piezo motor with the range of 25 µm for the 

vertical positioning of the nanopipette and a 100 µm XY-piezo motor for lateral 

positioning of the sample (Ionscope). The SICM set-up utilises the AxoPatch 200B 

(Molecular Devices) patch-clamp amplifier in voltage-clamp mode. The signal was 

filtered using Bessel filter at 10 kHz and digitized with a Digidata 1440A 

(Molecular Devices) at a 100 kHz (interval 10 µs) sampling rate and recorded 

using the software pClamp 10 (Molecular Devices). A custom written software by 

Dr Pavel Novak of ICAPPIC Ltd was used to control the SICM set-up (Novak et al., 

2009). A nanopipette filled with analyte was used to approach the cell surface via 

the hopping mode where the nanopipette is vertically approached to the cell 

surface until the ion current drops below 99.5% of the baseline ion current, 

thereby defining the height of the surface at this position (Novak et al., 2009). 

Repeating this procedure for many positions on the cell surface generates an image 

of cell topography. The SICM image data was processed by custom written 

software provided by Dr Pavel Novak of ICAPPIC Ltd. All SICM experiments 

required the use of 35 mm glass bottom culture dish.  

The SICM experiments on cells were performed in CO2-ÉÎÄÅÐÅÎÄÅÎÔ ,ÅÉÂÏÖÉÔÚȭÓ ,-

15 medium (21083-027; Gibco). The SICM set-up is placed directly on top of a 

Yokogawa Spinning Disk confocal system coupled with ANDOR iQ3 live cell 

imaging system (Oxford Instrument), allowing fluorescence and brightfield 

imaging. The confocal microscope was fitted with a 455, 488 and 561 nm laser and 

emission filter set that enables the visualisation of a wide range of fluorescent dye. 

The nanopipette tip was aligned with the microscope and positioned next to a cell 

of interest for scanning or nanoinjection. 

 

2.4.4 Nanoinjection  

For all nanoinjection procedures, the ion current trace was recorded by pClamp 10 

(Molecular Devices). All fluorescent images were captured by the ANDOR iQ3 live 

cell imaging system with appropriate excitation laser and emission filter 

combinations. The nanopipette was lowered down at 10 µm/s during cell 

penetration. 
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Different biomolecules were injected in the work described in this thesis and their 

solution preparation is outlined below.  

For fluorescein-conjugated dextran 70,000 g/mol (11520226; Fisher Scientific), 

the dextran was dissolved and diluted in 0.22 µm filtered 1× PBS, aliquoted and 

then stored at the concentration of 140 µM at -20°C. To perform injection, the 

dextran was further diluted down to 140 nM in 1× PBS prior to use, the solution of 

dextran was then used to fill up the nanopipette. 

For pMaxGFP, the cells were plated onto a 35 mm glass bottom gridded dish 

(81148; Ibidi). The grid had lettered and numbered 4×400 squares with a 50×50 

µm dimension for each square. The pMaxGFP plasmids were diluted to 1.3 nM in 

1× PBS and used to fill the nanopipette. The duration of the nanoinjection part of 

the experiments all lasted less than 2 hours, after which the L-15 medium was 

replaced with the culture medium before returning to the incubator. 

&ÏÒ ɼ-galactosidase nanoinjection, in addition to the standard L-15 medium, a final 

concentration of 2 µM SPiDER-ɼ'ÁÌ ɉ3'πς-10; DOJINDO) was added. SPiDER-ɼ'ÁÌ 

was the ÆÌÕÏÒÅÓÃÅÎÔ ÓÕÂÓÔÒÁÔÅ ÆÏÒ ɼ-galactosidase. The size excluded 

ÃÈÒÏÍÁÔÏÇÒÁÐÈÙ ÐÕÒÉÆÉÅÄ ɼ-galactosidase was diluted to 1 µM with 1× PBS and 

used to fill the nanopipette. As an injection control, a 100 nM 1× PBS diluted Alexa 

Fluor 594 Maleimide was also used to perform nanoinjection in the nucleus. 

&ÏÒ ÔÈÅ ɻ-ÓÙÎÕÃÌÅÉÎ ÆÉÂÒÉÌ ÓÅÅÄÓ ÎÁÎÏÉÎÊÅÃÔÉÏÎȟ !ωπ# !ÌÅØÁ &ÌÕÏÒ υωτ ÌÁÂÅÌÌÅÄ ɻ-

synuclein fibril seeds were generated and provided by Dr Michael Davies. The 

processes were described in Section 2.2.3, 2.2.4 and 2.2.6. The 200 µM monomeric 

equivalent fibril seeds were diluted to 1 µM monomeric equivalent with 1× PBS. 

The solution was then used to fill up the nanopipette for nanoinjection. 
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Chapter 3   

Quantitative Nanoinjection  

of Biomolecules  into Cells Via Nanopipette  
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3.1 Scanning Probe Microscopy  

The Scanning probe microscopies (SPM) are a family of techniques employing a 

scanning probe to map the topography of surfaces and interfaces (Bottomley, 

1998). The most widely used SPM is the atomic force microscopy (AFM) which was 

developed in 1986 (Binnig et al., 1986) and utilises a nanoscale tip placed at the tip 

of a cantilever as the scanning probe. In a standard AFM set-up, a laser beam is 

focused on the cantilever and a position sensitive photo detector monitors the 

position of the laser while the probe is scanned over the surface in the lateral 

direction. The physical interaction between the cantilever tip and the surface of the 

sample displaces the cantilever in the vertical direction, i.e. the Z plane. Since the Z 

plane is monitored while the scanner moves in the lateral directions, a surface 

topography map can be generated (Jalili and Laxminarayana, 2004). The AFM has 

been used to obtain the topography of molecules such as water networks (Shiotari 

and Sugimoto, 2017; Cao, D. et al., 2019) and it is also frequently used to 

characterise nanoparticles and protein structures including amyloid fibrils (Lutter 

et al., 2019; Aubrey et al., 2020; Nirmalraj et al., 2020; Heath et al., 2021). However, 

ÔÈÅ ÆÏÒÃÅ ÁÐÐÌÉÅÄ ÔÏ ÔÈÅ ÓÕÒÆÁÃÅ ÉÓ ÎÏÔ ÉÄÅÁÌ ÆÏÒ ÔÈÅ ÔÏÐÏÇÒÁÐÈÙ ÍÁÐÐÉÎÇ ÏÆ ȰÓÏÆÔȱ 

eukaryotic cells as it may distort the cells during the scan. An alternative SPM to 

map the topography of cells is scanning ion conductance microscopy (SICM). The 

SICM is a non-contact SPM that relies on the ion current through a nanopipette to 

monitor the probe-surface distance rather than a force interaction (Chen, C.C. et al., 

2012; Page et al., 2017; Zhu, C. et al., 2020). 

3.1.1 The Scanning Ion Conductance Microscopy  

The SICM was developed in the 1989 (Hansma et al., 1989) and unlike the AFM, the 

SICM uses a glass nanopipette as the scanning probe (Chen, C.C. et al., 2012; 

Stanley and Pourmand, 2020; Zhu, C. et al., 2020). The SICM operates in a 

conductive liquid environment, i.e. in electrolytes, and it utilises the ion current 

through a nanopipette as the feedback mechanism (Figure 3.1A).  
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Figure 3.1. The principles of Scanning Ion Conductance Microscopy (SICM). (A) illustrates the set-
up of the SICM. The core components of the SICM are: a nanopipette probe inserted with an electrode, 
an additional electrode in the bath and electrolytes between the two electrodes. The position of the 
nanopipette is controlled by the vertical Z-piezo actuator and the lateral X- and Y-piezo actuator. 
When the nanopipette has reached a vertical distance that is less than the diameter of the 
nanopipette, it causes the ionic current to substantially drop as illustrated in (B). By predefining the 
ÓÅÔÐÏÉÎÔ ɉɝϻ ÏÆ ÔÈÅ ÃÈÁÎÇÅ ÉÎ ÔÈÅ ÃÕÒÒÅÎÔ ÂÁÓÅÌÉÎÅɊȟ ÔÈÅ ÎÁÎÏÐÉÐÅÔÔÅ ÓÔÏÐÓ ÁÐÐÒÏÁÃÈÉÎÇ ÔÈÅ ÓÕÒÆÁÃÅ 
once the setpoint is reached. Thus the setpoint controls the distance d between the nanopipette probe 
and the substrate. The nanopipette can overshoot and contact the surface if it approaches the surface 
too fast (C). 

 

The operation of the SICM relies on the application of constant voltage to the 

nanopipette leading to a constant ionic current through the nanopore. The Z-piezo 

actuator lowers the nanopipette to approach the substrate and when the distance 

between the nanopipette tip and the substrate is smaller than the diameter of the 

pore of the nanopipette, the ionic current starts to drop (Figure 3.1B). The ionic 

current drop is due to the flow of ions at the nanopipette tip being hindered by the 

substrate, and this additional resistance due to the surface is termed the access 

resistance (Chen, C.C. et al., 2012; Page et al., 2017; Zhu, C. et al., 2020). The 

ÍÁÇÎÉÔÕÄÅ ÏÆ ÔÈÅ ÉÏÎ ÃÕÒÒÅÎÔ ÄÒÏÐ ÉÓ ÍÅÁÓÕÒÅÄ ÁÓ ÔÈÅ ÐÅÒÃÅÎÔÁÇÅ ÏÆ ÄÒÏÐ ɉɝϷɊȟ 

and this is known as the setpoint setting in SICM, because of the relationship 

between the access resistance and the setpoint. The distance d between the 

nanopipette tip and the substrate can then be controlled (Figure 3.1B), as the 

higher the setpoint is, the shorter the distance d would be. The setpoint is used as 

the input in a feedback loop, and it maintains a constant nanopipette-substrate 

distance d as the nanopipette is scanned across the sample (Figure 3.1B) (Chen, 

C.C. et al., 2012; Page et al., 2017; Zhu, C. et al., 2020). However, the nanopipette 
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can overshoot and crash the tip into the substrate if the approach speed is too fast 

(Figure 3.1C). It is important to point out that under certain conditions, for 

example, using a narrow nanopipette, and/or approaching a charged substrate in a 

low ionic strength electrolyte, the ionic current may increase instead of decrease 

(McKelvey et al., 2014; Perry et al., 2015; Perry et al., 2016b). 

The setpoint setting is important in obtaining the correct topography when 

scanning a substrate that contains rapid changes in height, e.g. steep slopes, as 

unsuitable setpoint settings often led to a distorted topography. To demonstrate 

this effect, Del Linz et al. used the SICM to scan a red blood cell with increasing 

ÓÅÔÐÏÉÎÔÓ ÆÒÏÍ ɝπȢσϷ ÔÏ ɝπȢψϷȢ 4ÈÅÙ ÓÈÏ×ÅÄ ÔÈÁÔ ÁÔ ÈÉÇÈ ÓÅÔÐÏÉÎÔ ÓÅÔÔÉÎÇ ÏÆ 

ɝπȢψϷȟ ÔÈÅ 3)#M topography was distorted (Figure 3.2Ai), and the cell appeared to 

ÂÅ ÍÏÒÅ ÒÉÇÉÄ ÔÈÁÎ ÔÈÅ ÔÏÐÏÇÒÁÐÈÙ ÏÂÔÁÉÎÅÄ ×ÉÔÈ ÔÈÅ ɝπȢσϷ ÓÅÔÐÏÉÎÔȢ (Del Linz et 

al., 2014).  

 

 

Figure 3.2. The influence of the setpoint on the generation of topography . The topography of a 
red blood cell obtained by SICM (A). Higher setpoint leads to the deformation and rigid topography of 
the red blood cell (A(i)), and the cross-section analysis of the topologies from (i). The cross-section 
area of the topography is smaller when higher setpoint is used. The SICM image of the fixed rat 
trachea ciliated cell (B). The SICM measured width of the cilia (the red vertical line and arrow 
indicated tÈÅ ÌÏÃÁÔÉÏÎɊ ÉÓ ÒÅÄÕÃÅÄ ÂÙ ÁÌÍÏÓÔ φ ÆÏÌÄ ×ÈÅÎ ÃÈÁÎÇÉÎÇ ÔÈÅ ÓÅÔÐÏÉÎÔ ÆÏÒ ɝτȢϊϻ ÔÏ ɝφȢτϻȢ 
This suggested deformation due to the scanning parameter. (A) is adapted and reannotated from (Del 
Linz et al., 2014). (B) is adapted and reannotated from (Nakajima et al., 2018).  
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The cross-sectional profile of the topography of a red blood cell showed that the 

overall area of the high setpoint topography was smaller than that of a lower 

setpoint scan (Figure 3.2Aii) (Del Linz et al., 2014). Nakajima et al. also 

demonstrated similar topography distortion effects caused by the changing the 

ÓÅÔÐÏÉÎÔ ÆÒÏÍ ɝπȢφϷ ÔÏ ɝςȢπϷ ÏÎ ÔÈÅ ÔÏÐÏÇÒÁÐÈÙ ÏÆ Á ÆÉØÅÄ ÒÁÔ ÔÒÁÃÈÅÁ ÃÉÌÉÁÔÅÄ ÃÅÌÌ 

(Figure 3.2B) (Nakajima et al., 2018). The study showed that the thickness of the 

ÃÉÌÉÁ ÄÅÃÒÅÁÓÅÄ ÆÒÏÍ τςσ ÎÍ ÁÔ ɝπȢφϷ ÔÏ ςπς ÎÍ ÁÔ ɝςϷȢ /ÎÅ ÏÆ ÔÈÅ ÒÅÁÓÏÎÓ ÆÏÒ 

the distortion of the topography is that the nanopipette-substrate distance is 

shorter when a higher setpoint is used. When a voltage is applied, the electrolyte 

inside the nanopipette flows out of the nanopipette and generates a nanoscale fluid 

flow at the tip end (Clarke, R.W. et al., 2012; Babakinejad et al., 2013). As a result, 

when the nanopipette is placed near the cell surface, the fluid force pushes on the 

cell membrane, and consequently distorts its topography. In fact, since the distance 

d and the setpoint setting modulate the magnitude of the fluidic force exerted on 

the cell surface, a number of studies have characterised and utilised this 

relationship to probe the mechanical properties of cells with SICM (Clarke, R.W. et 

al., 2016; Chen, Y. et al., 2018). 

3.1.2 Hopping Scanning Mode 

Similar to AFM, the SICM can also be operated with different scanning modes. 

There are three main scanning modes: the non-modulated distance constant 

feedback mode (DC mode), the constant distance-modulated feedback mode (AC 

mode), and the hopping mode. The DC scanning mode is simple, as the nanopipette 

is held at the setpoint value and scans the entire area, whereas the AC mode 

operates similarly to DC mode, but with additional controls over the tip-substrate 

distance (Chen, C.C. et al., 2012; Page et al., 2017; Zhu, C. et al., 2020).  

Hopping mode, used in this thesis, (Novak et al., 2009) (also known as the backstep 

(Happel et al., 2003), standing approach (Takahashi et al., 2010) or approach-

retract scanning mode (Jung et al., 2015)) was developed to reduce the scanning 

time while obtaining high quality topography scans. The hopping scanning mode 

relies on numerous repeats of approaches and the retraction of the nanopipette tip 

(Figure 3.3A). In hopping mode, the nanopipette approaches the surface substrate 

until it reaches the setpoint setting, then the height of the substrate is recorded. 

Unlike DC and AC mode, where the probe will start to move laterally to scan the 
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area, the hopping mode retracts the nanopipette back to a defined distance far 

away from the substrate (this distance is not controlled by the setpoint). When the 

nanopipette is retracted to the defined position, the nanopipette is moved laterally, 

then it approaches the surface again, records the height position data. Then the 

SICM retracts the nanopipette and moves laterally again. The approach, retract and 

move steps are repeated numerous times to generate the topography image, and 

thus the name hopping mode (Figure 3.3A) (Novak et al., 2009). 

 

 

Figure 3.3. The hopping scanning mode of SICM. The hopping scanning mode is depicted here in 
(A). The hopping scanning mode is composed of several steps. The nanopipette will approach the 
surface substrate until the setpoint is reached, then it will retract back to a predefined distance, then 
the probe will move laterally by a defined distance and the process will repeat, thus hopping mode.  
(B) Illustrates the multiple steps utilised by the hopping mode to generate the substrate topography 
image. 1. The scan area is divided into numerous squares ranging from 2 × 2 up to 512 × 512 squares. 
The number of these squares define the overall resolution of the topography, which is similar to the 
number of pixels in an image. A 5 × 5 square division is illustrated here. 2. In each of these squares, a 
prescan is performed. The prescan will take 4 vertical position data at the corner of each square and 
the measured position data is used to determine the overall roughness of the substrate in that square. 
3. Depending on the overall roughness of the square determined by the prescan, the hopping mode will 
either perform a low-resolution level rescan or high resolution level rescan of the exact same square. 
The difference between a low resolution rescan and high resolution rescan is that there are more 
vertical position data in the high resolution rescan, and thus higher lateral resolution. This is depicted 
by more dots in the high-resolution scan compared to the low resolution rescan. Typically, a low-
resolution scan is used when the prescan indicates an overall smooth substrate surface and vice versa. 
The final topography image generated will contain at least two levels of rescan. (A) and (B) are 
redrawn from (Chen, C.C. et al., 2012). 

 

The generation of the SICM topography image also takes multiple steps (Figure 

3.3B) (Novak et al., 2009). While it can look rather complicated, the image 

construction is similar to how pixels are used to construct a digital image. Multiple 

steps are performed by the SICM: 1. A scan area is defined, for example a 25 × 25 
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µm scan area; 2. This 25 × 25 µm scan area is divided into numerous squares, for 

example, a 25 squares division, similar to how a digital image can be divided into 

numerous pixels. Under this division, each square/pixel will have a scan area of 5 

×5 µm. 3. A prescan is performed by using the nanopipette to approach the four 

corners of the square and the height position data from these four approaches is 

recorded. 4. The recorded height position data is processed and is used to 

determine the average roughness i.e. the overall height of the substrate. If the 

average substrate roughness is higher than the user defined value, a more detailed 

high lateral resolution rescan of the same square will be carried out while a low 

lateral resolution rescan of the square will be carried out if the average roughness 

is below the user defined value (Figure 3.3B). The high lateral resolution rescan 

means that there will be more hops in that square compared to the low lateral 

resolution rescan. For example, the high lateral resolution rescan sets the probe to 

laterally move 100 nm after each hop, then the 5 × 5 µm scan area of the divided 

square will be composed of 2500 hops. Whereas for the low lateral resolution 

rescan, a lateral move of 200 nm will only have 625 hops, which is 4 times less data 

than the high resolution rescan. Thus, despite that 25 squares/pixels are used to 

generate the topography of the cell, the image is composed of at least two 

resolution levels (Figure 3.3B) (Novak et al., 2009). This method is implemented as 

it can be used to provide a detailed high resolution scan on substrate like the cell, 

and saves valuable time from over probing the surface of the glass instead (Novak 

et al., 2009). 

The majority of the imaging methods use the term high resolution to describe the 

number of pixels in a digital image. In hopping mode SICM, the term high 

resolution is usually used to indicate that the lateral move distance between each 

hop is small and narrow, and thus more of the cell surface detail is probed, and a 

high resolution lateral resolution scan is obtained (Novak et al., 2009). Although 

the hopping mode can laterally hop the probe at a very short distance, even down 

to <10 nm depending on the piezo actuator, it does not mean that the lateral 

resolution is higher than a 100 nm hop setting. Several studies have investigated 

how the size of the nanopore of the nanopipette determines the lateral resolution 

of the SICM topography in addition to the the lateral hopping distance 

(Rheinlaender and Schäffer, 2009; Del Linz et al., 2014; Rheinlaender and Schäffer, 

2015). These studies demonstrate that the lateral resolution of a nanopipette is 
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three times the nanopore radius, i.e., a 50 nm radius nanopipette will have a lateral 

resolution of 150 nm (3 × 50 nm). This means that the nanopipette can only 

resolve structures that are at least 150 nm apart from each other (Rheinlaender 

and Schäffer, 2015). Thus, if the lateral hop distance is 75 nm and the nanopipette 

has a 50 nm radius, then the nanopipette is only able to differentiate the height 

difference every 2 hops, subsequently leading to oversampling and doubling the 

scanning time. However, it has also been reported that the SICM scan can reach a 

higher than predicted resolution using the above estimation, as demonstrated by 

Shevchuk et al., who used a 12.5 nm diameter nanopipette (18.75 nm resolution 

estimation) to resolve structures that are 3-6 nm (Shevchuk, A. I. et al., 2006) and 

15-17 nm structures with the 30 nm diameter nanopipette (45 nm resolution 

estimation) (Novak et al., 2009). The difference could potentially be due to the 

geometry of the nanopipette. 

One of the advantages of the hopping mode is that it minimises the substrate-

nanopipette tip collisions. As demonstrated during the development of the hopping 

mode (Novak et al., 2009), when fixed neurons were first scanned with the 

hopping scanning mode and then followed by the DC scanning mode, the obtained 

topography was different (Figure 3.4). In the DC mode, the fine neurites at the edge 

of the cell body disappeared, and the overall topography was distorted as 

evidenced by the horizontal line artefacts throughout the imaging process. This 

was due to the collisions between the neuron and the nanopipette, and potentially 

detached the neurites from the plate (Figure 3.4B). In contrast, the hopping mode 

provided a high resolution image of the neuron, with neither line artefacts nor 

distortion, and fine details such as the neurite were retained (Figure 3.4A) (Novak 

et al., 2009). Similar observations have been made when the hopping mode was 

used to successfully probe the topography of collagen fibers, whereas the AC 

scanning mode had multiple collision issues and the overall quality of the 

topography generated was low (Ushiki et al., 2012). 
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Figure 3.4. Scanning of the fixed neurons using different scanning modes. Hopping mode enables 
non-contact topography scanning by the SICM on a steep substrate like a neuron (A). The schematic 
illustration depicts the hopping mode with a steep substrate (A(i)), and the topography scan of the 
neurons using the hopping mode (A(ii)), arrow pointing to a fine neurite. The distance constant mode 
distorts the topography (B). The schematic-illustration depicts the issue using the distance constant 
mode to scan steep substrates. Collisions happen between the nanopipette and the substrate due to the 
steep change in the angle and the height (B(i)). The distorted topography of the neuron and the fine 
neurite disappears when using the distance constant mode (B(ii)). This figure is redrawn (i) and 
adapted (ii)  from (Novak et al., 2009) 

 

3.1.3 The SICM as a single-cell surgical tool  

In a typical SICM set-up, the scanning unit is placed directly on top of an inverted  

optical fluorescence microscope, so that correlated optical images and SICM 

topography can be obtained and can facilitate the positioning of the nanopipette 

over the cell of interest (Shevchuk, A. I. et al., 2006; Actis et al., 2013; Novak et al., 

2014; Hennig et al., 2015; Simonis et al., 2017; Zhou, Y. et al., 2018; Simonis et al., 

2019).  
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The primary function of the SICM is to provide topography of the substrate 

through a non-contact way of imaging. Numerous applications of the SICM have 

been summarised and discussed in a recent review (Zhu, C. et al., 2020). The 

majority of these applications are topography based, such as: the development of 

Macro-SICM which has a maximum scan area of 25 × 25 mm to study the wound 

healing process (Schierbaum et al., 2018); the morphological difference between 

healthy and the failing cardiac muscles (Lyon et al., 2009); the time-lapse 

generation of neurites from the neurons with a high-speed SICM (Takahashi et al., 

2019); the investigation of the endocytosis of extracellular material (Shevchuk, 

Andrew I. et al., 2012; Klenerman et al., 2013; Novak et al., 2014; Chen, Y. et al., 

2018); cell mechanical properties investigation (Rheinlaender and Schäffer, 2013; 

Clarke, R.W. et al., 2016); cell surface charge mapping (Page et al., 2016; Perry et 

al., 2016b; Perry et al., 2017); cell surface conductivity mapping via 

potentiometric -SICM (Chen, C.C. et al., 2013; Zhou, L. et al., 2016; Zhou, L. et al., 

2017) and cell surface pH mapping (Zhang, Y. et al., 2019). Finally it has been used 

as a high spatial resolution patch clamp as the electronics for SICM are identical to 

the standard electrophysiology electronics (Miragoli et al., 2011; Novak et al., 

2013; Leo-Macias et al., 2016; Vivekananda et al., 2017; Torres-Perez et al., 2020). 

Additionally, the SICM together with the nanopipette have been used as a 

ȰÓÕÒÇÉÃÁÌȱ ÔÏÏÌ ÔÏ ÐÅÒÆÏÒÍ ÓÉÎÇÌÅ ÃÅÌÌ ÁÎÁÌÙÓÉÓȟ ÆÏÒ ÅØÁÍÐÌÅȟ ÔÈÅ ÅØÔÒÁÃÔÉÏÎ ÏÆ ÃÅÌÌÕÌÁÒ 

materials for downstream analysis as well as the injection of materials into the cell, 

with the aid of the fluorescence microscopy.  

Extracting materials out of cells for downstream analysis such as sequencing can 

be used to track fundamental cellular processes, such as differentiation, cellular 

senescence, cellular pathology, and drug effectiveness (Hasin et al., 2017; 

Wörheide et al., 2021). Typically, a large number of cells will be lysed and analysed 

as an average across the entire population. However, this approach only provides 

information about the population average and neglects the inherent heterogeneity 

between each cell, indeed a multi-omics approach demonstrated that each single 

cell can vary despite being the same cell line (Macaulay et al., 2017; Goldman et al., 

2019; Stuart and Satija, 2019; Carter, B. and Zhao, 2020). Analysis on a single cell 

level often relies on processes such as fluorescence activated cell sorting (FACS) 

and microfluidic droplet cell isolation in order to isolate cells from a heterogenous 

mixture (Hwang et al., 2018; Mincarelli et al., 2018).  
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Alternatively, SICM can be used to extract materials out of a single cell once the 

probe has penetrated into the intracellular space of the cell (Higgins, S.G. and 

Stevens, 2017; Actis, 2018). The nanopipette extracts intracellular materials via 

the electrowetting process and this method is called nanobiopsy (Actis et al., 

2013). The electrowetting is based on the electrochemical properties of the liquid-

liquid interface, where an application of a voltage across such an interface changes 

the surface tension, and the resulting force is sufficient to cause the liquid from the 

outside to flow into the nanopipette (Mugele and Baret, 2005; Laforge et al., 2007). 

The original concept of the nanobiopsy was based on a study by Laforge et al. In 

the study, the group filled the nanopipette with organic 1,2-dichloroethane 

solution, then a negative voltage was applied from the nanopipette side. The 

inorganic solution such as water outside the nanopipette ingressed into the 

nanopipette but no solution movement was observed when a positive voltage was 

applied (Figure 3.5A) (Laforge et al., 2007). Based on this concept, Actis et al. filled 

a nanopipette with 1,2-dichloroethane, 10 mM tetrahexylammonium tetrakis(4-

chlorophenyl) borate organic solution, approached and penetrated a fibroblast cell 

and extracted the intracellular mitochondria to perform genomic analysis of the 

mitochondria (Figure 3.5B) (Actis et al., 2013). Based on the same methodology, in 

2016, Nashimoto et al. extracted mRNAs from different locations of the MFC-7 cells 

and performed a quantitative polymerase chain reaction (PCR) on the level of 

expression of Gapdh and the Pou5f1 before or after cell differentiation and showed 

that the level of Pou5f1 increased after the differentiation (Nashimoto et al., 2016). 

Then Tóth et al. extracted messenger RNAs (mRNAs) from the nucleus, cell body 

and axon of a single neuron and revealed that different mRNAs can be found 

localised to different compartments of the neuron (Tóth et al., 2018).  
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Figure 3.5. Extraction of intracellular materials via the nanobiopsy. The electrowetting inside the 
nanopipette (A). The brightfield microscope image of a nanopipette filled with the organic 1,2-
dichloroethane solution immersed into a water while maintaining a positive potential difference at 
+600 mV (A(i)). Reversing the polarity of the potential difference to -100 mV caused the water in the 
bath to ingress (A(ii)). Single cell nanobiopsy performed on a human fibroblast cell (B). The 1,2-
dichloroethane containing 10 mM tetrahexylammonium tetrakis was used to fill the nanopipette, then 
a silver wire coated with silver tetrakis (4-chlorophenyl) borate was inserted into the nanopipette 
with a typical Ag/AgCl wire in the bath as the reference electrode. The SICM allows the nanopipette to 
approach (B(i)), penetrate (B(ii)) and perform nanobiopsy (B(iii)). The GFP plasmid transfected HeLa 
cell was nanobiopsied and the amount of transcripts inside the nanobiopsied content was analysed via 
quantitative PCR targeting the GFP mRNAs comparing to the cell lysate GFP mRNA content (positive 
control) and water (negative control), showing that the nanobiopsy removed contents from the 
cytoplasm (B(iv)). (A) is adapted from (Laforge et al., 2007), (B) is adapted from (Actis et al., 2013). 

 

As discussed in Chapter 1 Section 1.4, the term nanoinjection describes the process 

where a nanoscale probe like the nanopipette is used to perform the injection of 

extracellular materials into the intracellular space of a cell via electrophoretic 

forces. Although the use of SICM is not necessary for nanoinjection as the same 

process can be performed with a micromanipulator as in microinjection, the SICM 

provides high spatial positioning which is ideal for a precise location injection. 

Hennig et al. demonstrated the positioning ability of the SICM and the nanopipette 

by injecting a fluorescent DNA dye into the cytoplasm of the cell showing that the 

dye diffused into the nucleus within 300 seconds (Figure 3.6Ai-ii) (Hennig et al., 

2015).  
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Figure 3.6. Noninvasive nanoinjection to deliver fluorescent labels and dyes into the cell. The 
nanoinjection of Sytox Green DNA dye into the cytoplasm of a single epithelial U2OS cell (A). The 
nanoinjection site is shown as a white dot, showing that the diffusion of the DNA dye into the nucleus is 
complete within 300 seconds (A(i)). The fluorescent intensities of the cytoplasmic region (blue box in 
A(i)) and the nucleus region (Red circle in A(i)) were quantified (A(ii)). The electrical component of 
the SICM allows real-live time monitoring of the nanoinjection process. The ionic current baseline 
dropped when the nanopipette was penetrating the cell and entered the intracellular space. The ionic 
current dropped again when the nanopipette was penetrating the nucleus into the intranuclear space 
(A(iii)). The nanoinjection of multiple U2OS cells with fluorescently red labelled dextran (B). The time-
lapse image of the colony of the cell showed that the nanoinjected cells survived and divided 100 mins 
post injection (B(i)). However, using a higher voltage and a prolonged nanoinjection time resulted in 
the lower survival rate of the cells (B(ii)). Moreover, using a large nanopore (500 nm) caused more 
deaths than the 100 nm nanopore during injection, irrespective of the location of injection. (A(i-ii)) are 
adapted from (Hennig et al., 2015), (A(iii) is adapted from (Simonis et al., 2019), (B) is adapted from 
(Simonis et al., 2017). 

 

Additionally, it was also noted that the ionic current baseline dropped when the 

nanopipette penetrated into the inside of the cell, and penetration into the nucleus 

caused the ionic current baseline to be further reduced (Figure 3.6Aiii) (Hennig et 
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al., 2015; Simonis et al., 2019). This reduction was attributed to the cell plasma 

membrane and the nuclear membrane which acted as additional resistors and 

consequently a reduction in conductivity (Hennig et al., 2015; Simonis et al., 2019). 

Simonis et al. demonstrated that the post-nanoinjection survival rate of the cell 

depended on the size of the nanopipette, the injection time and the strength of the 

applied voltage. It showed that nanoinjection using a small nanopipette (c.a. 100 

nm in diameter) over a shorter injection time, allowed the propagation of a colony 

of injected U2OS cells. In contrast, there was a lower survival rate with a 

micropipette of c.a. 500 nm in diameter or when a larger voltage was applied for a 

longer period of time (Figure 3.6B) (Simonis et al., 2017). Additionally, a double 

injection approach can also be carried out with a double barrel nanopipette (a type 

of nanopipette that contains two capillaries with the resulting nanopipette 

contains two nanopores side by side at the nanopipette tip). The double barrel 

nanopipette can be filled with two different fluorophores in the two separate 

barrels, and used to penetrate the cell. The fluorophores were then delivered one 

barrel at a time by applying a suitable voltage (Adam Seger et al., 2012; Hennig et 

al., 2015).  

3.1.4 Developing a Quantitative nanoinjection platform  

The injection of extracellular material into a cell is a relatively easy process, but 

quantifying the number of molecules injected has been difficult to achieve. Two 

methods have been used to estimate the quantity of the extracellular materials 

delivered into the cell. For example, the microinjection volume can be measured by 

timing the injection duration, and the micropipette is filled with a known 

concentration of biomolecules, together the amount of molecules can be 

approximated. Alternatively, the fluorescence intensity of the molecules delivered 

into the cell can also be used to assess the number of molecules injected (Drews et 

al., 2016; Cao et al., 2018). A key challenge that still remains, however, is the 

absolute quantification of the material delivered, i.e. how many molecules have 

been delivered? This concept has been explored before with nanopillars (Huang, 

J.A. et al., 2019) and an optical tweezer combined nanopore approach (Kurz et al., 

2014), however, the first approach lacks the spatial control and the second 

approach has a relatively complicated set-up and cannot be used with adherent 

cells respectively. The set-up of the SICM and nanopore single molecule sensors 

share similar electronics, and thus the nanoinjection can in theory be performed at 
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single molecule resolution by detecting the translocation of the molecule one at a 

time during the nanoinjection procedure. However, this means that the 100 nm 

nanopipette used in previous nanoinjection studies would not be suitable for this 

purpose (Hennig et al., 2015; Simonis et al., 2017; Simonis et al., 2019), and instead 

a more narrow nanopipette with a nanopore diameter ranging from 10 to 30 nm 

would have to be used in order to detect single molecule translocations (Li, W. et 

al., 2013; Ivanov et al., 2015; Martyushenko et al., 2015; Chen, K. et al., 2017; Sze et 

al., 2017; Wang, V. et al., 2019; Chen, K. et al., 2020; Wang, X. et al., 2020). 
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3.2 Aims 

The aim of this chapter is to develop a quantitative nanoinjection platform for the 

delivery of biomolecules into cells. This platform will couple the nanoscale 

resolution of the SICM and the single molecule sensitivity of the nanopipette. This 

chapter will present its implementation for both cell lines and primary cells and 

test the delivery of a of variety biomolecules including: DNA plasmids, the enzyme 

ɼ-galactosidase, and amyloid fibrils. These biomolecules are of biological interest 

and additionally, they are also used to demonstrate several concepts of the 

quantitative single-molecule nanoinjection platform:  

1. Voltage triggers the delivery of these biomolecules.  

2. SICM can inject biomolecules into cellular compartments.  

3. The nanoinjection procedure has negligible effect to cell viability and 

function. 

4. The nanoinjection process does not disrupt the structure of the 

biomolecules. 

5. The number of biomolecules delivered can be quantified with single 

molecule resolution by counting the number of the translocation events.  
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3.3 Results 

3.3.1 SICM cell topography scan and stability  

Cells were plated onto a 35 mm diameter glass bottom dish one day prior to the 

experiment and ÔÈÅ ÃÕÌÔÕÒÅ ÍÅÄÉÕÍ ×ÁÓ ÒÅÐÌÁÃÅÄ ×ÉÔÈ ÔÈÅ ,ÅÉÂÏÖÉÔÚȭÓ ÐÈÅÎÏÌ ÒÅÄ 

free L-15 medium before the scan (Figure 3.7). The 35 mm dish was set at the 

position indicated in Figure 3.7, and the position of the nanopipette was in 

alignment with the microscope objective. A Ag/AgCl electrode was inserted into 

the nanopipette and another reference Ag/AgCl electrode was immersed inside the 

35 mm dish to establish a complete electric circuit. 

 

 

Figure 3.7.The set-up of the Scanning Ion Conductance Microscopy (SICM). Set-up of the SICM 
used throughout this chapter, beside the necessary standard electronics and components e.g. the 
headstage and the Faraday cage. The SICM is composed of piezo actuators that control the X, Y and Z 
position during scans and sits directly on top of a spinning disk laser confocal microscope to provide 
high resolution fluorescent microscopy.  

 

When a direct current  voltage is applied between the two Ag/AgCl electrodes 

inside electrolyte, an ionic current is formed. Using a NaCl electrolyte as an 
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example, when a sufficiently high voltage is applied, the freely moving Na+ and Cl-

ions in the electrolyte migrate to electrodes depending on their polarities. At the 

anode, the Cl- in the electrolyte losses an electron and undergoes oxidation 

reaction with the silver wire and precipitate as salt on top of the electrode. The 

electron migrates through the wire to the cathode side and the AgCl taken up the 

electron and undergoes oxidation to release a free Cl- back to the electrolyte 

solution. 

To show that the SICM set-up here is capable to control the position of the 

nanopipette and scanning by the hopping mode, a nanopipette with a nanopore of 

a 88 nm diameter was filled with PBS and approached the glass surface substrate 

×ÉÔÈ Á ÓÅÔÐÏÉÎÔ ÁÔ ÍÁØÉÍÕÍ ɝπȢχϷȢ 4ÈÅ ÎÁÎÏÐÉÐÅÔÔÅ ÒÅÁÃÈÅÄ ÔÈÅ ÄÅÆÉÎÅÄ 

nanopipette-substrate distance and started hopping (Figure 3.8).  

 

 

Figure 3.8. SEM micrograph of the nanopipette and ion current approach curves and Z -piezo 
displacement. (A) The SEM micrograph of the nanopipette used as a scanning probe was 
approximately 88 nm in diameter. (B) A typical hopping trace of the SICM on top of the glass 
substrate. The sudden drop in the current occurred when the Z-piezo moved further downward. The 
current returned to baseline when the nanopipette was retracted back to the starting position. Each 
hop takes approximately 40 ms in this case. The nanopipette was imaged by Samuel Confederat. 

 

The current baseline remained stable until c.a. 40 ms, it dropped 20 pA and 

immediately returned back to 0 pA. At the same time, the Z-piezo moved from c.a. 

20 µm down to c.a. 18 µm at c.a. 40 ms mark and then returned to c.a. 20 µm again 

(Figure 3.8B). As previously described in Section 3.1.2, the sudden drop in the 

current baseline was due to access resistance, which indicated that the 

nanopipette was near the surface substrate. Once the hopping scanning mode 

detected this drop in the current baseline, it immediately retracted the nanopipette 

back to a set distance and the entire process was repeated (Figure 3.8B). This 

process would repeat itself indefinitely unless stopped by the user. 
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To demonstrate the SICM here is stable and can perform high resolution cell 

scanning, multiple cell types were imaged/scanned by the SICM with the same 

parameters, which included the cancerous cell line HeLa cells, primary cells 

including the normal human epidermal keratinocytes (NHEK), human umbilical 

vein endothelial cells (HUVEC), primary rat cortical neurons and mouse dorsal root 

ganglion (DRG) neurons (Figure 3.9). All the scanning was performed in hopping 

mode with a set-point beÔ×ÅÅÎ ɝπȢσ ÔÏ ɝπȢχϷȢ &ÏÒ Á ÔÙÐÉÃÁÌ ÌÁÒÇÅ ÁÒÅÁ ÓÃÁÎ ɉωφ ϼ 

96 µm), the final image resolution of 480×480 was used and an area of 1×1 µm 

prescan was used to determine the surface roughness. Then, for any substrates 

that were 1 µm above the glass bottom, a lateral hop of 200 nm was used, and for 

anything below 1 µm, a lateral hop of 400 nm was used. The nanopipette here had 

a lateral scanning resolution of c.a. 132 nm (Rheinlaender and Schäffer, 2015).  

The topography image of the HeLa cells showed fuzzy cell surfaces, this was due to 

the existence of surface cilia as previously shown by the SEM (Porter et al., 1974). 

In contrast, the SEM images of the NHEK, HUVEC cells, rat cortical and mouse DRG 

neurons were all flatter. Similarly, the SEM images of these cells have been shown 

to have relatively smoother surfaces (Smith, R.A. and McInnes, 1986; Rosdy et al., 

1991; García-Pérez et al., 2011; Qiu et al., 2012), these suggested that the SICM 

used here was capable of obtaining high quality and resolution topographies that 

agreed with the SEM images. 
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Figure 3.9. Scanning Ion-Conductance Microscopy (SICM) imaging of live cells. Five different 
types of cells were imaged with the SICM. The cells were the HeLa cells, NHEK, HUVEC, primary rat 
cortical and primary mouse DRG neurons. Colour scales were adjusted so there would be a clear 
difference between the background glass substrate and the cell. 

 

3.3.2 The quantitative nanoinjection workflow and methodology  

The quantitative nanoinjection platform and the workflow of the injection is 

illustrated in Figure 3.10. The SICM is mounted on top of an inverted confocal 

fluorescent microscope. Similar to topography scanning mode, the biomolecule 

loaded nanopipette will be used to approach the cell substrate, until it reaches the 

predefined setpoint, then the nanopipette will be repositioned to the cell of 

interest by using the bright field image and will approach the cell surface again 

(Figure 3.10B). Hopping is then stopped and the nanopipette is moved downward 

by a predefined distance at high speed to penetrate the cell membrane and access 

the intracellular space. A suitable voltage will then be applied to trigger the 

delivery of the cargoes. Simultaneously, the ion-current trace is recorded for 

further analysis to identify the translocation events. 
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Figure 3.10. Schematic illustration of the nanoinjection platform and the nanoinjection 
procedure. The SICM is placed directly on top of a fluorescent microscope which allows the 
fluorescent and bright field imaging of the cell during nanoinjection (A). The SICM allows accurate 
positioning of the nanopipette to any X-Y spatial location of the cell. Then, the nanopipette of the SICM 
finds the surface of the cell membrane by hopping mode. The nanopipette penetrates the cell 
membrane into the intracellular environment by controlling the Z-piezo actuator to lower down a 
predefined distance (B). Finally, the biomolecules are delivered into the cell by electrophoretic forces 
and the ionic-current trace is recorded and processed to identify molecule translocation signals. 

 

The recorded ion-current trace during the nanoinjection process will be further 

processed by using a custom written MATLAB script as described in Chapter 2 

Section 2.3.6. The script adjusts the baseline using algorithms and the adjusted 

current baseline will be shown throughout this work (Figure 3.11A). Each upward 

peak is associated with the translocation of a molecule, and thus the number of 

molecules translocated through the nanopipette into the cell can then be 

quantified. Figure 3.11B depicts a translocation event and the associated 

terminology that will be used throughout. The dotted horizontal line indicates the 

script calculated current baseline and the event current peak maxima describes 
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how far the current has moved away from the script calculated current baseline, 

e.g. 0.3 nA current peak maxima means that the peak has a highest point of 0.3 nA 

away from the current baseline. The full width at half maximum is used to calculate 

the event dwell time (Figure 3.11B). These two parameters correlate with the size, 

shape and translocation dynamics of the molecules (Muthukumar et al., 2015; 

Yusko, E. C. et al., 2017; Varongchayakul et al., 2018). Lastly, all the detected data 

will be processed and presented on a population scatter plot by plotting the 

current peak maxima against the dwell time (Figure 3.11C).  

 

 

Figure 3.11. Schematic illustration of the types of data associated with the current trace 
analysis. The obtained current trace data is processed by the custom written MATLAB script. (A) 
Illustrates a baseline adjusted current trace with multiple upward peaks. Each peak is the event 
translocation signal and the total number of these peaks is counted and indicated with 23 events 
counted here. The MATLAB script event calling threshold determination method can be found in 
Chapter 2. (B) Illustrates an example of a translocation event and two important parameters are 
measured for each translocation event: the current peak maxima and the dwell time. These 
parameters are determined by the shape, size and orientation of the translocated molecule. (C) 
Illustrates a population scatter plot generated by collecting the current peak maxima and the dwell 
time data of each detected translocation event.  

 

The nanopipette used for the nanoinjection has a diameter of c.a. 24 nm (Figure 

3.12). The estimated volume of injection can be estimated according to a study by 

Babakinejad et al. via calculating the flow rate (Babakinejad et al., 2013). To 

calculate the flow rate, the following Equation 2 will be used (Babakinejad et al., 

2013): 

Equation 2 

ὗ ȟЎ ‘ ‘ “ὙÔÁÎ—Ўɰ 

where Qtot, Ў  is the estimated flow rate due to a potential difference (voltage), µEP 

and µEO are the electrophoretic and electroosmotic mobilities of the analyte, R0 is 

the ÒÁÄÉÕÓ ÏÆ ÔÈÅ ÎÁÎÏÐÏÒÅȟ ʃ ÉÓ ÔÈÅ ÉÎÎÅÒ ÈÁÌÆ ÃÏÎÅ ÁÎÇÌÅ ÁÎÄ ɝ  ÉÓ ÔÈÅ ÖÏÌÔÁÇÅ 

difference. Due to the electrophoretic and electroosmotic mobilities of the analytes 
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in this thesis will not be measured, the model values from Babakinejad et al. will be 

used instead (Babakinejad et al., 2013). To estimate the total flow rate of a c.a. 24 

nm wide nanopipette, the following values were used as the input: µEP = µEO = 

1.4×10-8 m2 V-1 s-1, R0 = 12 nm (1.2×10-8 m)ȟ ʃ Ѐ 3.6° (calculated from Section 

2.3.4)ȟ ÁÓÓÕÍÉÎÇ Á ÐÏÔÅÎÔÉÁÌ ÄÉÆÆÅÒÅÎÃÅ ÏÆ υππ Í6ȟ ÔÈÕÓ ɝ  Ѐ 0.5V. The resultant 

estimated flow rate would be 33 fl s-1, thus approximately 2 pl of solution will be 

delivered per minute. However, it is important to state that equation was derived 

and based on a standard 1×PBS environment in the original study (Babakinejad et 

al., 2013), the actual flow rate inside the cell can be different inside the cell. 

 

 

Figure 3.12. The SEM image of a narrow pore nanopipette. The nanopipette showed here has a 
pore size of roughly 24 nm at the tip. The nanopipette was imaged by Samuel Confederat. 

 

3.3.3 Intracellular delivery into the cytoplasm and nucleus  

This section shows that the delivery process can be triggered by applying voltage 

and that the delivery can be carried out in either the nucleus or the cytoplasm. To 

achieve these two objectives, charged fluorescent dye conjugates were delivered 

into the cytoplasm or the nucleus. 

To aid the visualisation of the nucleus, stabily transfected HeLa cells expressing a 

fluorescent protein mCherry conjugated with a nuclear localisation signal (NLS) 

were generated. The NLS sequence caused the conjugated protein to be actively 

imported into the nucleus by the nuclear import machinery (Stewart, M., 2007). 

The plasmid pmCherry-NLS was transfected to the HeLa cells through lipofection. 

Successfully transfected HeLa cells expressed the mCherry-NLS, and the mCherry-

NLS fluorescent signals co-localised with the nucleus DNA stain Hoechst (Figure 
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3.13A), this co-localisation confirmed that the mCherry-NLS was localised to the 

nucleus. The untransfected HeLa cells did not express the mCherry-NLS (Figure 

3.13B).  

To select for stable transfectants, the HeLa cells were grown under selective 

pressure by adding G418 sulfate to the culture medium. FACS was used to isolate 

HeLa cells expressing mCherry-NLS. This population of the HeLa cells stably 

expressed the mCherry-NLS and this cell line was named HeLa RNuc. 

 

 

Figure 3.13. The generation of the mCherry-NLS expressing HeLa cell line. The pmCherry-NLS 
plasmid was transfected to the HeLa cells via lipofection and the HeLa cells were FACS sorted and 
imaged with a fluorescent confocal microscope. The pmCherry-NLS transfected cells showed red nuclei 
co-localized with the Hoechst nuclei staining (A). The untransfected control showed no mCherry-NLS 
signal (B). Red, mCherry-NLS; Blue, Hoechst 33342; Grey, brightfield image. 
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Before the nanoinjection procedure, the vertical position of the nucleus in HeLa 

RNuc cells would be determined so that the distance required to move the 

nanopipette down to perform nucleus nanoinjection was known. The distance was 

determined via the Z-stack imaging technique with a laser scanning confocal 

microscope by moving the focal plane of the confocal microscope. The plasma 

membrane was labelled with the Cell MaskTM Green Plasma Membrane stain 

(Figure 3.14A) and was used to determine the highest and the lowest point of the 

cell. The stack thickness was 955 nm and Z-stack imaging was performed from the 

lowest point of the cell to the highest point of the cell. The X-Z and Y-Z plane were 

used to determine the highest point of the nucleus and the highest point of the cell 

membrane (Figure 3.14B). The distance between the highest point of the nucleus 

and the highest point of the cell membrane was calculated for 29 different cells. 

The data were collected and summarised, and the average distance from the top of 

the cell membrane to the top of the nucleus was calculated to be 3.1 ± 0.1 µm 

(Figure 3.14C).  This information would be used for the nucleus nanoinjection. 
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Figure 3.14. The depth location of the nuclei of the HeLa RNuc was imaged by fluorescent Z-
stack imaging. The orthogonal projection image of the HeLa RNuc cells stained with the Cell MaskTM 
plasma membrane stains and Hoechst nuclei stain (A). Fluorescent Z-stack imaging was used, 25 
stacks were generated for each image at 955.4 nm thickness. The X-Z and X-Y planes were used to 
calculate the distance between the top of the cell membrane (Green) and the top of the nucleus (Red) 
(B). The distance between the top of the cell membrane and the top of the nucleus had an average of 
3.1±0.1 µm (N=29 cells). Red, mCherry-NLS; Green, Cell MaskTM green plasma stain. 

 

The nucleus is separated from the cytoplasm by the nuclear envelope and this 

barrier allows biomolecules to move between the two compartments either by 

active transport machinery or passive diffusion (Stewart, M., 2007; Cautain et al., 

2015; Graumann and Evans, 2017). In general, the passive diffusion has a size 

limitation such that most biomolecules with a molecular weight less than 60 kDa 

can diffuse into and out of the nucleus (Rout et al., 2016). Here, to demonstrate 

that the quantitative nanoinjection set-up was capable of compartment specific 

injection, charged fluorescent dextran conjugates were used, similar to other 
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nanoinjection studies (Simonis et al., 2017; Simonis et al., 2019). The 70 kDa 

fluorescein dextran conjugate was chosen to be injected into either the nucleus or 

the cytoplasm of the HeLa RNuc cells. The rationale was that the 70 kDa dextran 

was not able to passively diffuse into the nucleus (D'Angelo et al., 2009) and has 

been delivered to the nucleus before (Guillaume-Gentil et al., 2013) Therefore by 

nanoinjecting the 70 kDa fluorescein dextran to either the cytoplasm or the 

nucleus, it would demonstrate this platform could perform intracellular 

compartmental delivery, as immediately after the nanoinjection, the dextran 

should either be found inside the nucleus or the cytoplasm but not in both 

compartments. 

The 70 kDa fluorescein dextran was diluted to 140 nM in PBS and used to fill the 

24 nm nanopipette for nanoinjection. The nanopipette approached the cell and 

then was positioned directly above the nucleus with the aid of the mCherry-NLS 

fluorescent signals. Then the nanopipette was moved downward by 4 µm to 

penetrate the nucleus and the measured distance between the membrane and the 

nucleus was approximately 3 µm (Figure 3.14). An additional 1 µm was added to 

ensure the nanopipette penetrated the nucleus envelope. A negative voltage was 

applied for 2 minutes to electrophoretically deliver the anionic fluorescein dextran 

conjugates into the intracellular space.  The 70 kDa fluorescein dextran conjugates 

co-localised with the mCherry-NLS (Figure 3.15). This showed that the fluorescein 

dextran conjugates were delivered into the nucleus. This also demonstrated that 

the 24 nm wide nanopipette and its geometry profile used here could be used to 

electrophoretically deliver materials into the intracellular space. 
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Figure 3.15. The delivery of 70 kDa Fluorescein dextran conjugates into the nuclei of the HeLa 
RNuc cells. The 70 kDa fluorescein dextran conjugates were delivered into the nuclei of the HeLa 
RNuc cells. The dimension of the conjugates prevented them from diffusing into the cytoplasm and 
were retained inside the nuclei after nuclei nanoinjection. Red, mCherry-NLS; Green, 70 kDa 
Fluorescein dextran conjugates; Grey, Brightfield image.  

 

Next the ability to deliver molecules into the cytoplasm by nanoinjection was 

tested (Figure 3.16). The nanopipette was positioned on top of the cytoplasm with 

the aid of the mCherry-NLS and the brightfield view. The nanopipette was moved 

down 2 µm to reach the cytoplasm from the cell membrane, followed by the 

application of negative voltage to trigger the delivery of the fluorescent dextran 

conjugates. Because of the size of the dextran, the fluorescein dextran conjugates 

were excluded from diffusing into the nucleus and remained in the cytoplasm. 

These experiments demonstrated that the platform was capable to carry out 

nanoinjection in different compartments, and the delivery could be triggered by 

the application of a suitable voltage. 
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Figure 3.16. The delivery of 70 kDa Fluorescein dextran conjugates into the cytoplasm of the 
HeLa RNuc cells. The 70 kDa fluorescein dextran conjugates were delivered into the cytoplasm of the 
HeLa RNuc cells, the dimension of the conjugates prevented them from diffusing into the nuclei and 
excluded from the nuclei. Red, mCherry-NLS; Green, 70 kDa Fluorescein dextran conjugates; Grey, 
Brightfield image.  

 

As mentioned in Section 3.1.3, several nanoinjection studies have shown that that 

the current baseline dropped when the nanopipette had successfully penetrated 

the cell membrane, due to the cell membranes acting as additional resistors  

(Adam Seger et al., 2012; Simonis et al., 2017; Simonis et al., 2019). Here, moving 

the Z-piezo actuator down by 2 µm to penetrate the cell membrane into the 

cytoplasm led to an initial drop from the ionic current baseline and shortly 

afterwards, the current baseline raised and stabilised (Figure 3.17A). However, the 

current baseline never recovered to the value prior to the penetration. In contrast, 

there was no drop in the current baseline when moving the nanopipette 

downward in the solution away from the surface (Figure 3.17B).  
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Figure 3.17. Characterising the changes in the ionic current during the penetration of the cell 
membrane. The Z-piezo actuator was moved down by 2 µm from the cell membrane to penetrate the 
cell into the cytoplasm (A), moving down in pure electrolyte (B). The ionic current initially dropped to 
about 150 pA when the nanopipette was lowered to penetrate the cell membrane, then the ionic 
current raised by c.a. 50 pA and stabilised as the new baseline. A scatter plot was generated by 
plotting the distance moved against the normalised current for the cell penetration (C) and in pure 
electrolyte (D). A steady decline can be seen for the cell penetration unlike in the air control. The 
percentage of the drop in ionic current between the pre-penetration baseline and the post-penetration 
baseline showed an average of 25.2 ± 1.8% drop (N=33) (E). 

 

By plotting the normalised current value against the Z displacement, it idenified a 

clear correlation between these two factors for the cell penetration profile (Figure 

3.17C), but no clear correlation when the nanopipette was not in close proximity to 

the cell membrane (Figure 3.17D). Altogether 33 cell penetration associated 

current drop traces were analysed and summarised, the average percentage of 

drop in the current baseline was 25.2 ± 1.8%. 

Although, in principle, the cell membrane capacitance can be used to determine 

whether the nanopipette has made contact with the cell membrane via whole-cell 

patch clamp, this is carried out by deliver a small voltage-clamp step that is long 

enough for the clamp current to come to steady state (Gentet et al., 2000; 
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Golowasch et al., 2009), if the pipette has made contact with the cell, then the 

membrane capacitance of the membrane can be recorded. However, due to the 

small nanopore dimension (c.a. 25 nm wide), it is difficult to perform the whole-

cell patch clamp as the narrow nanopipette cannot break the patched membrane 

by suction force. Similar issue had been encountered before when Novak et al. 

attempted to study the channel activities of individual synaptic boutons (Novak et 

al., 2013). To position the nanopipette near the synaptic boutons, cell topography 

of the neurons was scanned by the SICM first, this required the use of a narrow 

nanopipette of 100 nm wide. However, to perform patch clamp on the synaptic 

bouton, the nanopipette had to be controlled widened to obtain a micropipette as 

the 100 nm nanopipette was not able to rupture th e patched cell membrane 

(Novak et al., 2013). Similar widening procedure can be used here to measure the 

cell capacitance, but by widening the nanopipette to a micropipette, it loses the 

single molecule sensitivity, and thus this approach was not pursued. 

Apart from the noticeable drop in the current baseline during cell membrane 

penetration, in some nanoinjected cells, there were black dots at the site of 

injections when imaged by confocal microscopy (Figure 3.15 and Figure 3.16). 

Similar observations have been reported by Hennig et al., when cell cytoplasm 

nanoinjection was performed.  With the use of super-resolution imaging, it was 

shown that the cytoskeleton was disrupted at the point of injection (Hennig et al., 

2015). Another possibility is that the black dot was due to membrane hole caused 

by the penetration and retraction of the nanopipette.  

To investigate this, the nucleus of the HeLa RNuc was nanoinjected with 

fluorescent 70 kDa dextran conjugates (Figure 3.18A). Prior to the membrane 

penetration, a 3 × 3 µm topography of the cell membrane just below the 

nanopipette tip was recorded (Figure 3.18Bi). Then immediately after the 

retraction of the nanopipette from the cell, the same 3 × 3 µm scan area would be 

probed again (Figure 3.18Bii). A black dot could be seen in the mCherry-NLS 

fluorescent channel after the nucleus nanoinjection (Figure 3.18A). The SICM 

topography showed that there was no hole in the cell membrane, although the line 

profile analysis showed that the cell membrane was lifted after the nanoinjection 

(Figure 3.18C), potentially due to the nanopipette retraction. 
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Figure 3.18. The investigation of the nanoinjection artefact. The nanoinjection procedure 
generated a black dot artefact as shown in (A). The indicated area was scanned by SICM (B) before 
nanoinjection (i) and after nanoinjection (ii) and there were no visible membrane disruptions. (C) The 
line profiles of the topography scan obtained from B and the dotted lines in (B) indicated the line of 
the measurement. It showed that the cell was lifted by approxiamtely 0.5 µm after the nanoinjection. 

 

According to previous studies, depending on the cell type, membrane holes 

resulting from mechanical disruption should be sealed within 90 to 300 seconds 

(Moe et al., 2015). For HeLa cells, it would require roughly 120 to 240 seconds to 

seal the membrane hole (Jimenez et al., 2014). The overall time required to scan 

that area was approximately 10 mins which means that the membrane hole would 

have been sealed by the time the SICM finished the scan. 

 

3.3.4 Nanoinjection of DNA plasmids  

After the demonstration of compartmental specific delivery of charged fluorescent 

molecules, it was then tested if DNA plasmids could be delivered into the nuclei of 

cells through nanoinjection and consequently transfect the nanoinjected cell. In 

these experiments the current trace was monitored, and molecules would also be 

counted for the first time during the development of the nanoinjection platform. 
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To show that the nanoinjection procedure could be used to deliver biomolecules 

for functional readout, the pMaxGFP plasmids would be nanoinjected into the cell 

by nucleus nanoinjection (Figure 3.19). However, a key factor in these experiments 

was to minimise the effect on cell viability in the injection process.  As Simonis et 

al. showed, the survival rate of the cell depends on the dimension of the 

nanopipette pore, the voltage applied and the duration of the injection (Simonis et 

al., 2017), and proposed that the smaller the pore, the higher the chance for the cell 

to survive. The size of the nanopipette used in that study was of approximately 100 

nm wide in diameter, but the pore size of the nanopipettes used herein was c.a. 24 

nm, a quarter of the size used by Simonis et al. and should reduce the harm caused 

on the cell (Simonis et al., 2017). Additionally, the injected cell would only be able 

to express GFP if its intracellular machinery was not damaged by the process of 

nanoinjection and thus provides additional readout on the viability of the injection 

procedure. 

 

 

Figure 3.19. The quantitative nanoinjection of the pMaxGFP plasmid into single cell.  The 
schematic illustration for the single cell transfection by quantitative nanoinjection (A). The 
nanopipette is first filled with PBS containing 1.3 nM pMaxGFP and the same nanopipette was used to 
approach the cell surface. After accurate positioning of the nanopipette on top of the cell via SICM, the 
nanopipette penetrates the cell membrane to reach into the cell nucleus by moving the Z-piezo 
actuator down to a predefined distance. Then the pMaxGFP plasmid is delivered to the nucleus by 
electrophoresis, and the ion-current trace is recorded for RPS signal analysis. The injected cell became 
green after successful transfection of the pMaxGFP. 

 

The pMaxGFP plasmids encoded for a GFP variant ɀ MaxGFP (also known as the 

TurboGFP) and this plasmid was used for nanoinjection, as this GFP variant has a 

faster maturation rate and is in general brighter than the other GFP variants 

(Evdokimov et al., 2006). The site of nanoinjection was the nucleus, as studies have 

shown that direct microinjection into the nucleus was the most efficient way to 

transfect the cell (Lu et al., 2009; Kirton et al., 2013; Rossi et al., 2017). 

Approximately 20 copies of the plasmids would be sufficient to transfect the cell, in 
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sharp contrast to almost 20,000 copies of plasmids needed in the cytoplasm 

(Lechardeur et al., 1999; Bai et al., 2017).  The HeLa RNuc cell line was used since 

the nucleus could be easily identified. In control experiments, HeLa RNuc cells 

were transfected with pMaxGFP via lipofection. The HeLa RNuc was capable to 

generate the MaxGFP proteins after the transfection of the pMaxGFP plasmids 

(Figure 3.20A). The untransfected control showed no MaxGFP fluorescent signals 

upon excitation with an appropriate laser (Figure 3.20B).  

 

 

Figure 3.20. The transfection of the HeLa RNuc cells with the pMaxGFP plasmids. The pMaxGFP 
plasmid was transfected to the HeLa RNuc cells via the lipofection and imaged with a confocal 
microscope (A). The pMaxGFP transfected cells became green throughout the whole cell when excited 
with the appropriate laser. The untransfected control showed no MaxGFP expression (B). Red, 
mCherry-NLS; Green, MaxGFP; Grey, brightfield image. 
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After determining that the HeLa RNuc cells were capable to co-express MaxGFP, 

pMaxGFP plasmids were then nanoinjected into the nuclei of cells. The plasmids 

transfected cells would require incubation at 37°C for at least 16 to 24 hours after 

transfection to allow time for the cells to express the proteins. Thus, to identify the 

nanoinjected cell 24 hours later, a grid imprinted glass bottom dish was used. The 

gridded dish contained 4 main squares, and each of these squares was further 

divided into 400 50 × 50 µm squares and all the squares were numbered and 

lettered to allow tracking. The HeLa RNuc cells were seeded onto the grid one day 

prior to SICM injection. 

To demonstrate that the nanopipette is capable to detect the translocation of the 

pMaxGFP plasmid, the nanopipette was filled with 1.3 nM pMaxGFP plasmid 

diluted in 1×PBS, immersed into the L-15 medium, and -500 mV was used to 

trigger the delivery of the negatively charged plasmid through electrophoresis 

(Figure 3.21). The translocations of plasmid were detectable with the nanopipette. 

 

 

Figure 3.21. The detection of pMaxGFP plasmids translocation inside the L-15 medium. The 1.3 
nM pMaxGFP diluted in 1×PBS filled nanopipette was immersed into the L-15 medium and -500 mV 
was applied to trigger the delivery of the pMaxGFP plasmids. 117 events were recorded. 

 

On the day of the injection, similar to the nucleus injection of the dextran 

conjugates, the nucleus of the cell was penetrated with the nanopipette filled with 

1.3 nM pMaxGFP plasmid diluted in 1×PBS and a voltage of -500 mV was applied 

for c.a. 2 minutes to trigger the delivery of the negatively charged DNA plasmids. 

There was no expression of the MaxGFP fluorescent proteins immediately after the 

nanoinjection, similarly a black dot at the site of the nanoinjection was observed 

(Figure 3.22A). 24 hours later, the MaxGFP expression was confirmed by confocal 

microscopy. Instead of the original nanoinjected single cell, two cells were 

observed that expressed MaxGFP (Figure 3.22A). The doubling time of a HeLa cell 
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is c.a. 16.2 hours (Kumei et al., 1989), thus the nanoinjected cell divided into two 

cells during the 24 hours incubation period, both of which expressed MaxGFP.  

 

 

Figure 3.22. Single cell transfection of the HeLa RNuc cells with the pMaxGFP via quantitative 
nanoinjection ɀ 1. HeLa RNuc cells were plated onto a gridded glass dish of 50 × 50 µm per square. 
On the day of the nanoinjection (0 hours), a cell was nanoinjected with the pMaxGFP (arrow) and the 
same cell was located 24 hours later with the aid of the grid, the cell expressed MaxGFP and had 
divided (arrows) (A). The baseline adjusted ionic current trace during the nanoinjection was recorded 
and analysed, and a total of 132 translocation events were detected during nanoinjection (B). The 
population scatter of the detected translocation event signals (C). Four translocation event signals 
were shown from the ionic current trace which were randomly sampled (D).  

 

The current trace during the injection was analysed and showed that 132 

translocation events were detected (Figure 3.22B-D). The scatter showed at least 

two populations separated with one under 75 pA and the other above 75 pA 

(Figure 3.22C). The trace showed at least 3 bursts of translocation signals at 

around 0-20 seconds, then around 40-60 seconds and lastly around 70-80 seconds 
































































































































































































































































































