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“The law of contradiction in things, that is, the law of the unity of opposites, is the fundamental 

law of nature and of society and therefore also the fundamental law of thought. It stands opposed 

to the metaphysical world outlook. It represents a great revolution in the history of human 

knowledge. According to dialectical materialism, contradiction is present in all processes of 

objectively existing things and of subjective thought and permeates all these processes from 

beginning to end; this is the universality and absoluteness of contradiction.  Each contradiction 

and each of its aspects have their respective characteristics; this is the particularity and relativity 

of contradiction. In given conditions, opposites possess identity, and consequently can coexist in a 

single entity and can transform themselves into each other; this again is the particularity and 

relativity of contradiction. But the struggle of opposites is ceaseless, it goes on both when the 

opposites are coexisting and when they are transforming themselves into each other, and becomes 

especially conspicuous when they are transforming themselves into one another; this again is the 

universality and absoluteness of contradiction.” 

 

− Mao Zedong 
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Abstract 

 

Monitoring the electrical signals generated by neurons to transmit information, is central to 

understanding how the brain and nervous systems work. The photoluminescence (PL) of some 

nanomaterials, such as semiconductor quantum dots (QDs) and fluorescent nanodiamonds (NDs), 

has shown higher sensitivity to electrical fields than that of any previously reported probes, which 

may address the persistent challenge of robust optical voltage imaging. The fundamental issue for 

implementing voltage-sensitive nanomaterials (VSM) in live neurons is their delivery into the 

plasma membrane bilayer. Currently, the delivery has been demonstrated on QDs via their 

spontaneous insertion directly into the plasma membrane bilayer, or indirectly into the bilayer of 

liposomes that later fuse with the plasma membrane. In both methods, QDs are introduced from 

the extracellular space and implemented to image the activity of neuronal assemblies. 

 

The first part of this thesis explores the implementation of VSM in another scenario, i.e., the 

voltage imaging from multiple sites on single neurons. After direct intracellular delivery, 

amphiphilic nanomaterials are expected to spread into distal processes and insert into the plasma 

membrane bilayer, being able to monitor the electrical activity in the smallest neuronal structures, 

such as dendritic spines. Here, the intracellular delivery of nontargeted QDs as an example, has 

been demonstrated by microelectrophoresis technique, where electrical currents were applied to 

eject charged QDs through fine-tipped glass micropipettes into living cells. The amount of 

delivered QDs was finely controlled by tuning the ejection duration, which had a substantial impact 

on preserving short-term and long-term cell health. Delivered QDs were homogeneously 

distributed throughout the cytoplasm and presented pure Brownian diffusion without endosomal 

entrapment. These original and promising results lay the foundation to apply the 

microelectrophoresis technique to other VSM, including the protocol for preparing nanomaterials 

suspension and the required tip sizes of micropipettes, which are key to their successful 

intracellular loading. 
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Another fundamental issue is ascertaining the PL responses of these nanomaterials to applied 

voltage modulations. The second part of this thesis describes the fabrication of a multilayer device 

that can apply a homogeneous electric field to the embedded nanomaterials (NDs as an example). 

By using ultrasonication, NDs were well dispersed as single particles within the device, where the 

PL responses of individual NDs can be examined. Other fabrication details, such as film thickness 

and electrode deposition, were also described. These results provide a high-throughput screening 

platform to characterize the voltage sensitivities of different nanomaterials, which helps to 

iteratively improve their design and synthesis, including composition, size, shape, and band 

alignment. 

 

Collectively, the findings in this thesis provide a significant contribution to the unique interface 

of neuroscience and nanomaterials regarding the optical visualization of neuronal activity. The 

pioneering work here facilitates the future use of microelectrophoresis technique to deliver various 

VSM for multisite voltage imaging of single neurons. The deployment of the multilayer device 

promotes the development and optimization of new nanomaterials with enhanced voltage 

sensitivity. With these fundamental challenges to be addressed in the near future, real-time in vivo 

voltage imaging may be attainable in relevant animal models to elucidate the complex function of 

brain and nervous systems. 
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Thesis layout 

 

Since Galvani discovered and proclaimed that electricity is the true agent of nervous action in 

the late 18th century,1 immense effort has been invested into measuring this electrical activity to 

understand how the brain and the nervous system work.2 By using metal or glass electrodes to 

directly record these signals, electrophysiology offers high fidelity but requires direct physical 

contact with the nervous tissue.3 Therefore, it is difficult to approach subcellular structures, and 

tissue damage caused by electrode arrays is inevitable in the studies of neuronal assemblies.4 

Optical reporters, such as voltage-sensitive dyes (VSDs),5-10 calcium indicators,11, 12 and 

genetically encoded voltage-sensitive proteins,13-15 that convert electrical activity or consequent 

effects into optical signals, have been used extensively as complementary to electrophysiology to 

avoid physical contact, where electrical activity in the smallest neuronal structures or in large-scale 

neuronal assemblies can be monitored simultaneously.16, 17 Yet these reporters suffer from low 

brightness, high photobleaching, and phototoxicity, which strongly constrain the excitation 

intensity and experiment duration.3 VSM, such as QDs and NDs, with excellent brightness, 

photostability, and biocompatibility rendered from surface modification, could potentially 

overcome the most challenging problem at the core of neuroscience, namely the robust optical 

visualization of neuronal activity.18, 19 

 

In the first part of this thesis, the advantages of using VSM for the optical imaging of neuronal 

activity will be described. The fundamental issues of the delivery, targeting, and positioning of 

VSM will be discussed. Together, the background information introduces the central focus of Part 

Ⅰ, that is, the intracellular delivery of nanomaterials using microelectrophoresis technique. 

 

In addition to the intracellular delivery and membrane insertion challenges, improving the 

voltage sensitivity of nanomaterials, i.e., the fractional fluorescence change in response to a unit 

change in membrane potential, represents another frontier that would otherwise require elaborate 

signal corrections and substantial temporal averaging to achieve high signal-to-noise ratio (S/N). 

A high throughput screening platform to apply neuronal-like voltage modulation can effectively 

serve to search for the best candidate within large libraries of engineered nanomaterials having 
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various compositions and structures. More importantly, the screening platform helps to determine 

and understand the source of their voltage sensitivity, contributing to the accurate translation of 

optical signals into potential changes and the rational design of voltage nanosensors in future. The 

screening needs to be addressed in vitro before the attempt to implement these nanosensors in the 

complex cellular environment. The applied voltage modulation should be scaled on the order of 

membrane potential changes, i.e., an enormous electric field of 107 – 108 V/m at kHz frequencies, 

and nanomaterials should be embedded within a very narrow section of dielectric material that 

mimics the plasma membrane.20 

 

In the second part of this thesis, the physical origin of the voltage sensitivity of QDs and NDs 

will be introduced. Several in vitro devices designed for characterizing the fluorescence responses 

of QDs and NDs to an externally applied electrical fields will be described. Their pros and cons 

together point towards the research focus of Part Ⅱ, that is, to study the voltage sensitivity of single 

ND in solid state using a high throughput screening platform. 
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1.1 Measuring electrical signals in neurons 

 

As the basic structural and functional unit of nervous systems, neurons perform the especially 

complex functions of the brain, i.e., acquiring, coordinating, and disseminating information about 

the body and its environment, by generating sophisticated electrical signals. This section briefly 

describes these signals and how they are produced. Then this section discusses the strengths and 

weaknesses of electrophysiology techniques. Finally, these fundamentals point towards the need 

for developing optical imaging techniques to monitor neuronal activity. 

 

1.1.1 Membrane potential changes 

 

Neurons have evolved elaborate mechanisms for generating electrical signals based on the flow 

of ions across their plasma membranes.1 In the unstimulated state, neurons maintain a resting 

membrane potential, ranging from about -65 mV to -90 mV, which is caused by a net efflux of 

potassium ions down their concentration gradient.2 When the dendrites receive suprathreshold 

stimuli (e.g., synaptic inputs), a transient rise in sodium ions permeability allows a net influx of 

sodium ions against their concentration gradient across the membrane and changes the negative 

resting membrane potential to positive, namely the overshoot phase (Figure 1).3 The brief rise in 

membrane sodium permeability is followed by a secondary, transient rise in membrane potassium 

permeability that repolarizes the membrane potential and produces a brief undershoot phase. When 

these permeabilities changes subside, the membrane potential returns to its resting level because of 

the high resting membrane permeability to potassium.1 The process is repeated, generating action 

potentials that propagate along the axon and convey information over substantial distances from 

one place to another in the nervous systems. The ends of an axon are swollen terminals that form 

the presynaptic components of synaptic contacts to transmit signals to other cells. 

 

1.1.2 Electrophysiology techniques 

 

Being able to accurately record the electrical signals generated by neurons is fundamental for 

our understanding of the brain and nervous systems. Electrophysiology has long been the dominant 
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method in the field. By using metal, glass or silicon electrodes to directly record these electrical 

signals, electrophysiological tools allow us to study the properties of single ion channels (patch-

clamp recording), the activity of single neurons (intracellular recording), and more complex 

activity of neuronal assemblies (extracellular recording), with superior sensitivity and temporal 

resolution.4 However, electrophysiology requires direct physical contact with the nervous tissue to 

be investigated. This main weakness largely limits its application in two aspects: (1) multisite 

recordings of a single neuron; (2) simultaneous recordings of neuronal assemblies. 

 

• Multisite recordings of a single neuron 

 

Different types of electrical signals, usually from multiple sources, are integrated by single 

neurons during the processing of information.5, 6 Regional electrical events in branching dendrites 

and thin axons, which determine the input-output function of individual neurons, are 

extraordinarily complex and dynamic. To understand the signal integration performed in a single 

neuron, multisite recordings are required to monitor these electrical events when they travel from 

the sites of origin and summate to influence the initiation of action potentials.7, 8 The experimental 

advance in multiple electrode recordings have made simultaneous monitoring of voltage transients 

Figure 1 (a) Schematic illustration of the key structural features of a pyramidal neuron showing the 

distribution of dendrites and axon. The axon runs on much farther than shown. (b) The phases and changes 

in ion permeability during the action potential. Reproduced from reference 3. 
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from two or more locations on a single neuron possible, underscoring the importance of such 

measurements. 

 

For example, the dendrites of some central neurons are highly elaborate and covered with 

hundreds of tiny projections termed dendritic spines, where synaptic contacts, the sites of neuron-

to-neuron communication, are located. It has been asserted that dendrites simply act like electrical 

filters, where the amplitude of synaptic potentials reduces as they travel from their sites of origin 

to the soma.9 This means that synapses close to the soma and axon will powerfully influence the 

generation of action potentials, whereas synapses located on remote dendrites will have a tapering 

impact.9 However, simultaneous electrical recordings from the dendrites and soma of central 

neurons revealed that dendrites are electrically excitable as important sites for synaptic integration 

(Figure 2a).10 Synaptic inputs with specific temporal features are integrated locally in the apical 

dendrites, leading to the generation of dendritic spikes that actively propagate from their site of 

generation to the soma and powerfully drive the action potential output on the axon (Figure 2b).10 

In this view of synaptic integration, the neuronal output is not only determined by the synaptic 

input that directly reaches the axonal site of action potential generation but is also powerfully 

influenced by the forward propagation of dendritic spikes.10-13 These findings uncover the 

enormous computational flexibility of neurons to integrate thousands of synaptic inputs that they 

receive. 

 

However, limited by the invasive character of electrodes, direct electrical recordings are 

prevented from monitoring more complex spatiotemporal patterns of signal initiation and 

propagation in single neurons, where subcellular structures, including small diameter dendritic 

branches and spines, and most axon collaterals and terminals, are not accessible to electrodes. 

 

• Simultaneous recordings of neuronal assemblies 

 

The complex cognitive and behavioral capabilities of brain are produced by fluctuating patterns 

of electrical and chemical activities that coherently occur within neuronal assemblies.7, 14 The 

ability to simultaneously monitor the activity and interaction of large numbers of neurons in 

multiple brain regions, is important to the comprehensive understanding of brain function.1, 15 
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During an action potential, the voltage transients across the membrane generate local, temporary 

differences in potential on the outer surface of the neuron.4, 16 Therefore, action potentials can be 

detected in the extracellular space by placing the recording electrode near the membrane of active 

neurons.4, 17 By using an electrode array, the activity of multiple neurons can be recorded at the 

same time (Figure 2c).18 Generally, the number of electrodes in an array can vary from four (tetrode) 

to over 100.19-22 

 

However, electrical recordings of large numbers of neurons by highly invasive electrode arrays 

inevitably increase tissue damage, which raises the concern how trustworthy the measured signals 

are.23 The neurons may be damaged by the blunt end of the closely placed electrodes, resulting in 

a weak or no signal.24 Thus, there is a large gap between the numbers of practically recorded and 

theoretically recordable neurons.23 Moreover, if there are many active neurons in the vicinity of 

the electrode, it listens to all of them (Figure 2d).18 The enormous amount of data lead to the 

challenge of identifying individual neurons from their superimposed activities and extracting the 

spikes corresponding to different neurons, i.e., the spike sorting problem.25-27 In practice, only a 

small fraction of the neurons can be reliably separated with currently available arrays and spike 

sorting algorithms.26, 28 Thus, electrode array recordings have limited performance when dense 

Figure 2 (a) The morphology of a layer 5 neocortical pyramidal neuron. The placement of dendritic and 

somatic whole-cell reocrding pipettes is indicated. (b) Dendritic spikes are evoked when dendritic 

excitatory synaptic inputs are clustered in time. The robust forward propagation of the dendritic spike 

through the apical dendrites to the soma results in the initiation of action potentials. Trace colours are 

designated according to pipette placement shown in (a). (c) Schematic illustration of extracellular 

recordings made by several tetrodes in hippocampal neuronal populations. (d) Typical signals attained from 

the four electrodes in one tetrode. Reproduced from references 10 and 18. 
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local neuronal assemblies need to be analyzed or when signals from specific types of near-by 

neurons need to be distinguished. 

 

As discussed above, different parts of a neuron perform different functions and thus it is 

essential to make multisite observations over the whole structure of a single neuron; Numbers of 

neurons are active in the assembly during a complex behavior, it is obviously important to be able 

to monitor their activities simultaneously.7 To overcome the invasiveness of electrophysiology in 

these two applications, it has been highly desirable to develop new strategies that probe neuronal 

activity without the need for direct physical contact and provide adequate spatiotemporal 

resolution.8, 29 

 

1.2 Optical imaging of neuronal activity 

 

A solution to the problem of physical contact required by electrophysiology, is the use of a 

transducer to transform electrical activity into a different signal that can travel through biological 

membranes.29, 30 In the last decades, optical imaging technique with requisite spatiotemporal 

resolution has become a valid complement to electrophysiology.31, 32 This section introduces some 

optical reporters, especially VSDs, that are extensively used in multisite optical imaging of 

neuronal activity in single neurons, even in the smallest neuronal structures, as well as in 

simultaneous imaging of the activity of neuronal populations. 

 

1.2.1 Optical reporters 

 

So far, there have been three main types of optical reporters that convert membrane potential 

changes or consequent effects into optical signals (Figure 3)29: VSDs, voltage-sensitive fluorescent 

proteins, and calcium indicators (synthetic dyes or genetically encoded). 

 

• Calcium indicators 
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There is a large calcium gradient across the plasma membrane of neurons, where the 

intracellular calcium concentration is far lower than the extracellular calcium concentration.33 

During the overshoot phase of action potentials, external calcium ions enter the neuron through 

calcium ion channels, increasing the internal calcium concentration by more than 10 times.34 On 

binding calcium ions, synthetic or genetically encoded calcium indicators strongly fluoresce to 

report the changes in intracellular calcium concentration.35-38 The oscillations of intracellular 

calcium concentration are correlated to neuronal activity but not utterly faithful. Monitoring 

calcium signals has the problems of slow kinetics, signal saturation, and interference with 

intracellular calcium signaling machinery.39 Therefore, calcium imaging cannot substitute for 

robust membrane potential sensors. 

 

• Genetically encoded voltage sensors 

 

The structure of a genetically encoded voltage sensor normally includes the voltage-sensitive 

domain of an ion channel to experience the potential changes across the plasma membrane, and 

one or two additional fluorescent proteins that alter their optical properties via conformational 

changes (e.g., Förster resonance energy transfer, or collisional quenching via the Dexter energy 

transfer).40-45 By linking the expression of genetically encoded voltage sensors to specific 

promoters, they have the major advantage of targeting specific cell types in the population.46 

However, their targeted expression is undermined by their delayed kinetics caused by slow 

conformational changes, making the detection of single action potential difficult.29 In addition, they 

suffer from low brightness and high photobleaching, which largely constrain the illumination 

intensity and maximum possible imaging time. 

 

• Voltage-sensitive dyes 

 

VSDs are normally derivates of hemicyanine or styryl chromophores.47, 48 They usually have an 

electron rich π-system on one end and an electron deficient π-system on the other end, where the 

electrons switch from one end to the other upon excitation.49 The membrane potential changes 

modulate the electron distribution and shift their emission spectra, namely the electrochromic 
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mechanism, also known as Stark effect.49 This makes VSDs fast enough to track action potentials 

since only intramolecular charge redistribution is involved, without chromophore movement.48 

 

The plasma membrane is surrounded by charged substances that result in dielectric screening 

and thus the membrane potential rapidly dissipates with distance from the membrane.31 A voltage 

sensor must be located inside the membrane bilayer to actually experience the potential 

difference.31 The intrinsic amphiphilicity of VSDs facilitates to embed them perpendicularly into 

the membrane bilayer. The voltage-sensing mechanism of VSM is similar to VSDs, i.e., the 

quantum-confined Stark effect (QCSE) of QDs and charge state variation of NDs,50-53 which will 

be introduced later in Part Ⅱ. Both of them are exogeneous voltage sensors that require effective 

delivery and insertion into the plasma membrane bilayer for the optical imaging of neuronal activity. 

Therefore, the implementation of VSDs in multisite imaging of single neurons and simultaneous 

imaging of neuronal assemblies will be introduced in the next subsection, which may help to inspire 

the delivery strategies of VSM. 

 

1.2.2 Imaging neuronal activity with voltage-sensitive dyes 

 

• Multisite imaging of a single neuron 

Figure 3 Schematic illustration of three main types of optical reporters. (a) VSDs embed within the plasma 

membrane of neurons and change their charge distribution and hence emission spectra depending on the 

membrane potential. (b) Genetically encoded voltage sensors that consist of a voltage-sensitive domain 

embedded within the plasma membrane and a fluorescent protein. Membrane potential changes induce the 

conformational change of the voltage sensors, thereby altering their fluorescence emission. (c) Calcium 

indicators (dyes or proteins) have a calcium binding domain and change their fluorescence emission to 

report intracellular calcium concentration. Reproduced from reference 29. 
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As introduced above (subsection 1.1.2), a major leap forward in studying the exceedingly 

complex functions of single neurons was made by multisite electrode recordings. However, the 

invasive character of electrodes makes it difficult to record the rapidly changing patterns of signal 

initiation and propagation in many subcellular structures.8, 54-57 Such measurements have been 

achieved using optical imaging by intracellular delivery of VSDs in brain slices or in vivo. Water-

soluble VSDs can be delivered into individual neurons of interest through recording pipettes via 

free diffusion,58, 59 pressure (microinjection),60 or electrical currents (microelectrophoresis, also 

known as iontophoresis).61, 62 Delivered VSDs spread into different remote regions of a single 

neuron and insert into the inner leaflet of the plasma membrane bilayer (Figure 4a).63 Dyes that are 

bound to the membrane of intracellular organelles, do not change their fluorescence emission. 

These inactive dyes only contribute to the resting fluorescence.64 For example, internally loaded 

VSDs were able to track the action potential propagation from many sites on small diameter axons 

and detect subthreshold signals in dendritic spines. 

 

The precise location within the axon of neurons, where the action potential initiation occurs, is 

fundamental to the understanding of how neurons integrate synaptic inputs and convert them into 

an output signal. The small diameter of axons (less than 1 µm) makes it difficult to study their 

electrical properties using electrodes. In addition, multiple axonal sites need to be recorded 

simultaneously to localize the site of action potential initiation based on small differences in action 

potential latency. Optical imaging with internally loaded Di-2-ANEPEQ dyes (via free diffusion) 

successfully monitored action potential signals from multiple sites on the axon of pyramidal 

neurons in rat brain slices (Figure 4b).65 It was revealed that action potentials are generated in the 

distal region of the initial segment of axons, ~35 µm from the axon hillock.66 The initial 40 µm of 

the axon is essential for action potential generation. These important findings indicate that the 

functions of axons are more complex than traditionally thought, which facilitated the rapid 

expanding of the field of axonal physiology.  

 

Spines are membrane protrusions from dendrites, receiving most of the excitatory synaptic 

inputs.67 They are of critical importance in learning and memory, where they process the electrical 

input signals and mediate synaptic plasticity.68 However, due to their small sizes (~1 µm) that are 
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not accessible to electrodes, monitoring the generation and spread of subthreshold input signals 

from individual spines to the dendrite has been a major challenge.69 Optical imaging with internally 

loaded Di-1-ANEPEQ dyes (via free diffusion) successfully monitored the subthreshold signals 

from individual spines and quantified the electrical resistance of the spine neck (Figure 4c).70 The 

results demonstrated that spines on the basal dendrites are not electrically isolated by the spine 

neck. Spines with different morphological features behave the same in electrical signaling. These 

new findings disproved the previous theory positing that the electrical resistance of the spine neck 

largely determines the electrical properties of the spines. 

 

• Simultaneous imaging of neuronal assemblies 

 

The ability to monitor the electrical activity of numerous neurons in assemblies simultaneously 

is a prerequisite for understanding how the brain generates complex behavior and cognition.71 As 

Figure 4 (a) Second harmonic generation (SHG) images showing the neurons in hippocampal brain slice 

intracellularly filled with FM4-64 dyes. (b) The axon of a layer 5 pyramidal neuron filled with Di-2-

ANEPEQ dyes. Average fluorescence change (∆F/F) of 130 individually aligned action potentials 

measured at the indicated axonal locations. (c) Image of a neuron filled with Di-1-ANEPEQ dyes in optical 

voltage imaging. Subthreshold signals measured from multiple spines and dendrites (temporal average of 

16 trails). Trace colours are designated according to indicated circles. Black traces are somatic patch 

electrode recording (upper) and current pulses for stimulation (lower). Reproduced from references 63, 65 

and 70. 
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introduced above (subsection 1.1.2), the number of recordable and distinguishable neurons at a 

time using electrophysiological methods is highly restricted (Figure 5a).72 Optical imaging with 

extracellular delivery of VSDs offers a way past this limitation to visualize the large-scale activity 

of neuronal assemblies with high spatiotemporal resolution. VSDs can be loaded into brain slices 

or brain areas in vivo via bathing,73-75 or extracellular microinjection,63 and then spontaneously 

label the plasma membrane. For example, the feasibility has been demonstrated on invertebrate 

ganglia, e.g., Aplysia and Tritonia pedal ganglia during the execution of motor programs.72, 76 VSDs 

RH155 were used to stain the pedal ganglia via bathing and track the action potentials of neuronal 

populations during the stimulation and execution of locomotion (Aplysia) and swim motor program 

(Tritonia). Optical signals were read out by a photodiode array that converted light to voltage 

(Figure 5b and c).72 Independent component analysis was used for sorting raw optical data into 

single neuron traces (Figure 5d).76 Neurons with spiking similarity were grouped into clusters and 

mapped onto physical discrete regions of the ganglion (Figure 5e).76 These results revealed that 

motor programs employ complex modular organizations of neuronal assemblies as dynamical 

building blocks in separated physical space, even in simple invertebrates. 

Figure 5 (a) Intracellular recordings of the Tritonia swim motor program using sharp electrode. The number 

of simultaneously recordable neurons is typically limited to 3 or 4. (b) The end of a fiber bundle (464 units) 

for the optical voltage imaging of an RH155-stained Tritonia pedal ganglion. The other end of these fibers 

was individually glued to photodiode array. (c) Sorting the raw data into a set of single-neuron traces using 

independent component analysis. Three traces were indicated on the fiber bundle maps with XY position 

and approximate neuron size. (d) Left: head reaches and muscular contraction of Aplysia’s rhythmic escape 

locomotion. Right: imaged area of the dorsal pedal ganglion of Aplysia on the fiber bundle with 464 units 

(red outline). (e) Schematic illustration of the steps for decoding neuronal assemblies using community 

detection with consensus clustering. Reproduced from references 72 and 76. 
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These studies clearly demonstrate the advantages of selective staining of single neurons by 

intracellular delivery of VSDs. This type of delivery strategy allows us to monitor the initiation 

and propagation of electrical signals in small neuronal processes from multiple locations in single 

neurons. VSDs imaging significantly advances our understanding of the remarkable functions of 

single neurons far beyond than that attained by multiple electrode recordings. Optical imaging with 

extracellular delivery of VSDs shows its superiority in the study of large-scale brain activity. This 

type of delivery strategy not only provides the location and propagation of activities, but also the 

synchrony, i.e., the fraction of neurons that are simultaneously activated in assemblies, which is 

hard to achieve with electrode arrays.77 

 

In spite of these substantial successes, currently available VSDs are burdened with several 

drawbacks, including low brightness, high photobleaching, and phototoxicity.78 Therefore, they 

cannot monitor electrical events at the nanoscale with single molecules. In addition, to achieve 

improvements in the signal-to-noise ratio, a number of 4 - 9 trials will be necessary for signal 

averaging.8, 79 The photobleaching and phototoxicity effects become evident over time and thus 

they are particularly problematic for long-term imaging.66, 80 Moreover, they present a short 

retention time in the membrane and can perturb membrane capacitance at high concentrations. 

Overall, performing optical voltage imaging at the level of detection, where every electrical event 

in every location, deep in intact tissues or the brain of a live animal, can be monitored without 

averaging of multiple trials, is still being constrained.29, 81 

 

The poor optical stability and phototoxicity of currently available reporters raise the need for 

developing VSM with better performance. The superior optical and biocompatible properties of 

nanomaterials may provide far better performance than current reporters in robust optical imaging 

of neuronal activity. Nevertheless, the effective delivery strategies, i.e., the intracellular and 

extracellular delivery of VSDs, used in different scenarios, can serve as valuable references for the 

implementation of VSM in live neurons. 

 

1.3 Voltage-sensitive nanomaterials 
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While further improvements in current optical reporters are expected, it has been shown that 

nanomaterials, such as QDs and NDs, are promising alternatives for sensing membrane potential 

changes in active neurons.82, 83 Their higher voltage sensitivity than that of VSDs will be discussed 

in Part Ⅱ, where a multilayer device is used to examine their performance under external electrical 

fields in high throughput. Since the implementation of NDs for sensing membrane potential 

changes is still at nascent stage, this section will mainly introduce QDs and discuss their superior 

optical and biocompatible properties that surpass VSDs. Then this section will introduce two 

methods that are currently available for the extracellular delivery of QDs to image the activity of 

neuronal assemblies. These backgrounds point towards the objective of this thesis, that is to explore 

the intracellular delivery of QDs via microelectrophoresis technique, potentially for multisite 

voltage imaging of single neurons in brain slices or in vivo. 

 

1.3.1 Quantum dots 

 

QDs are semiconductor nanocrystals having sufficiently small sizes (2 - 10 nm) to exhibit 

quantum confinement effect. They are typically core/shell structured and made of cadmium, 

selenide, zinc and sulfide, having a variety of additional components and dopants. Recent advances 

in reproducible and high-throughput colloidal synthesis, such as the workstation for automated 

nanomaterials discovery and analysis (WANDA),84, 85 have enabled nanoscale construction of 

functional QDs with ever-increasing control over size, shape, composition, and sophisticated 

heterostructures (Figure 6a).86 The automated synthesis approach allows efficient and 

multidimensional optimization of the unique photophysical properties of QDs that make them 

advantageous for optical voltage imaging. 

 

First, the peak wavelength of the narrow and symmetrical Gaussian PL of QDs is tunable as a 

function of constituent core materials and size (quantum confinement effect), ranging from the 

ultraviolet to the near-infrared (Figure 6b).86 Their broad and continuous absorption spectra enable 

the simultaneous excitation of QDs having different emission peaks using a single light source.87 

Second, the core/shell architecture of QDs can effectively improve their quantum yields and 

resistance to photobleaching in comparison with VSDs (Figure 6c).88 Their exceptional brightness 



31 

and photostability not only offer a possibility of single-particle voltage measurements, but also 

improves the robustness in practical applications, obtaining a better signal-to-noise ratio.89, 90 Third, 

QDs possess two-photon absorption cross sections (σ ≈ 103-104 Goeppert Mayer units) that are 

orders of magnitude higher than VSDs and genetically encoded voltage sensors,91, 92 where the use 

of near-IR excitation wavelengths is ideal for tissue-penetrating and thus beneficial for thick brain 

tissue or in vivo imaging.93 

 

Regarding biocompatibility, the outer shell of QDs not only prevents the leakage of heavy metal 

ions from core materials, but also enables versatile functionalization on the surface of QDs to 

decrease their toxicity (Figure 6d).94 The cytotoxicity of QDs is determined by a number of factors, 

including size, surface modification, dose and delivery method, which should be optimized for 

particular applications.95 While further efforts are required to improve their biocompatibility, it has 

been reported that QDs with properly modified surface showed less impact on cell viability than 

organic dyes in several instances.96 

Figure 6 (a) Tranmission electron microscopy (TEM) image of type-Ⅱ ZnSe/CdS heterostructured QDs 

synthesized on WANDA. (b) The absoprtion and emission spectra of the QDs in (a). (c) Normalized 

fluorescence intensity of QDs and DiI (a common organic dyes) within the bilayer of brain extracellular 

vesicles as a function of time under 10 min same power laser exposure. (d) Cytotoxicity of poly (ethylene 

glycol)-5000k-methoxy modified QDs (QD-PEG-OMe), poly (ethylene glycol)-5000k-hydroxyl modified 

QDs (QD-PEG-OH) and non-treated (NT) group on ex vivo cultured organotypic whole hemisphere slices. 

Reproduced from references 86, 88 and 94. 
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1.3.2 Extracellular delivery of quantum dots for voltage imaging 

 

To directly measure the membrane potential changes, QDs must be located inside the plasma 

membrane bilayer, which is the same for VSDs, as the membrane potential rapidly dissipates with 

distance (Figure 7a).31, 97 However, the thickness of plasma membrane is only ~ 4 nm, which is 

comparable with the size of QDs. Thus, even a minor displacement of QDs by a nanometer, can 

change their relative orientation to the membrane potential and easily undermine the sensitivity of 

the measurement.31 This leads to the significant challenges in the delivery, targeting, and membrane 

insertion of QDs. 

Figure 7 (a) Schematic illustration of the plasma membrane showing a simplified model of the relevant 

structures, potentials, and distances involved in membrane voltage sensing. (b) Design principles for the 

surface functionalization of NRs to facillitate their spontaneous insertion into the membrane with the correct 

orientation. (c) Peptide-coated NRs stained the plasma membrane via spontaneous insertion at high (left) 

and low (right) concentrations. Scale bars, 10 µm. (d) Top: cryo-electron microscope images of peptide-

coated NRs inserted into liposomes. Scale bars, 30 nm. Bottom: schematic illustration of possible NRs 

orientation relative to lipid bilayer, a: properly inserted, b: partially inserted, c: attached in an angle, d: 

horizontally embedded. (e) Schematic illustraion of the interaction between liposomes with living cells. 

Orange dots in the interior of the liposome represent any deliverable water-soluble molecules. (f) Bright-

field and fluorescence images of NR-loaded liposomes fused with the cell membrane. Scale bars, 10 µm. 

Reproduced from references 31, 97, 98, and 101. 
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A recent novel attempt was made on rod-shaped asymmetric type-Ⅱ QDs (CdSe/CdS), having 

length larger than the thickness of plasma membrane (Figure 7b).98 This type of QDs present the 

largest sensitivity under electrical fields that orient along their long axis. Thus, to detect membrane 

potential changes, they need to be perpendicularly inserted into the membrane bilayer. The main 

component of plasma membrane is phospholipid, which contains a hydrophilic head facing the 

aqueous environment and two hydrophobic tails of fatty acids pointing inwards.98 A unique peptide 

was rationally designed to have a hydrophilic flexible domain and a hydrophobic rigid helical 

domain that can selectively bind to the top and side of nanorods (NRs).99 This provided NRs with 

a significant difference in the lipophilicity of different facets for perpendicular insertion into the 

lipid membrane. The performance of peptide-coated NRs was tested via spontaneous insertion and 

liposome fusion-mediated insertion in a transgenic line of the rapidly growing and easily cultured 

human embryonic kidney (HEK) 293 cells.98 With stably expressed voltage-gated sodium and 

potassium ion channels, Nav 1.3 and KIR 2.1, this cell line exhibited self-spiking (~3 to 4 Hz) in 

membrane potential once they reached 80 – 95% confluency.100 This would facilitate the ultimate 

applications of voltage-sensitive QDs/NRs in neuronal cells. 

 

• Spontaneous insertion 

 

Peptide-coated NRs were added directly to the culture medium of self-spiking HEK293 cells 

and self-inserted into the plasma membrane.98 By controlling the concentration of NRs, the density 

of NRs in the plasma membrane was adjusted to either low or high, where individual or small 

aggregates of NRs were observed (Figure 7c).98 Within one hour after the staining, the loss of the 

diffraction-limited fluorescence from membrane inserted NRs indicated that they were taken up by 

the cells via endocytosis. These inserted NRs were able to track the membrane potential changes 

of HEK293 cells, but they exhibited a quite poor sensitivity (∆F/F of ~ 0.6%) that was much lower 

than a commonly used VSDs (di-8-ANEPPS, ∆F/F of ~ 10%). This was caused by the imperfect 

orientation of NRs during spontaneous insertion, where only 16% of them were oriented 

symmetrically and perpendicularly, while the others were either partially, tilted or horizontally 

inserted (Figure 7d).98 
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• Liposome fusion-mediated insertion 

 

Peptide-coated NRs were also loaded into the plasma membrane via liposome fusion process, 

based on previously reported methods.101-106 NRs were incorporated into the bilayer membrane of 

liposomes, which were then fused with the plasma membrane of HEK293 cells while transferring 

any water-soluble cargo into the cytoplasm (Figure 7e).101 When NR-loaded liposomes were added 

to HEK293 cell culture, their instantaneous fusion with cell membrane was observed under bright-

field and fluorescence microscopy (Figure 7f).98 The orientation of NRs loaded in liposomes was 

still not ideal to guarantee maximal QCSE charge separation for achieving the highest voltage 

sensitivity. The surface modification of NRs is still being improved to minimize the dynamic 

movement and orientation fluctuation of NRs within the membrane.107, 108 

 

Both methods are staining the plasma membrane via extracellular delivery of QDs or QD-loaded 

liposomes that are directly added into the cell culture medium. Similarly applied to VSDs, this 

strategy is intended for simultaneous voltage imaging of neuronal assemblies. For multisite voltage 

imaging of single neurons, the strategy of choice is to deliver QDs into individual neurons of 

interest. Like VSDs, amphiphilic QDs are expected to spread into distal processes and then insert 

into the plasma membrane bilayer, being able to monitor the electrical activity in small neuronal 

structures, such as thin axons and dendritic spines. 

 

1.4 Microelectrophoretic delivery of nanomaterials 

 

As introduced above (subsection 1.2.2), voltage imaging of multiple subcellular structures can 

only be achieved if individual neurons are stained by the intracellular delivery of VSDs in brain 

slices or in vivo.8 VSDs can be internally loaded through recording pipettes via free diffusion, 

microinjection or microelectrophoresis. This section will compare these three methods and point 

out the research gap in the intracellular delivery of nanomaterials using microelectrophoresis 

technique, which is the core work of Part Ⅰ in this thesis. 

 

1.4.1 Summary of methods for monitoring neuronal activity 
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Figure 8a summarizes the strategies for monitoring neuronal activity that have been discussed 

in the sections above. Depending on the needs of the experiment, electrophysiology employs 

multiple electrodes for the multisite recordings of a single neuron, or electrode array for the 

simultaneous recordings of neuronal assemblies. Optical voltage imaging with extracellular 

delivery of VSDs or VSM enables the visualization of large-scale activity of neuronal assemblies, 

while the intracellular delivery of VSDs enables the imaging of the rapidly changing patterns of 

signal initiation and propagation in many subcellular structures of single neurons. Figure 8b shows 

the different methods that have been used on VSDs or VSM for their intracellular and extracellular 

delivery. For simultaneous imaging of neuronal assemblies, both VSDs, nanomaterials, and 

nanomaterial-loaded liposomes are able to spontaneously insert into/fuse with the plasma 

membrane via bathing with cell cultures or brain slices. VSDs can also be loaded into brain tissues 

in vivo via extracellular microinjection. For multisite imaging of single neurons, free diffusion, 

microinjection and microelectrophoresis techniques, have been demonstrated on the delivery of 

VSDs into individual neurons, but not yet been tested on VSM. 

 

 

1.4.2 Advantages of microelectrophoresis technique 

 

Whether the injected voltage sensors can spread from the injection site (soma) into distal 

dendrites and axon, is the most critical question to consider for their successful intracellular 

delivery. This is determined by the solubility of voltage sensors as well as the delivery method. 

Early attempts in the intracellular delivery of VSDs (e.g., di-4-ANEPPS) were failed since these 

Figure 8 Summray of different methods employed by electrophysiology and optical voltage imaging for 

monitoring neruonal activity at different spatiotemporal scales. Microelectrophoresis is highlighted in red 

and is the core work of this thesis for the intracellular application of VSM used in the multisite voltage 

imaging of single neurons. 
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VSDs were too lipophilic to dissolve in aqueous solution and thus were difficult to be ejected out 

of the recording pipettes. Even if they were injected into the soma, they would not spread into the 

distal regions. With the development of water-soluble VSDs (e.g., di-8-ANEPPQ and di-12-

ANEPEQ) having higher intracellular diffusion rate, it was possible to image the membrane 

potential changes from distal regions of single neurons, such as dendritic spine.67, 109  

 

The delivery method also has an impact on the intracellular spread of voltage sensors. The time 

needed for filling the entire neuron with VSDs, including distal regions, is typically from 15 to 60 

mins via free diffusion,58, 59, 65, 66, 110, 111 roughly 30 mins via microinjection (5 - 60 psi pressure),112 

and from 1 to 20 mins via microelectrophoresis (0.25 - 0.5 nA),56, 61, 62 all depending on the length 

of neuronal processes. Both microinjection and microelectrophoresis techniques facilitate the 

diffusion of VSDs and reduce the injection duration to minimize the damage to the neurons. 

However, the major problem of microinjection is the leakage of VSDs from the pipettes into the 

extracellular medium before piercing the neurons, which may cause signal contamination. In 

addition, the relatively large volume of solvent that is ejected along with VSDs, may cause 

mechanical deformation of, and possible damage to the cells and tissues. In comparison, for 

microelectrophoresis technique, a retaining current can be used before intracellular delivery to 

control the leakage of VSDs from recording pipettes.113, 114 The fine electrophoretic propulsion 

only drives charged substances into the neurons rather than high pressure pulses, which preserves 

higher cell viability post injection. The advantages of microelectrophoresis technique will be 

discussed in detail in the introduction of Publication 1 and 2. 

 

Overall, microelectrophoresis technique shows several critical advantages for the intracellular 

delivery of VSDs and could be potentially used for VSM. 

 

1.5 Part Ⅰ aims and scope 

 

This project aims to perform intracellular delivery of nanomaterials (QDs as an example) into 

live cells using microelectrophoresis technique. In a broader perspective, the research is aimed at 
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providing an effective approach for the intracellular delivery of VSM for the multisite voltage 

imaging of single neurons in brain slices or in vivo. The study focuses on three key objectives: 

 

1. To explore the feasibility of using microelectrophoresis technique for the intracellular 

delivery of nanomaterials into live cells. 

 

2. To investigate the intracellular fate of delivered nanomaterials inside live cells. 

 

3. To investigate the impact of microelectrophoretic delivery of nanomaterials on the cell 

viability. 

 

The following chapters will describe the work on addressing these objectives. 
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2.1 Context 

 

Although microelectrophoresis has been successfully deployed for the intracellular delivery of 

VSDs, adapting this approach for the delivery of nanomaterials needs specific optimizations. 

Successful microelectrophoretic delivery requires that the substances to be ejected are highly 

charged to move along with the electrical current and are stable in intracellular solution without 

precipitation to block the micropipette tips. Intracellular solution filled in the micropipettes 

contains high concentration of potassium, sodium and chloride ions, with osmolarity and pH 

properly adjusted to mimic the ionic content of cells during intracellular or patch clamp recordings. 

In the case of VSDs, their solubility can be easily tuned via adding substituents (such as sulfonic 

acid groups), as long as their optical properties and voltage sensitivities are not affected. In addition, 

VSDs are usually less than 1 nm in size, even if they are precipitated into clusters, they are still 

much smaller compared to the micropipette tip sizes. In the case of VSM, their dispersibility is 

controlled by surface coatings to provide either electrostatic (charged groups), steric 

(macromolecules) stabilization or the combination of these two methods. The high ionic 

concentration of intracellular solution significantly lowers their repulsive energy barrier and leads 

to their irreversible aggregation. In addition, most nanomaterials are typically in the range of 5 to 

10 nm, such as the rod-shaped QDs mentioned above. The aggregation of nanomaterials will cause 

subsequent blockages in the tip of micropipettes during ejection. Therefore, the optimizations of 

nanomaterials suspensions, micropipette tip size, current magnitude and ejection duration are 

needed for the successful microelectrophoretic delivery of nanomaterials. The following research 

questions will be investigated and answered in this chapter: 

 

1. What are the challenges of performing intracellular delivery of nanomaterials with 

microelectrophoresis technique? 

 

2. What are the requirements of preparing nanomaterials suspension? 

 

3. What are the impacts of nanomaterials suspension on the intracellular recording quality? 

 

4. What are the requirements of micropipette fabrication? 
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5. Can QDs be successfully delivered into live cells with all these requirements being 

satisfied? 

 

The work in this chapter has been published as cover picture and will be presented in publication 

format. 
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Cytoplasmic delivery of quantum dots via
microelectrophoresis technique

Nanoparticles with specific properties and functions have been developed for various
biomedical research applications, such as in vivo and in vitro sensors, imaging agents
and delivery vehicles of therapeutics. The development of an effective delivery method
of nanoparticles into the intracellular environment is challenging and success in this en-
deavor would be beneficial to many biological studies. Here, the well-established micro-
electrophoresis technique was applied for the first time to deliver nanoparticles into living
cells. An optimal protocol was explored to prepare semiconductive quantum dots suspen-
sions having high monodispersity with average hydrodynamic diameter of 13.2–35.0 nm.
Micropipettes were fabricated to have inner tip diameters of approximately 200 nm that
are larger than quantum dots for ejection but less than 500 nm to minimize damage to
the cell membrane. We demonstrated the successful delivery of quantum dots via small
electrical currents (–0.2 nA) through micropipettes into the cytoplasm of living human
embryonic kidney cells (roughly 20–30 μm in length) using microelectrophoresis tech-
nique. This method is promising as a simple and general strategy for delivering a variety
of nanoparticles into the cellular environment.

Keywords:

Biosensor / Intracellular delivery / Microelectrophoresis / Nanoparticles / Quan-
tum dots DOI 10.1002/elps.202000388

1 Introduction

The intracellular delivery of exogenous materials with high
efficiency and specificity has shown great promise in deci-
phering and even modulating the complex, spatiotemporal
interplay of biomolecules within living cells [1,2]. As a pow-
erful technique widely applied in modern biology, micro-
electrophoresis uses electrical currents to eject charged sub-
stances through fine-tipped glass micropipettes into living
cells [3]. Microelectrophoresis performs intracellular delivery
in a highly controlledmanner. It can limit the problematic dif-
fusion of chemically and pharmacologically active substances
from micropipettes, by simply applying a retaining current
[3], which can reduce cell distortion and damage. In addition,
as most biological membranes in vivomaintain restingmem-
brane potential differences ranging from –30 to –180 mV [4],
microelectrophoresis can readily locate target cells deep in tis-
sue slice or living animals. Once the micropipette is pierced
into the cytosol of target cell, it canmeasure intracellular elec-
trical activity in real time [5].

Correspondence: Professor Heike Ebendorff-Heidepriem, School

of Physical Sciences, Institute for Photonics and Advanced Sens-

ing, The University of Adelaide, Adelaide, South Australia 5005,

Australia

E-mail: heike.ebendorff@adelaide.edu.au

Abbreviations: BSTMD, binocular small target motion de-
tector; DLS, dynamic light scattering; HEK, human embryonic
kidney; ID, inner diameter;OD, outer diameter;QDs, quantum
dots; TEM, transmission electron microscope

Although microelectrophoresis has been established
since circa 1900 [6], no studies have been conducted to explore
the intracellular microelectrophoretic delivery of nanoparti-
cles, despite the rapid development of utilizing nanomateri-
als in various intracellular biological research andmedical ap-
plications [2]. For example, fluorescent semiconductive quan-
tum dots (QDs) with superior optical properties and surface
groups permit real-time tracking of intracellular molecules
over time scales of milliseconds to hours, offering a capability
to monitor intracellular events that cannot be accomplished
via organic fluorophores. The main challenge confronting
microelectrophoretic delivery of nanoparticles is the possibil-
ity of nanoparticle aggregation in the tip ofmicropipettes dur-
ing ejection, which can cause tip blockage and failed delivery.
The reasons are twofold.

First, traditionally used silver/silver chloride (Ag/AgCl)
electrodes in microelectrophoresis only conduct well (trans-
form the flow of electrons from the current source to a flow
of ions in solution) in solutions that contain substantial
Cl− ions [7]. Accordingly, target cells can be located and
subsequently their intracellular electrical activity recorded
with high signal to noise ratio and wide recording bandwidth
(only for electrically excitable cells, i.e., neurons, muscle cells,
and some endocrine cells). Therefore, potassium chloride
(KCl) solution with concentration of 0.2–2 M is typically used
to dissolve charged substances to be ejected [3,5]. The con-
centration of KCl should be as high as possible for low-noise

Color online: See article online to view Figs. 1 and 4 in color.
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intracellular recording while considering the solubility of dif-
ferent substances. For nanoparticles, high KCl concentration
significantly lowers their repulsive energy barrier, that is,
zeta potential at their hydrodynamic diameters, which leads
to the irreversible aggregation of nanoparticles [8]. This can
cause blockages in the tip of micropipettes during ejection
and thus failed microelectrophoresis.

Second, to impale cells with minimal damage, a rule of
thumb is that the outer diameter (OD) near the tip of mi-
cropipettes should be less than 500 nm [3]. However, the in-
ner diameter (ID) near the tip must be large enough to al-
low the ejection of nanoparticles having comparable hydro-
dynamic diameters. Tips that are too small will impede the
ejection and subsequently cause the aggregation of nanopar-
ticles in the tips, leading to failed microelectrophoresis.

In this paper, we addressed these technical hurdles by
preparing optimal nanoparticle suspensions with a low KCl
concentration and high pH to reach a compromise between
the colloidal stability of nanoparticles for ejection and high-
fidelity intracellular recording. In addition, we fabricated mi-
cropipettes having appropriate tip sizes to allow the intracel-
lular delivery of nanoparticles into living cells with suitable
ejecting current and duration. These results suggest the fu-
ture potential of microelectrophoresis as a simple and precise
approach in the intracellular delivery of various nanoparticles
into the cellular environment.

2 Materials and methods

2.1 QDs suspension preparation and colloidal

stability measurement

CdSe/ZnS core/shell structured QDs (emission maxima
of 655 nm) with amine-derivatized PEG surface functional
group (Q21521MP; Invitrogen), hereafter referred to as
655-QDs, were used to demonstrate intracellular microelec-
trophoresis. The KCl concentration and pH was adjusted by
gradually adding 2 M KCl, 0.1 M hydrochloric acid (HCl),
or 0.1 M sodium hydroxide (NaOH) into QDs suspension in
fresh ultrapure water (concentration of QDs was consistently
10 nM). KCl, HCl, and NaOH solutions were centrifuged
at 4000 revolutions per minute (rpm) for 1 min before the
addition to remove any large-size impurities that can affect
measurement results. Zetasizer nano ZSP (Malvern Instru-
ments) was used for the studies on the colloidal stability of
655-QDs as it can measure both the hydrodynamic size of
the nanoparticles via dynamic light scattering (DLS) and the
zeta potential via laser Doppler electrophoresis in aqueous
media [9]. For the Zetasizer measurements, the Henry’s
function was set at the value of 1.50 [10]. The dispersant was
set to be water (temperature: 25.0 °C; viscosity: 0.8872 cP;
refractive index: 1.330; dielectric constant: 78.5), and its
viscosity was used as the viscosity of the sample. The refrac-
tive index and absorption of 655-QDs were set as 2.550 and
0.010 [11].

Table 1. The parameters of pulling program 1 and 2 in P-97 puller

Program 1 2

Ramp 518 518
Pressure 510 510
Cycle 1 Heat 513 513

Pull 0 0
Velocity 8 8
Time 1 1

2 Heat 508 440
Pull 100 100
Velocity 65 65
Time 100 100

2.2 Intracellular recording quality test

To determine if the low KCl concentration that is necessary
for maintaining the colloidal stability of nanoparticles can
permit high-fidelity intracellular recording, we compared the
quality of intracellular recordings acquired from dragonflies
using standard 2M KCl, 0.01 M KCl, and optimized 655-QDs
suspension. With their large head capsule and ease of dis-
section, dragonflies are an ideal model system for recording
in vivo, intracellular activity. Wild-caught dragonflies (Hemi-
cordulia tau) were immobilized with a mixture of beeswax
and gum rosin (solid form of resin) (1:1) on a plastic artic-
ulating stage (as shown later in Fig. 2A). To gain the access
to the brain surface, a small hole was dissected on the pos-
terior surface of the head capsule. A working Ag/AgCl elec-
trode (782500; A-M Systems) was connected to an intracel-
lular bridge mode amplifier (BA-03X; npi electronic), and a
counter Ag/AgCl electrode was inserted into the head capsule
surface to form a complete electrical circuit. Using a pipette
holder (PPH-1P-BNC; ALA Scientific Instruments) and a mi-
cromanipulator (MM-33; ALA Scientific Instruments), ex-
tremely fine-tipped glass micropipettes (pulled by program
1 in Table 1) were pierced into single lobula neurons. Neu-
rons were stimulated by drifting small moving visual features
across a high refresh rate (165 Hz) liquid crystal display mon-
itor placed directly in front of the dragonfly. Data were digi-
tized at 5 kHz with a 16-bit analog-to-digital converter and
analyzed off-line with MATLAB. The visual stimulus elicited
voltage changes across the cell membranes and the digitized
data indicated successful intracellular neuronal recordings in
real time.

2.3 Micropipette fabrication

P-97 Flaming/Brown type pipette puller (Sutter Instrument)
was used to fabricate micropipettes from aluminosilicate
glass capillaries (30-0108; Harvard Apparatus). The pulling
programs are listed in Table 1. Micropipettes pulled by pro-
gram 1 were used for intracellular recording on dragonflies.
Micropipettes pulled by program 2 were used for microelec-
trophoresis of QDs. To measure the tip IDs and ODs with
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high accuracy, fabricated micropipettes were coated with a
3-nm-thick platinum film and fixed in two different orienta-
tions onto scanning electron microscope stubs: either verti-
cally for tip IDs or horizontally for tip ODs measurement un-
der a FEI Quanta 450 FEG environmental scanning electron
microscope. Thus, it was not possible to measure both the ID
and the OD for the same micropipette tip.

2.4 Microelectrophoresis

Human embryonic kidney (HEK293) cells were seeded
at 80 000 cells/dish onto a low-wall 35 mm imaging dish
(80156; ibidi) and cultured (37°C in a humidified incubator
at 5% CO2) for 2 days in 1 mL DMEM supplemented with
2 mM l-glutamine and 10% fetal bovine serum. During
electrophoresis, the media was changed to 2 mL DMEM
supplemented with 25 mM HEPES (21063045; Thermo
fisher) to maintain physiological pH in atmosphere at room
temperature. HEK293 cells (60–70% confluency) were visu-
alized with 40× water immersion objective of a Nikon Ti-E
inverted microscope equipped with cage incubator (Okolab)
(the setup is shown later in Fig. 4A). A stored aliquot of
optimized QDs suspension was vortexed for 1 min and
sonicated from 4°C to 24°C without the use of external heat
for 30 min to fully disperse QDs. The QDs suspension was
carefully backfilled into micropipettes via a flexible plastic
needle (Warner instruments). The micropipette was inserted
with an Ag/AgCl working electrode from the blunt end
and was held by a micromanipulator (Sensapex) to slowly
move toward a single cell at a 50˚ angle. Another Ag/AgCl
counter electrode was carefully placed into the media. The
two electrodes were connected to the headstage of the in-
tracellular bridge mode amplifier (BX-01; npi) to form a
complete electrical circuit. A change in potential difference
around –20 to –40 mV indicated that the tip of micropipette
was successfully pierced through the cell membrane into the
cytoplasm of the cell. A small current of –0.2 nA was then
applied to eject QDs into the cell for 3 min.

3 Results

3.1 Optimization of QDs suspension

The impact of KCl concentration on the colloidal stability
of 655-QDs was investigated using particle size distribution
(DLS technique) and zeta potential measurements. DLSmea-
sures the time-dependent fluctuation of scattered light inten-
sity caused by the constant Brownianmotion of particles, and
reports their hydrodynamic diameters as the equivalent hy-
drodynamic diameters (DH) of spheres that have the same
average diffusion coefficient [12]. An established criterion for
monodispersed nanoparticles is that their hydrodynamic di-
ameters (DH) should be less than twice of their diameters
in the dry state (DT ) measured by transmission electron mi-
croscope (TEM) [13]. Figure 1A shows the image of 655-QDs

(dark dots) on the surface of a TEM grid. The average shape
of 655-QDs was modeled as a prolate ellipsoid with the ma-
jor axis (aT ) of 9.7 ± 1.6 nm and the minor axis (bT ) of 6.7 ±
0.8 nm (± 1 SD, n = 82) rather than ideal spheres. There-
fore, as per the criterion for nanoparticle monodispersity in
aqueous environment, monodispersed 655-QDs should the-
oretically have major hydrodynamic axes (aH) in the range of
8.1–22.6 nm and minor hydrodynamic axes (bH) in the range
of 5.9–15.0 nm. To examine the monodispersity of elliptical
655-QDs based on the spherical hydrodynamic diameters re-
ported by DLS technique, the following equation regarding
the diffusion properties of anisotropic particles in Brownian
motion [14] was used to translate the ellipsoidal dimensions
(aH and bH) of 655-QDs to an equivalent diameter (DH) of
spheres having the same diffusion coefficient:

DH = 2 ×
(
aH2 − bH

2)1/2
ln

(
aH+(aH2−bH

2 )1/2
bH

)

In view of the range of aH and bH dimensions, monodis-
persed 655-QDs were considered to have hydrodynamic di-
ameters DH over 13.2 nm and less than 35.0 nm.

Figure 1B compares the scattered light intensity of parti-
cles across a range of sizes in 0.01 M and 2 M KCl solutions.
The dotted lines indicate the size range of monodispersed
655-QDs from 13.2 to 35.0 nm. In 2 M KCl, QDs completely
aggregated with amean size around 1.5μmdue to the strong
electrostatic screening effect caused by the high electrolyte
concentration [8]. In 0.01 M KCl, only 59.2% of the scattered
light came from QDs aggregates or artifacts (e.g., dust).
Scattered light intensity is proportional to the sixth power
of the particle radius and therefore the intensity-based size
distribution is highly sensitive to very small numbers of
aggregates or dust [15]. Thus, the number of QDs aggregates
in 0.01M KCl was negligible compared to the total number
of particles in the sample (determined using Mie theory, as
shown in Fig. 1C) [15]. Since the intensity-based size distri-
bution is more reliable than number distribution, Fig. 1D
(red line) shows the change in the fraction of light intensity
scattered by monodispersed 655-QDs (i.e., portion of single
QDs) with increasing KCl concentration. It sharply decreased
from 40.8% in 0.01 M KCl to 7.5% in 0.1 M KCl. Note that
there are no data on ultrapure water since the thickness of
the electrical double layer of all particles is considered to be
about 1 μm [16], making nanoscale particle size distribution
measurement in solution via DLS impossible.

The negative effect of KCl on the colloidal stability of 655-
QDs revealed by DLS was also evidenced by zeta potential
measurements. 655-QDs exhibited negative surface charge
in ultrapure water, that is, 0 M KCl, leading to an average
zeta potential of –29.9 mV (as shown in Fig. 1D, blue line).
With increasing KCl concentration, the zeta potential (col-
loidal stability of 655-QDs) rapidly approached zero due to
the stronger electrostatic screening effect [8]. The zeta poten-
tial of –29.9 mV for 0 M KCl agrees with a previous report on

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 1. (A) TEM image of 655-QDs reveals an average shape of prolate ellipsoid with a major axis (aT ) of 9.7 ± 1.6 nm and a minor

axis (bT ) of 6.7 ± 0.8 nm (±1 SD with n = 82). Scale bar, 25 nm. (B) The size distribution by intensity and (C) by number of 655-QDs in

2 M KCl (pH 5.21), 0.01 M (pH 6.55) and optimized suspensions (0.01 M KCl adjusted to pH 9.78). Each data point comprises 12 repeat

measurements of three independent samples (error bars, ±1 SD with n = 3). The dot lines indicate the size range of monodispersed

655-QDs from 13.2 to 35.0 nm. (D) The zeta potential of 655-QDs and the portion of singe QDs (determined as fraction of light intensity

scattered by monodispersed 655-QDs) as a function of KCl concentration. Error bars, ±1 SD with n = 3. (E) The zeta potential of 655-QDs

in ultrapure water and 0.01 M KCl solution with different pH values. Error bars, ±1 SD with n = 3. Inserted with each step of the optimal

preparation process of 655-QDs suspension for microelectrophoresis. (F) The stability of 655-QDs zeta potential in optimized suspension.

Error bars, ±1 SD with n = 3.
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the zeta potential of gold nanoparticles that are also surface-
functionalized with amine-derivatized PEG [17].

The measurements of the zeta potential and size distri-
bution of 655-QDs in different KCl solutions (Fig. 1D) show
that a KCl concentration as low as 0.01 M is most suitable for
achieving high zeta potential (absolute value), which is essen-
tial to maintain colloidal stability. However, the zeta potential
of –7.4 mV for 655-QDs in 0.01 M KCl solution is still not
sufficiently high (absolute value) considering that particles
with zeta potential more positive than 30 mV or more neg-
ative than –30 mV are generally considered to represent suf-
ficient repulsion to maintain their colloidal stability [9]. Thus,
we investigated the effect of pH adjustment on the zeta poten-
tial of 655-QDs and evaluated its capability to further stabilize
655-QDs.

We commenced with testing impact of pH for QDs sus-
pended in ultrapure water, that is, 0 M KCl (Fig. 1E, black
line). The as-prepared QD suspension (without pH adjust-
ment) had a pH of ∼7 and a zeta potential of –16.6 mV. Note
that this zeta potential value (–16.6 mV) was different to that
of the QD suspension in ultrapure water used for the study of
the impact of KCl concentration (–29.9 mV). This difference
was attributed to the large uncertainty of zeta potential mea-
surements in ultrapure water due to low conductivity. The in-
crease of the pH by addition of alkali (NaOH) resulted in a
more negative charge for 655-QDs particles (decreased zeta
potential). Conversely, the decrease of the pH by addition of
acid (HCl) increased the zeta potential. The most stable state
of 655-QDs was achieved by adjusting the pH of QDs sus-
pension to 9.81, where the maximal zeta potential (absolute
value) of –32.5 mV was obtained.

Next, we investigated the impact of pH for QDs sus-
pended in 0.01 M KCl solution (Fig. 1E, blue line). Without
pH adjustment, the QD suspension had a zeta potential of
–5.2 mV and a pH of 6.55. For lower pH of 3.78 and 4.37,
the zeta potential increased to +7.4 and +10.9 mV, respec-
tively. For higher pH of 9.78, the zeta potential decreased to
–18.2 mV. These results show that both lower and higher
pH can enhance the absolute value of the zeta potential and
thus the colloidal stability compared to the QD suspension
without pH adjustment. Thus, pH adjustment can effectively
buffer the negative effect of 0.01 M KCl on the stability of
655-QDs.

Although a stable state of 655-QDs also exists at acid pH,
a strong acid environment (pH < 4) is not recommended by
the supplier, as the polymer coating can dissociate, exposing
and dissolving the core/shell structure. In addition, due to
the high mobility of hydrogen ions (H+), a large amount of
H+ in microelectrophoresis can result in lowering of the pH
in the vicinity of the tip of micropipettes [18]. This localized
change in pH has been proposed to excite the cell undergoing
intracellular recording and interfere with the normal physio-
logical state [19]. On the contrary, 655-QDs do not degrade in a
strong basic environment (pH > 9) as noted by the supplier.
Furthermore, in comparison to the electrophoretic mobility
of H+ (36.25 μmcm/Vs in water at 25.0°C), hydroxide ion
(OH−) has a lower electrophoretic mobility (20.50 μm cm/Vs

in water at 25.0°C), resulting in less effect on the intracellular
activity [20].

Based on the investigation of KCl concentration and pH
adjustment on the colloidal stability of QDs, we established
the following optimal protocol for the preparation ofQDs sus-
pension for microelectrophoresis. The method is to initially
dilute QDs stock solution with fresh ultrapure water to 10 nM
and then gradually add 2 M KCl to the suspension until a fi-
nal KCl concentration of 0.01 M achieved. Finally, the pH is
adjusted to 9.78 by gradually adding freshly prepared 0.1 M
NaOH to further stabilize QDs (indicated by dashed red lines
with arrow in Fig. 1E). The green curve in Fig. 1B shows the
size distribution of optimized 655-QDs suspension, where
53.9% of scattered light comes frommonodispersedQDs that
constitute 91.4% of the total number of particles in the sam-
ple as shown in Fig. 1C.

For practical microelectrophoresis applications, prepara-
tion of fresh suspensions would be too time consuming. A
stock suspension with good colloidal stability and ready for
use would be highly beneficial. Figure 1F shows the shelf life
of optimized 655-QDs suspensions (0.01 M KCl at pH 9.78).
They were aliquoted and stored at 4.0°C in dark. The zeta po-
tential values of QDs in these intact aliquots were measured
on different days, which remained the same for at least 24
days, indicative of this beneficial, long-term colloidal stabil-
ity.

3.2 The effect of KCl concentration on the quality of

intracellular recording

The highest KCl concentration suitable to maintain colloidal
stability of QDs was determined to be 0.01 M, which raised
the problemwhether such a low electrolyte concentration and
the existence of 655-QDs in optimized suspensions allow for
the recording of intracellular activity with sufficiently high fi-
delity in real time. Thus, we compared the quality of intra-
cellular recordings acquired by 2 M KCl solution (used in
standard dragonfly electrophysiology) with those of 0.01 M
KCl solution and optimized 655-QDs suspension (0.01 M
KCl at pH 9.78). The intracellular recordings were captured
from visual neurons, binocular small target motion detector
(BSTMD2), in the optic lobes of living dragonflies [21]. When
BSTMD2 is presented with a small drifting target, the cell re-
sponds by significantly increasing the frequency of action po-
tential firing.

Figure 2B shows the typical raw responses (left panel)
and an enlarged view of individual spike waveforms (right
panel) recorded by 2 M KCl, 0.01 M KCl, and optimized 655-
QDs suspension from BSTMD2 cells (n = 6) presented with
a small moving target. The average tip resistance for mi-
cropipettes filled with 2 M KCl, 0.01 M KCl, and optimized
655-QDs suspension was 120, 335, and 300 M�, respectively.
Although the recordings acquired by using low KCl concen-
tration (0.01 M KCl without QDs and optimized 655-QDs
suspension) had a greater degree of variation in quality (i.e.,
noise and signal amplitude) than the recordings acquired

© 2021 Wiley-VCH GmbH www.electrophoresis-journal.com
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Figure 2. (A) Schematic illustration of the experiment setup for intracellular recording of dragonflies. A liquid crystal display (LCD)monitor

was placed in front of the dragonfly for stimulating visual neurons by drifting small moving objects. The visual stimulus elicited voltage

changes across the cell membranes of single lobula neurons, which were recorded in real time. (B) The responses of two BSTMD2 cells

in two separate dragonflies to the presentation of a drifting object, which were recorded with micropipettes filled with 2 M KCl solution,

0.01 M KCl solution, and optimized 655-QDs suspension (0.01 M KCl at pH 9.78).

by 2 M KCl, it was possible to count spikes that were dis-
tinct from the resting potential without any issue in temporal
responsiveness. In addition, spiking responses and individ-
ual action potential waveforms remained very similar for all
cases.

As a conclusion, KCl concentration of 0.01 M and the ex-
istence of 655-QDs in suspensions can precisely locate target
cells, and then produce high-fidelity intracellular recordings.

3.3 Optimizing the tip size of micropipette for

intracellular delivery

For successful microelectrophoresis, the tip ID of the mi-
cropipette is required to be larger than the sum of hydrody-
namic diameters of nanoparticles and other dissolved ions
that pass through the tip for conductivity. The range of hy-
drodynamic diameter of monodispersed 655-QDs is 13.2–
35.0 nm. The theoretical hydrated diameters of K+, Cl−, and
Na+ ions are 0.3, 0.4, and 0.2 nm, respectively [22]. Consid-
ering the unavoidable trace amount of QDs aggregates or
artifacts (e.g., dust) existing in the optimized QDs suspen-
sion (Fig. 1B), the tip ID of the micropipette should be as
large as possible to eliminate tip blockage. However, as pro-
posed by previous studies, the tip OD should be less than
500 nm to avoid physical damage to living cells [3]. To achieve
small tip OD yet large enough tip ID, we chose aluminosili-
cate glass for the fabrication of micropipettes since a unique
characteristic of aluminosilicate micropipettes is that the ra-
tio of their ID to OD increases remarkably toward the tip [23].
Thus, they have extremely thin wall near the tip, which pro-
vides the smallest possible tip OD to avoid physical damage to
cells.

The pulling program 1 listed in Table 1 was designed to
fabricate micropipettes with tip ID of ca. 100 nm in previ-
ous studies of standard dragonfly electrophysiology [24]. To
achieve larger tip ID suitable for QDs ejection, we reduced
the heat value in the second cycle from 508 in program 1 to
440 in program 2. Figure 3 shows the SEM images of alu-
minosilicate micropipettes pulled by program 2 in front and
side views. The average tip OD of 26 fabricated micropipettes
was 202 nm with a tolerance of ±35 nm (±1 SD). The av-
erage tip ID of another 26 micropipettes was 206 nm with
a larger tolerance of ±46 nm (±1 SD). These two averages
were nearly identical, which validated the unique character-
istics of aluminosilicate micropipettes. Their extremely thin
wall near the tip made the tip OD as small as possible to min-
imize the physical damage to cell membrane while having
large enough tip ID for the ejection. The average tip ID of
approximately 200 nm was the maximum achievable size by
lowering the heat value in the second cycle. For lower heat val-
ues, the aluminosilicate capillaries did not soften sufficiently
to form micropipettes. The variance was in part caused by
the observational error due to the inconsistency of pipette an-
gle whenmanually fixingmicropipettes onto the vertical SEM
sample holder. In addition, when pulling micropipettes, cap-
illaries with slightly different IDs (0.52 ± 0.03 mm, ±1 SD,
n = 26) and ODs (0.99 ± 0.02 mm, ±1 SD, n = 26) had dif-
ferent distances to the box heating filament and different vol-
ume of air enclosed in the internal channel, which altered the
glass temperature and resulted in variations in tip ID and OD
of micropipettes [25].

In summary, the range of tip IDs of our aluminosilicate
micropipettes is suitable for the ejection of 655-QDs and the
tip ODs are less than 500 nm to avoid physical damage to cells
as proposed by previous studies [3].
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Figure 3. (A) High-resolution

SEM image of a micropipette

for microelectrophoresis

of 655-QDs with a tip ID of

211 nm (front view). The

orifice of micropipette is the

black circle near the center of

the image. Scale bar, 250 nm.

(B) High-resolution SEM im-

age of another micropipette

(pulled with program 2) with a

tip OD of 212 nm (side view).

Scale bar, 2.5 μm.

Figure 4. (A) Diagram of microelectrophoresis of 655-QDs into HEK293 cells. (B) Differential interference contrast (DIC), fluorescence,

and overlay images of a HEK293 cell with microelectrophoretic-delivered 655-QDs. The red dots in the cytoplasm are 655-QDs. Scale bar,

10 μm.

3.4 Successful cytoplasmic delivery of QDs into

living cells via microelectrophoresis

Figure 4B shows the differential interference contrast, and
fluorescent and overlay images of the typical results after
microelectrophoresis delivery of 655-QDs into HEK cells
(n = 20). QDs evenly dispersed throughout the cytoplasm
without entering the nucleus. During microelectrophoresis,
the resistance of micropipettes was frequently measured to
confirm that there was no blockage or breakage in the tips.
The resistance of several micropipettes varied from 50 to
80M� due to the variation in their tip sizes and remained the
same when removed out of the cells after delivery, which in-
dicated that there was no tip blockage or breakage happened
during microelectrophoresis.

4 Concluding remarks

We demonstrated for the first time the use of the well-
established microelectrophoresis technique for the success-
ful delivery of nanoparticles, such as QDs used here, into the
cytoplasm of living cells. This was achieved by overcoming
the following two critical challenges. First, we prepared QDs
suspensions with low KCl concentration and high pH value,
which maintained high QDs colloidal stability to prevent
aggregation and blockages in the tip of micropipettes during
ejection, while being able to record the intracellular electrical
activity of dragonfly neurons with high fidelity. Second,
we fabricated micropipettes with inner tip diameters of
approximately 200 nm, which was large enough to allow

the ejection of QDs and less than 500 nm to avoid physical
damage to HEK293 cells as proposed by previous studies
[3]. This successful microelectrophoretic ejection of QDs
lays the foundation for further studies and applications of
microelectrophoresis technique for the intracellular delivery
of various nanoparticles.
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3.1 Context 

 

The work presented in Publication Ⅰ provides an optimal protocol to prepare QDs suspension 

that meets the requirements of high surface charge, colloidal stability, and intracellular recording 

quality. QDs were successfully delivered into live HEK293 cells via small electrical current of - 

0.2 nA for 3 mins. The micropipette tip size of 200 nm was proven to be large enough for the 

ejection of QDs. These results demonstrated that microelectrophoresis is an effective method for 

the intracellular delivery of nanomaterials. The next step is to further explore the intracellular fate 

of these delivered QDs and their impact on the cell health. In addition, the applicability of 

microelectrophoresis to other types of cells has not been test yet. The following research questions 

will be answered in this chapter: 

 

1. Is microelectrophoresis technique able to control the amount of nanomaterials to be 

delivered into live cells? 

 

2. How are the delivered nanomaterials distributed and diffused within the cytoplasm? 

 

3. What are the impacts of nanomaterials amount on the short-term and long-term cell 

viability and proliferation? 

 

4. Are the delivered nanomaterials aggregated within the cytoplasm? 

 

5. Whether microelectrophoresis can be applied to deliver nanomaterials to different cell 

types? 

 

Part of the work in this chapter has been published and will be presented in publication format. 

The rest of the work will be presented in conventional format. 
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a b s t r a c t

The use of synthetic nanomaterials as contrast agents, sensors, and drug delivery vehicles in biological
research primarily requires effective approaches for intracellular delivery. Recently, the well-accepted
microelectrophoresis technique has been reported to exhibit the ability to deliver nanomaterials, quan-
tum dots (QDs) as an example, into live cells, but information about cell viability and intracellular fate of
delivered nanomaterials is yet to be provided. Here we show that cell viability following microelec-
trophoresis of QDs is strongly correlated with the amount of delivered QDs, which can be finely con-
trolled by tuning the ejection duration to maintain long-term cell survival. We reveal that
microelectrophoretic delivered QDs distribute homogeneously and present pure Brownian diffusion
inside the cytoplasm without endosomal entrapment, having great potential for the study of dynamic
intracellular events. We validate that microelectrophoresis is a powerful technique for the effective intra-
cellular delivery of QDs and potentially various functional nanomaterials in biological research.

� 2021 Elsevier B.V. All rights reserved.

1. Introduction

Engineered nanomaterials with desired physical and chemical
properties have been developed and widely used as imaging agents
and delivery vehicles to decipher and modulate complex cellular
processes.[1] Most of these applications require the effective
cytosolic delivery of nanomaterials into living cells.[1,2] The major
obstacle to intracellular delivery is the lipidic plasma membrane
acting as a highly regulated barrier to prevent direct translocation
of exogenous materials.[2-4] The delivery challenge of nanomate-
rials must be addressed before their promise in research or thera-
peutic and diagnostic applications can be fulfilled.[2] Current
intracellular delivery strategies can be categorized into two modal-
ities: (1) carrier-based techniques, which involve endocytosis and
membrane fusion pathways, and (2) membrane-disruption-based
techniques, which include plasma membrane permeabilization
and direct penetration mechanisms.[2,5] For carrier-based deliv-
ery, a key issue is that only around 1% of the nanomaterials as car-

goes can escape endosomes as endocytosis is tightly regulated.
[2,5,6] Most of these nanomaterials become entrapped within
acidic lysosomes and experience degradation or regurgitation back
to the cell surface.[2,5,7] Moreover, carrier-based delivery systems
are inherently limited by the restricted combination of feasible car-
goes, carrier materials and cell types.[2,5] In contrast, membrane-
disruption-based techniques can bypass the endosomal entrap-
ment by directly delivering nanomaterials of interest into the cell
cytosol.[2] Nanomaterials that are freely dispersed throughout
the cytoplasm have higher chances to reach target subcellular
structures and organelles to elicit intended biological responses
and medical functions.[8] Moreover, membrane-disruption-based
modalities are near-universal, being able to deliver almost any
submicron nanomaterial that can be dispersed in solution.[2,3,5]
The latest understanding of membrane repair pathways indicates
that cells are well equipped to deal with membrane disruption,
which is a common event in their life.[2]

For membrane-disruption-based techniques, a diverse array of
approaches have been developed to create transient discontinu-
ities in the plasmamembrane for the intracellular delivery of nano-
materials.[2,5] These approaches can be categorized as either
permeabilization or direct penetration mechanism.[2] Techniques
employing permeabilization mechanism, rely on mechanical,[9-

https://doi.org/10.1016/j.bioelechem.2021.108035
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14] electrical,[15-18] optical,[19-22] and biochemical means,
[12,23,24] to transiently permeabilize the membrane to nanomate-
rials present in the extracellular solution (i.e., cell culture media).
[2] Nanomaterials then diffuse throughmembrane disruptions into
the cytoplasm according to their concentration gradient.[2] Once
cells detect the breached membrane, they rapidly activate the
membrane repair processes to restore boundary integrity and then
rebalance the membrane and cytoplasmic homeostasis to bring
themselves back to full health.[2,25,26] The problem associated
with permeabilization is that serum proteins in the culture media
may adsorb nonspecifically onto the surface of nanomaterials to
form protein coronas.[27-30] This will substantially alter the char-
acteristics of these nanomaterials with an unintentional biological
identity and impact nanotoxicology studies.[27-30] By contrast,
techniques employing direct penetration mechanism can avoid
the alteration of nanomaterials physicochemical properties
occurred in permeabilization techniques.[8] They use a conduit
or vehicle to break through the membrane and then create the
direct entry for nanomaterials,[2] e.g., pressure microinjec-
tion,[15,31-34] biolistic projectiles,[35-39] and nanoneedles.[40-
42]

Among direct penetration methods, microelectrophoresis tech-
nique uses electrical currents to introduce charged substances
through fine-tipped glass micropipettes into living cells.[43] It
has long been in widespread use for the intracellular delivery of
fluorescent dyes, antibodies and plasmid DNA.[44-47] Recently,
the feasibility of adapting microelectrophoresis for the intracellu-
lar delivery of nanomaterials has been demonstrated for the first
time, where highly monodispersed QDs (prepared by an optimized
protocol) were ejected through micropipettes with appropriate tip
size into living cells.[48] Compared to pressure microinjection,
which is also a pipette-based direct penetration technique, micro-
electrophoresis takes advantage of fine electrophoretic propulsion
to drive charged nanomaterials into cells rather than high pressure
pulses,[49-51] which avoids untoward impact on cytoplasmic
pressure and provides higher cell viability post injection.[44]
Moreover, for adherent cultured cells, microinjection is purely
based on optical observation, where the height of cells and tip of
micropipettes are difficult to determine (i.e., whether the tip just
impales the adherent cell or touches the cell culture dish through
the cell).[44] Therefore, multiple injection attempts are often nec-
essary, which further decreases the cell viability and leads to fairly
low injection success rates.[44] In contrast, microelectrophoresis
offers accurate position feedback about the approach, penetration
and injection process for the user via electrophysiological mea-
surements.[52] Impalement of target cells is confirmed when the
resting membrane potential (about �30 to �180 mV) is recorded,
[53,54] which is applicable to cell culture,[44,55] tissue slice and
small animals.[43,45,47,53,56-58] Although the feasibility has
been confirmed,[48] implementation of microelectrophoresis tech-
nique for the delivery of nanomaterials is still at a nascent stage,
where the cell viability following microelectrophoresis and the
intracellular fate of delivered nanomaterials have not been
investigated.

In this study, we examine the implication of microelectrophore-
sis technique for delivered QDs inside cytoplasm and cell survival.
We present the ability of microelectrophoresis to finely control the
amount of QDs to be loaded into single cells by adjusting the ejec-
tion duration, which has substantial impact on short-term and
long-term cell health. We observe and report the diffusion proper-
ties and spatiotemporal distribution of microelectrophoretic deliv-
ered QDs inside cytoplasm. Our findings provide a deeper
understanding of the performance of microelectrophoretic-
mediated delivery of nanomaterials. We anticipate that our work
will benefit the intracellular delivery toolkit and catalyze new

delivery solutions for QDs and possibly other synthetic
nanomaterials.

2. Experimental section

2.1. Characterization and preparation of QDs suspension.

The QDs (Q21521MP; Invitrogen) used here were encapsulated
within amine-derivatized polyethylene glycol (PEG) polymer,
which is a standard strategy to provide colloidal stability. These
nonbranched PEG ligands have large exclusion volumes due to
their high conformational entropy, and high resistance to biomole-
cules adsorption via steric repulsion.[59-61] Moreover, PEG modi-
fication is considered to be the best biocompatible material to
mitigate QDs-induced adverse effects.[62-64] It forms a fence-
like structure on the QD surface, which can effectively prevent
the chemical degradation of QDs and the release of metal ions to
the intracellular environment.[62] To further prevent the aggrega-
tion tendency of QDs within the tip of micropipettes and inside live
cells following ejection, we used the optimized protocol reported
previously to prepare QDs suspensions to fill micropipettes.[48]
QDs were prepared in 0.01 M KCl solution to a concentration of
10 nM with pH adjusted to 9.78. Measurements with Zetasizer
nano ZSP (Malvern Instruments) confirmed that the QDs were fully
monodispersed with theoretically expected hydrodynamic diame-
ters of � 10–35 nm (Fig. 1a) and a stable negative zeta potential of
�18.2 mV.

2.2. Cell culture and microelectrophoresis process.

Human embryonic kidney (HEK293) cells were seeded at 80,000
cells/dish onto a low-wall 35 mm imaging dish (80156; ibidi) and
cultured (37 �C in a humidified incubator at 5% CO2) for two days in
1 mL Dulbecco’s modified Eagle’s media (DMEM) supplemented
with 2 mM L-glutamine and 10% fetal bovine serum (FBS) prior
to the electrophoretic delivery of QDs. During electrophoresis,
the medium was changed to 2 mL DMEM supplemented with
25 mM HEPES and 5% FBS (21063045; Thermo fisher) to maintain
physiological pH in atmosphere at room temperature. A glass
micropipette with tip ID of ca. 200 nm was backfilled with QDs
suspension. The micropipette was inserted with an Ag/AgCl work-
ing electrode from the blunt end and was held by a micromanipu-
lator (Sensapex) to move towards target cells at a 50� angle
(Fig. 1b). Another Ag/AgCl counter electrode was carefully placed
into the medium. The two electrodes were connected to the head-
stage of an intracellular bridge mode amplifier (BX-01; npi) to form
a complete electrical circuit. A change in potential difference
around �20 to �40 mV indicated that the tip of micropipette
was successfully pierced through the cell membrane into the cyto-
plasm of the cell. An electrical current of �0.2nA was then applied
to eject QDs into the cell.

2.3. Live cell imaging and QDs tracking.

HEK293 cells and the micropipette were visualized during the
microelectrophoresis process (Fig. 1c) using 40X water immersion
objective (1.25NA) on a Nikon Ti-E inverted microscope equipped
with cage incubator (Okolab). Delivered QDs clusters (emission
maxima of 655 nm) were imaged immediately after injection and
tracked with 100X oil immersion objective (1.45NA) using
440 nm excitation light.
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2.4. Data analysis.

The Manual Tracking plugin in ImageJ was used to analyze the
time-lapse image series of delivered QDs by tracking the locations
of QDs clusters in each frame. The localization of QDs clusters in a
frame was established by fitting the fluorescence signal of the clus-
ter using a Gaussian, and the center of the Gaussian was consid-
ered as the cluster location. By connecting the locations in all
frames, the trajectory of a QD cluster over a certain period was
identified. The xðtÞ, yðtÞ positions of QDs clusters in each frame
were determined and exported by ImageJ software. The xðtÞ, yðtÞ
information on a QD cluster was then imported into a freely avail-
able MATLAB tool @msdanalyser for the calculation of MSD using
the following equation:[65]

MSD nDtð Þ ¼ 1
N

XN

i¼1

ððxiþn � xiÞ2 þ ðyiþn � yiÞ2Þ

where N is the total number of frames, Dt is the interval
between frames, and xi and yi are the positions on the i th frame.
MSD was then plotted against time. Here we only took the first
7 s data points for the fitting of MSD plots to achieve optimum
accuracy for the diffusion coefficient.[66,67] It has been suggested
that the accuracy of a MSD curve is influenced by the limited local-
ization precision of the trajectory and noise in an experimental sit-
uation, thus the accuracy of each data point in a MSD curve varies
with respect to each other.[66,68,69] Moreover, for increasing lag
times, the accuracy of these data points decreases due to the pro-
gressively decreasing averaging of the available data.[69] There-
fore, taking too many data points into account for fitting the
MSD curve can lead to a deterioration rather than an improvement
of the result.[69] A linear dependency of MSD on time indicates
pure Brownian diffusion. MSD was fitted to 4Dt to generate the dif-
fusion coefficient D.

2.5. Cell viability test, confocal microscopy and 3D visualization.

The viability of treated cells was tested in situ by NucRed Dead
647 reagent (R37113; Thermo fisher). We added two drops of the
reagent per mL cell culture media and incubated the cells for 15
mins. The NucRed was then excited at 640 nm by live cell fluores-
cence microscopy and emitted at 670 nm, which did not interfer-
ence with QDs excitation (440 nm) and emission (655 nm). The
reagent entered the cell through compromised plasma membrane
and then bound to nuclear DNA to examine the viability. Immedi-
ately after cell viability examination, cell culture medium was
removed from the dishes and the cells were washed twice with

phosphate-buffered saline (PBS). Then 1 mL 4% paraformaldehyde
solution was added to the dishes to fix the cells at room tempera-
ture for 10 min. After that, the cells were washed with PBS for
three times to remove residual paraformaldehyde. The confocal
images of the fixed cells were collected on an inverted confocal
laser scanning microscope (FV3000; Olympus) using 405 nm exci-
tation laser and 60x oil immersion objective lens (1.40NA). Opti-
mized emission detection bandwidths were configured by
Olympus control software. All confocal z-stacks were processed
and reconstructed using IMARIS software package (Bitplane AG,
Zurich, Switzerland) for 3D visualization.

3. Results and discussion

3.1. Impact of ejection duration on QDs amount and distribution.

Under a constant current of �0.2nA, HEK cells were injected
with QDs for either 1, 2 or 3 min. The differential interference con-
trast (DIC), fluorescence, and overlaid images of typical results
clearly revealed that a longer ejection duration led to stronger
and denser fluorescence signals (Fig. 2), which indicates higher
loading of QDs into the cells. Moreover, an expanded distribution
of delivered QDs throughout the cytoplasm was achieved after a
longer ejection duration. As a control, QD filled micropipettes were
embedded into the cytoplasm for 3 mins with no current applied.
The sole QDs fluorescent spot observed near the injection point in
the control cell was caused by their passive diffusion from the ori-
fice. This phenomenon was also observed in QDs-delivered cells
(i.e., injected with QDs via microelectrophoresis). QDs were con-
centrated near the injection point from where they then migrated
into the cytoplasm under the applied electrical current.

3.2. Optimization of imaging conditions.

The cell viability after microelectrophoresis is affected by pho-
todamage that occurs during fluorescence imaging. Therefore, it
is important to consider the excitation strength that cells can sus-
tain and use them efficiently in live cell experiments to prevent
phototoxicity effects.[70] In this study, the fluorescence of the
delivered QDs (emission maxima of 655 nm) was excited using
blue light at 440 nm, which is genotoxic as it can produce reactive
oxygen species to directly damage deoxyribonucleic acid (DNA)
base and break DNA stands.[71-73] Upon excitation, QDs them-
selves act as photosensitizers and form free radicals that react with
intracellular contents as well.[74] If the cell cannot handle the
oxidative stress, these accumulating phototoxic events during irra-
diation will ultimately kill it.[70,75] As expected, after prolonged

Fig. 1. (a) Hydrodynamic diameter distribution of QDs in 0.01 M KCl solution with pH adjusted to 9.78, indicating the monodispersity of QDs. Inset shows the transmission
electron microscope (TEM) image of QDs. Scale bar, 25 nm. (b) Schematic of the microelectrophoretic delivery of QDs into HEK293 cells. (c) Differential interference contrast
(DIC) micrograph showing a cell being pierced with a micropipette filled with QDs suspension. The cell is outlined with white dotted lines for better visibility. Scale bar,
20 mm.
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exposure to 440 nm excitation for 1 min, we observed that a QDs-
delivered cell (injected for 2 mins) and its neighbours quickly died
(Figure S1). We optimized the imaging conditions by using a much
lower 440 nm light intensity along with shorter exposure time and
maximal camera gain. With optimal imaging conditions, we were
able to study the impact of QDs amount on short-term and long-
term cell viability as described in the following.

3.3. Impact of QDs amount on short-term cell viability.

The average volume of mammalian cells is approx. 3–5 picol-
iter.[76-78] The interior membrane-enclosed compartments
together occupy nearly half of this small space, further reducing
the free volume available to diffusing substances in the cyto-
plasm.[76,79] Therefore, it is important to ensure that the ejecting
current is of adequate duration so that the resulting damage to
cells is not too severe or prolonged, otherwise the cells will be
unable to repair and recover.[2,43] Here, each cell was constantly
monitored for 10 min to make sure no obvious morphology change
occurred after the injection of QDs. Within this period, all cells sus-
tained the 1 and 2 mins loading of QDs (n = 20 for each duration).
However, among other 10 cells with excessive loading of QDs (3
mins ejection duration), four cells did not survive, where visible
morphology change was observed after the injection. In a notable
example of a cell with 3 mins loading of QDs (Fig. 3a), a visible
blister-like protrusion of� 10 mm size and full of QDs was observed
on the cell surface after 4 mins following the injection (Fig. 3b). The
formation of this blister-like protrusion can be attributed to the
Gibbs-Donnan effect.[80] When the cell was loaded with large
amount of QDs, these negatively charged particles strongly

absorbed a massive amount of positive ions near the surface.[81]
The decrease of intracellular free cations induced osmolarities
imbalance, drawing extracellular cations into the cytoplasm.[81]
The cations accumulation caused a charge gradient which subse-
quently facilitated the entry of extracellular anions, ultimately
resulting in intracellular hyper osmosis and the excessive influx
of osmotically obliged water.[81-83] Then the hypoosmotic pres-
sure generated outward tension and strain in the contractile
cytoskeleton,[84,85] which led to the extensively swollen cell that
we observed. It has been proposed that the swelling can activate
specific stress signaling events and is an early manifestation of
necrotic cell death.[86]

3.4. Impact of QDs amount on long-term cell viability.

As described above, the magnitude of damage, (i.e., the amount
of delivered QDs), that each cell can sustain in short term is vari-
able, with some cells being instantly killed while others remain
almost unaffected. We further monitored the unaffected cells to
determine their long-term viability. To quantify the long-term cell
viability, we stained the QDs-delivered cells with NucRed Dead 647
reagent after 24 h incubation, which enters the damaged or dead
cell through compromised plasma membrane and then emits far-
red fluorescence at 661 nm upon binding to nuclear DNA (Fig-
ure S2). A less amount of delivered QDs, (i.e., 1 min and 2 mins
ejection duration), resulted in better cell survival, where the per-
centage of viable cells changed from 100% after 10 mins observa-
tion to 95% and 80% after 24 h incubation (n = 20 for each
duration, in 8 independent experiments, Fig. 4a). However, a
higher loading of QDs, (i.e., 3 mins ejection duration), further

Fig. 2. Representative DIC, fluorescence and overlaid images of HEK293 cells with microelectrophoretic-delivered QDs under a constant current of �0.2nA for 1, 2 and 3 mins
(n = 50 in 8 independent experiments). No current was applied to the control cell. Scale bar, 10 mm. Magnified insets (left bottom on fluorescence images) show the details of
delivered QDs in the areas outlined by white dash lines. The injection points are indicated by white arrows on overlaid images.
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Fig. 3. (a) DIC, fluorescence and overlaid images of a HEK293 cell injected with QDs under a constant current of �0.2nA for 3 mins. (b) A blister-like protrusion with a size
of � 10 mm was then formed on the cell surface 4 mins after the injection, indicated by the white arrow. Magnified insets (left bottom on fluorescence images) show the
details of delivered QDs in the protrusion outlined by white dash lines. The timestamp for the captured image is noted on the left bottom. The start time of injection is set as
00:00. Scale bar, 10 mm.

Fig. 4. (a) Cell viability following the microelectrophoresis delivery of QDs with different ejection duration after 10 mins and 24 h incubation (number of cells: 20 cells for
1 min and 2 mins, 10 cells for 3 mins ejection duration in 8 independent experiments, respectively). (b) DIC, fluorescence and overlaid images of a HEK293 cell with
microelectrophoretic-delivered QDs for 3 mins and after 24 h incubation. Scale bar, 10 mm. (c) Overlaid time-lapse images for 24 h of a live HEK293 cell delivered with QDs for
1 min. ‘‘p” marks parental cell and ‘‘d” is for the corresponding daughter cells. The proliferation event occurred after 11 h incubation. Scale bar, 10 mm.
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decreased the percentage of viable cells from 60% after 10 mins
observation to 50% after 24 h incubation (n = 10). We found that
cells sustaining the 3 mins loading of QDs in short term were able
to survive after 24 h incubation, as shown in Fig. 4b for one exam-
ple. Besides the fluorescence-based cell viability tests that assess
cell membrane integrity, another important indication of a live cell
is its capability to reproduce.[87] Therefore, we monitored these
QDs-delivered cells during 24 h incubation and observed that sev-
eral cells with 1 min loading of QDs were able to proliferate after
24 h, where the progression of mitosis was observed, and their
QDs were inherited by their daughter cells (Fig. 4c). We attribute
the retention of cell viability to the reduced loading of QDs, which
avoids undesirable perturbation to the intracellular environment.
This demonstrates the major advantage of microelectrophoresis
to achieve accurate dispensation of QDs to individual cells, thus
preserving the health of the cell to the maximum extent possible.

3.5. Size distribution of delivered QDs.

The aqueous cytoplasm is a space crowded with macro-
molecules where all intracellular activities that are not sequestered
within membrane-bounded organelles occur.[76,88,89] Once
delivered into this complex and crowded system, the high ionic
strength of the cytoplasm can induce charge screening of nanoma-
terials. Moreover, the nonspecific adsorption of biomolecules can
affect the dispersity of nanomaterials, both leading to ubiquitous
and inevitable aggregation phenomenon of all nanomaterials.[30]
The QDs used in this study were simply encapsulated with
amine-derivatized PEG polymers to provide colloidal stability
and thus they were nontargeted to any designated site of action.

They were expected to eventually aggregate in the complex intra-
cellular environment. To examine the dispersity of delivered QDs
inside live cells in real time, we used fluorescence microscopy
where the fluorescence of QDs was collected by an 100x oil immer-
sion objective (1.45NA) to achieve highest spatial resolution of
0.13 mm per pixel (i.e., the size of a diffraction-limited spot). This
highest achievable resolution was not sufficient to reveal the
details, i.e., the number of individual QDs within a spot.[90]
Although TEM provides higher resolution around 0.2 nm,[91] it is
not applicable for live cell imaging yet and thus was not employed
here.[87] We randomly selected and measured the size of 115 QDs
fluorescent spots in the cytoplasm of 10 QDs-delivered cells, where
most of themwere in the range of 0.3 to 0.7 mm (Fig. 5a). This infers
that delivered QDs remained inside the cytoplasm instead of enter-
ing the nucleus as they were much larger than the size of the
nuclear envelope pores of � 10 nm.[92]

3.6. Dynamic motion of delivered QDs.

Nanomaterials that freely diffuse throughout the cytoplasm
have higher chances to interact with target biological entities.[8]
Therefore, we tracked the intracellular movement of the QDs fluo-
rescent spots over time by taking time-lapse image series. The QDs
trajectories were identified by linking the center of the spots in
subsequent frames (1 s per frame). The trajectories of a 0.4 mm
and a 0.7 mm QDs fluorescent spot near each other in the same cell
were captured for 30 s (Fig. 5b). They both showed incessant ran-
dom walk due to Brownian motion rather than linear movements,
[93] which was reasonable since the PEG coatings here had no
functionality, (i.e., conjugation with macromolecules), other than

Fig. 5. (a) Size distribution of QDs fluorescent spots inside live HEK293 cells (10 cells, 115 spots). (b) QDs fluorescence spot trajectory comparison between 0.7 and 0.4 mm.
Scale bar 1 mm. Left panel t = 7 s; Right panel t = 21 s. (c) Mean square displacement (MSD) curves derived from the trajectory of QDs fluorescent spots having different sizes
(20 spots in 5 cells for each size range) in Brownian motion (30 points, time step Dt = 1 s). Inset shows the trajectory of larger QDs fluorescent spots having MSD lower than
1 mm2. (d) Fitting of the weighted mean of all MSD plots in the first 7 s (R2 = 95% for smaller spots, R2 = 97% for larger spots) with diffusion coefficient calculated.
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providing biocompatibility for QDs.[94] The difference was that the
0.7 mm QDs fluorescent spot was more confined spatially, presum-
ably by intracellular obstacles due to its larger size. Thus, we
hypothesize that QDs fluorescent spots with different sizes could
have varying dynamic motion. We used mean square displacement
(MSD) analysis to characterize the trajectories of more QDs fluores-
cent spots (Fig. 5c, see the Supporting Information for data analysis
details). We sorted them into two groups according to their sizes,
either above or below 0.5 mm. For each size range, we randomly
selected 20 fluorescent spots in 5 cells (frequency distribution in
Figure S3). Movies on the QDs movement are provided in the Sup-
porting Information. Except for several small spots that rapidly dif-
fused far away from their original sites after 15 s, there were no
obvious differences in the movement of most delivered QDs. The
fitting of the weighted mean of all MSD plots for two size ranges
in the first 7 s were both linear (Fig. 5d), indicating a pure Brown-
ian motion, with a mean diffusion coefficient (D) of 0.019 ± 0.004
mm2/s for smaller QDs fluorescent spots and a slightly reduced D
of 0.011 ± 0.002 mm2/s for larger QDs fluorescent spots. These
results match the range observed in other studies,[16,95,96] indi-
cating that microelectrophoresis did not alter the diffusion proper-

ties of QDs. This showcases the potential of microelectrophoretic
delivered QDs as fluorescent labels to monitor dynamic events
within the cytoplasm.

3.7. 3D distribution and spectrum of delivered QDs.

Cells with delivered QDs were immediately fixed after 24 h
incubation and the cell viability test described above. To recon-
struct the distribution of these delivered QDs in three dimensions,
z-stacks sectioning through entire fixed cells were taken by confo-
cal laser scanning microscopy (Fig. 6a,b). The y� z and x� z cross-
sectional image stacks through the yz and xz planes confirmed that
QDs were homogeneously dispersed throughout the cytoplasm
instead of on the cell surface or inside the nucleus (Fig. 6c). To val-
idate that the collected fluorescence signals were from delivered
QDs, we also acquired spectral data as a series of images at differ-
ent wavelength bands by steps (k-stacks). Each band spans a lim-
ited spectral region of 10 nm (Figure S4). We selected three
fluorescent spots and merged their intensity values to show a con-
tinuous spectral curve with peak position at 655 nm (Fig. 6d),
which matched the emission maxima specification of QDs used

Fig. 6. (a) Overlaid confocal image of the cell after fixation. (b) Reconstruction of confocal z-stack images showing the 3D distribution of delivered QDs. (c) The y-z and x-z
cross-sectional image stacks through the yz and xz planes. Cell nucleus was indicated by white dash lines and arrows. (d) The spectral curve of three QDs fluorescent spots
acquired by k-stack function.
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in this study. This is direct evidence showing that the collected flu-
orescence signals were from delivered QDs, rather than back-
ground autofluorescence arising from endogenous fluorophores.
[97]

4. Conclusions

In summary, we demonstrate that microelectrophoresis tech-
nique has the capacity to deliver QDs homogeneously into the
cytoplasm of live cells without endosomal entrapment or entering
the nucleus. By adjusting the ejection duration, we can control the
amount of QDs to be dispensed into individual cells and thus avoid
undesirable perturbation to the intracellular environment and pre-
serve their health. Delivered QDs diffuse freely inside the cyto-
plasm, thus having the potential for labeling and probing long-
term intracellular dynamic events. These results point to an oppor-
tunity for future studies with microelectrophoresis, where it is a
promising strategy for the intracellular delivery of QDs and poten-
tially other nanomaterials into a wide range of cell types.

For future studies, more accurate imaging techniques, (e.g., live
cell TEM and super resolution microscopy),[98,99] are expected to
resolve and evaluate the dispersity of single QDs and other nano-
materials after microelectrophoretic delivery, which were not
assessable here by fluorescence microscopy due to limited resolu-
tion and sensitivity.
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1. Cell viability test and cell necrosis caused by excessive irradiation. 
 

 
 
 

  

Figure S2 An example of dying cells left at room temperature for 5 hours where the nucleus was stained with 
NucRed Dead 647 reagent. Scale bar, 10 µm. 

Figure S1 During 𝑧-stack image acquisition of a QDs-delivered cell using fluorescent live cell microscopy, the 
excessive 440 nm excitation light caused cell necrosis over time. Necrosis-induced large blebs on the surface 
of treated cell and its neighbours were indicated by white arrows. Scale bar, 10 µm. 
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2. Size distribution of QDs fluorescent spots for tracking. 
 
 
 

 
  

Figure S3 Size distribution of QDs fluorescent spots for tracking inside live 
HEK293 cells (5 cells, 20 spots for each group). 
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3. Spectral imaging via λ-stack function. 
 

 
  

Figure S4 (a) The intensity and/or color of the pixel i changes as a function of fluorescence emission signal 
strength and wavelength, respectively, when monitored from one end of the λ-stack to the other. (b) By plotting 
pixel intensity versus wavelength on a linear graph, the emission spectral profile of the fluorophore spatially 
located at pixel i can readily be determined. Modified according to the online resource from Nikon instruments, 
(https://www.microscopyu.com/techniques/confocal/spectral-imaging-and-linear-unmixing). 
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4. The caption of supplementary movie. 
 

The movie shows the random motion of QDs clusters inside the cytoplasm of a treated cell. The movie 
was captured and played at 1 fps. 
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3.4 Intracellular delivery of quantum dots into SH-SY5Y cells 

 

To test the applicability of microelectrophoresis technique to other cell types, the popular SH-

SY5Y neuroblastoma cell line was used to demonstrate the intracellular delivery of QDs as well. 

SH-SY5Y cell line is widely used in Parkinson’s disease research.1 Primary mammalian neurons 

derived from embryonic central nervous system tissue have limitations in practical applications. 

Once these primary neurons are terminally differentiated into mature neurons, they are not able to 

be propagated.2 Transformed neuronal-like cell lines, such as the SH-SY5Y cells used here, can 

overcome this limitation.3 This cell line is frequently chosen because of its human origin (a 

metastatic bone tumor biopsy) and ease of maintenance.4 All the operations for QDs delivery were 

identical to that been done to HEK293 cells, except that the cell culture procedure was different as 

shown below: 

 

Cell culture conditions: SH-SY5Y cells were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 4.5 g/L glucose, 10% w/v Fetal Bovine Serum, 2 mM L-

Glutamine, 1 x non-essential amino acid solution. Plated into ibidi dishes at 60,000 cells/dish in 

Figure 9 DIC images of HEK293 and SH-SY5Y cells. Scale bar, 10 µm. Magnified insets (left bottom) 

show the morphological differences between HEK293 and SH-SY5Y cells in the areas outlined by white 

dash lines. 
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growth media. After 48 hours, 1.5 mL imaging media (1:1 maintenance media supplemented with 

25 mM HEPES and PRF DMEM supplemented with 1 x non-essential amino acid (NEAA) was 

added. Cells were returned to incubator before imaging. PRF DMEM: Dulbecco’s modified 

Eagle’s medium (DMEM), high glucose, HEPES, no phenol red. 

 

There are significant morphological differences between HEK293 and undifferentiated SH-

SY5Y cells (Figure 9). HEK293 cells are epithelial-like cells, exhibiting polygonal shape with 

regular dimensions, whereas SH-SY5Y cells are fibroblast-like cells, presenting elongated shape 

and branching projections. Considering the appearance of SH-SY5Y cells, the longest ejection 

duration of 3 mins was used to ensure the highest possible loading of QDs for filling the distal ends 

and the strongest fluorescence signals to be detected (Figure 10). Delivered QDs evenly distributed 

throughout the cytoplasm and spread into the projections. In all 10 treated cells, two of them 

survived the 24 hours incubation where QDs remained within the cytoplasm after cell fixation, 

whereas others died with obvious morphological changes. Although Cell 2 survived the 3 mins 

loading of QDs, it had a significant morphological change and shrunk into spherical shape. These 

preliminary results proved again that the retention of cell viability was largely due to the reduced 

Figure 10 DIC, fluorescence and overlaid images of two SH-SY5Y cells with microelectrophoretic-

delivered QDs under a constant current of - 0.2 nA for 3 mins (n = 10 in 3 independent experiments). Scale 

bar, 10 µm. 
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loading of QDs, which avoided the undesirable perturbation to the intracellular environment. 

Therefore, the ejection duration needs to be finely optimized for any given cell type. Nevertheless, 

it has been demonstrated here that microelectrophoresis technique can be readily applied to other 

cell types. The induction of differentiation in SH-SY5Y cells, commonly through the addition of 

retinoic acid, will be the subject of a future work, where they possess a more mature, neuron-like 

phenotype.2 The optimization of loading conditions and post-injection cell viability assays for 

differentiated SH-SY5Y cells would greatly facilitate the intracellular delivery of QDs into neurons. 
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4.1 Potential of microelectrophoretic delivered nanomaterials in voltage imaging 

 

The ability to selectively stain a single neuron via the intracellular delivery of optical voltage 

sensors is of crucial importance in studying its extremely complex functions. Microelectrophoresis 

technique has long been an effective method for introducing VSDs into single neurons. Delivered 

VSDs are able to spread into branching neuronal processes and the finest neuronal structures, such 

as dendritic spines, where the signal integration is often accomplished. These amphiphilic VSDs 

then spontaneously insert into the plasma membrane bilayer, making the multisite voltage imaging 

over the whole structure of the neuron possible. The first part of this thesis is the initial attempt to 

systematically study the feasibility of adapting microelectrophoresis technique for the intracellular 

delivery of VSM (QDs used as an example). Though nanomaterials possess superior optical and 

biocompatible properties surpassing VSDs, their relatively larger sizes and colloidal instability 

make the requirements for successful microelectrophoresis considerably more demanding than that 

of VSDs. 

 

In Chapter 2, an optimal protocol was designed to prepare the QDs suspension, by which QDs 

attained high surface charges to repel each other and monodisperse without aggregation. The low 

KCl concentration required for maintaining the colloidal stability of QDs enabled the high-quality 

intracellular recordings to locate the target cells. It is noteworthy that this protocol can preserve the 

colloidal stability of QDs for at least 24 days, which is beneficial for its practical application. This 

protocol provides a general solution to the preparation of other types of nanomaterials, where the 

pH and KCl concentration are the core considerations. Charged QDs were successfully loaded into 

live HEK293 cells by a mild electrical current (- 0.2 nA) through micropipettes with suitable tip 

sizes around 200 nm, being large enough for the ejection of QDs having ~ 30 nm hydrodynamic 

diameters and less than 500 nm, the rule of thumb to avoid mechanical damage to live cells. 

 

With all these key parameters optimized and the feasibility verified, in Chapter 3, following-up 

investigations were made on the ability of microelectrophoresis technique to control the loading 

dose of QDs, its subsequent impact on cell viability, and the intracellular fate of these delivered 

QDs. The phenomena observed here in these studies strongly support the potential applicability of 
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microelectrophoresis technique in the nanomaterials-mediated voltage imaging of single neurons, 

where certain critical requirements have been met. 

 

First, internally loaded voltage sensors should diffuse readily throughout the soma and spread 

into the thin axonal and dendritic processes. Here, facilitated by electrical current, QDs were able 

to quickly fill the cytoplasm and reach the furthest cell boundary within 3 mins, demonstrated in 

both HEK293 and SH-SY5Y cells. In addition, compared to the prolonged staining via free 

diffusion and microinjection, the short durations of electrophoretic forces (≤ 3 mins) avoid the 

excessive physical damage caused by micropipettes to treated cells. 

 

Second, intracellular voltage sensors should self-insert into the plasma membrane bilayer. Here, 

limited by the access to membrane-targeted QDs, commercially available QDs with surface 

functionalization of amine-derivatized PEG were used as prototypes for feasibility test without 

specific targeting functions. The analysis of intracellular dynamics of these non-targeted QDs 

reveals that smaller-sized QDs clusters (< 500 nm) are freely diffusing within the cytoplasm, 

presenting higher MSD than that of larger clusters, which are prone to be spatially confined by 

intracellular obstacles. Limited by the resolution of fluorescence microscopy used here, the 

trajectories of single QDs are not obtainable and thus they are presumed to be readily diffusing in 

a larger spatial extent. These results implicate that single membrane-targeted QDs, internally 

loaded via microelectrophoresis technique, would freely diffuse throughout the cytoplasm and 

exploit their amphiphilicity to spontaneously insert into the membrane bilayer, whereas the large-

sized clusters would be stationary as background signals. 

 

Third, delivered voltage sensors should retain within the neuron without appreciable leakage. 

Here, after 24 hours incubation, microelectrophoretic delivered QDs still reside within HEK293 

and SH-SY5Y cells, where no evident leakage has been observed nor photobleaching. This would 

significantly extend the experimental duration. 

 

Finally, delivered voltage sensors should not lead to toxic effect. Here, cell viability is largely 

determined by the loading dose of QDs relative to cell sizes. Proper loading of QDs can preserve 
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cell heath as well as proliferation, whereas excessive loading tends to cause dramatic cell death. 

Depending on the length of neuronal processes, microelectrophoresis technique would enable the 

fine-tuning of the loading dose of VSM, preserving the cell viability to the largest extent without 

altering normal neuronal functions. 

 

Overall, this series of work contributes key information and original findings that encourage the 

future implementation of microelectrophoresis technique in the intracellular loading of VSM, 

offering a new path for the robust optical visualization of the complex and dynamic electrical 

activities occurring in single neurons. 

 

4.2 Future directions 

 

In light of the exciting and promising results above, it is anticipated that these non-targeted QDs 

will be reliably delivered into neuronal-like cells, e.g., differentiated SH-SY5Y and self-spiking 

HEK293 cells, and further into single neurons in brain slices or brain tissues in animal models 

using microelectrophoresis technique, which should be the next priority research interests. The 

featured two-photon absorption coefficients of QDs, which is 10 to 1,000 times larger than those 

of VSDs and fluorescent proteins,1 would be an outstanding characteristic that is beneficial to 

deeper brain tissue imaging. More importantly, it has been reported that the electric field 

sensitivities of type Ⅰ QDs and quasi type Ⅱ NRs are enhanced under two-photon excitation 

compared to single-photon excitation.2 In addition, two-photon excitation at near-infrared 

wavelengths for thick tissue penetration reduces the impact of photodamage and thus enables the 

investigation of subsurface neurons over longer time periods. Meanwhile, it remains to be seen 

whether membrane-targeted QDs can be spontaneously insert into the plasma membrane bilayer 

after microelectrophoretic delivery. The cell membrane is complicated, dynamic, heterogeneous, 

and variable in composition across cell types. Although special amphiphilic peptides and pure 

lipids coating have been reported as viable strategies to facilitate the self-insertion of rod-shaped 

QDs into the membrane, there is still significant room for improvement in the orientation and 

retention of these membrane-targeted QDs for robust membrane voltage sensing. Moreover, with 

the general guideline to prepare nanomaterials suspension provided in this thesis, another research 
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focus would be to expand the deliverable nanomaterials list, such as NDs and other potential nano 

voltage sensors in the future. 

 

To minimize the photodamage to live cells, the investigation on the intracellular fate of delivered 

QDs was performed here using fluorescence microscopy with the highest spatial resolution of 0.13 

µm per pixel, which was not sufficient to reveal individual QDs having hydrodynamic diameters 

between 10 to 35 nm. The accurate description of the dispersity of delivered nanomaterials inside 

the cytoplasm is expected to be achievable with the use of super resolution microscopy or live cell 

TEM in the future. Meanwhile, for now, aggregation is a ubiquitous and inevitable phenomenon 

among all nanomaterials in biological studies, which could turn them into nonfunctional states. The 

exposure to high concentration of ions decreases the screening length of charged chemical groups 

on the nanomaterials surface and reduces their electrostatic repulsive force. The nonspecific 

adsorption of biomolecules, predominantly proteins, can also affect the dispersity of nanomaterials. 

In this work, QDs are purely encapsulated with amine-derivatized PEG polymers to provide 

colloidal stability and are nontargeted to any designated site of action. Thus, they will eventually 

aggregate in the complex intracellular environment. The result of size distribution analysis of 

delivered QDs is as expected, where they are aggregated into clusters within the range of 0.3 to 0.7 

µm. Thus, the optimization of nanomaterials themselves, including surface functionalization, shape, 

size and chemical composition, is the key in improving their dispersity in biological applications. 

 

Future progress in nanotechnology is predicted to catalyze creative ideas and breakthroughs for 

the revolution in neuroscience. If all the considerations discussed above are properly addressed, 

VSM could present far better performance than current sensors to advance our understanding of 

the brain. Applying nanomaterials for in vivo brain imaging and disease diagnosis in human will 

remain extremely challenging and continue to be a long-term goal. In the near future, 

nanomaterials-mediated voltage imaging would be able to monitor neuronal activities in relevant 

animal models and uncover the mysteries of the brain that are impossible to be answered previously. 
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5.1 Physical origin of nanomaterials’ voltage sensitivity 

 

5.1.1 Quantum dots 

 

When direct-gap semiconductors absorb a photon, an electron is excited from the valence band 

into the conduction band. In this process, an electron-hole pair (i.e., exciton) is created in the bulk 

materials. It is a hydrogenic-like bound state that forms due to the Coulombic attraction between 

Figure 11 (a) Comparison between the band diagram for direct gap bulk semiconductors (left) and the 

quantization of the bulk bands, which induces the discrete optical transitions in finite size semiconductor 

nanocrystals (right). (b) Distinguishable emission colors of CdSe/ZnS QDs having different sizes excited 

with a near-UV lamp. (c) and (d) The absorption and PL spectra measured at 10 K in PbS QDs with 

diameters varying from 4.3 to 8.4 nm. Colours are the same in (c) and (d). Reproduced from references 2, 

3, and 4. 
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the electron and hole.1 As semiconductors shrink into the nanoscale, especially comparable to or 

smaller than the natural length of the exciton (i.e., Bohr’s radius of the bulk materials), where 

charge carriers (electrons and holes) are confined in all three dimensions (QDs), the quantum size 

effect occurs with unique electronic properties emerging. In contrast to the continuous energy 

values in bulk materials, in QDs, the valence and conduction bands are discrete and quantized into 

a ladder of energy levels for the hole and electron (Figure 11a).2 Therefore, the absorption spectra 

of bulk semiconductors is continuous above the band gap, whereas the spectra of QDs has a series 

of discrete electronic transitions between these quantized levels (Figure 11b).3 In addition, the band 

gap of QDs is dependent on the degree of spatial confinement and thus their emission spectra are 

size-tunable (Figure 11c, d).4 

 

When an electric field is applied to QDs, energy levels within the valence and conduction bands 

shift towards higher and lower values, and this phenomenon is referred to as the quantum-confined 

Stark effect (QCSE, Figure 12).5, 6 It effectively reduces the band gap of QDs and leads to a redshift 

in the emission spectra, with the shift magnitude proportional to the square of the electric field.1 It 

also causes the polarization of charge carriers, i.e., the electron and hole in the exciton, that opposes 

the external electric field, leading to the reduction in the overlap integral between the wavefunction 

of the electron (𝛹𝑒) and hole (𝛹ℎ). This increases the radiative lifetime (𝜏𝑟) of QDs that is inversely 

Figure 12 The strong electric-field shift of the electron and hole wavefunctions in opposite directions within 

the QDs. This results in a red shift of the QD PL referred to as the quantum-confined Stark effect (QCSE). 

Reproduced from reference 5. 
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proportional to the overlap between the electron and hole wavefunctions, 𝜏𝑟 ∝ |〈𝛹𝑒|𝛹ℎ〉|
−2, and 

hence raises the fraction of excitation events that produce nonradiative decay, giving rise to the 

reduction in quantum yield and consequently a dimming of fluorescence intensity and broadening 

of PL spectra. 

 

Besides the decrease in radiative decay rate, the increase in ionization probability of QDs upon 

the application of electric field also contributes to their PL quenching. In the absence of electric 

field, QDs ionization is the reason for the recurring intermittency in their emission,7-10 which is 

known as blinking (Figure 13a).11, 12 One of the photoexcited carriers (electron or hole) could be 

either thermally ejected from the core to the QD surface, or via Auger ionization and direct quantum 

mechanical tunnelling, with the remaining carrier residing in the core.13, 14 Upon photoexcitation, 

the annihilation energy generated from the recombination of another exciton is transferred to this 

remaining carrier, leading to non-radiative Auger recombination. The time of non-radiative Auger 

recombination is on the order of 10 - 100 ps, which is much shorter than the radiative decay time 

Figure 13 (a) Time trace of a single ~ 2.9 nm radius CdSe QD showing blinking over a sequence of three 

expanded timescales. Optical excitation of the neutral QD leads to PL with a radiative decay time on the 

order of 10 ns. Excitation of the charged QD leads to fast non-radiative Auger recombination with a decay 

time on the order of 10 - 100 ps. The circles with different colors correspond to the processes that lead to 

and the phenomena that control the fluorescence trajectory. (b) The number of ionized QDs in an ensemble 

increases with electric field because it decreases the confining barriers for both electrons and holes, 

increasing the probability of QD ionization, resulting in a corresponding decrease in PL intensity. 

Reproduced from references 11, 12, and 15. 
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of 10 - 100 ns and thus the PL of ionized QDs is completely or partly quenched. After some period 

of time, the ejected carrier returns to the core and restores the neutrality and radiative decay of QDs. 

The external electric field increases the probability for the ejection of charge carriers to the QDs 

surface, which lies in the reduction in the Coulomb interaction between the electrons and holes, 

resulting in a corresponding decrease in PL intensity (Figure 13b and c).15 

 

The voltage sensitivity of QDs, i.e., the magnitude of QCSE and ionization probability, is 

determined by their composition, size, band structure and shape. The composition determines the 

effective mass of the charge carriers. The larger effective mass leads to the lower energy, making 

the carriers more susceptible to external perturbations, i.e., the higher polarizability and thus greater 

sensitivity to electric field. The size of QDs determines the maximum distance between the charge 

carriers, where longer distance reduces the Coulomb interaction and thus increases the magnitude 

of QCSE. 

 

For core/shell QDs, the band structure of the shell with respect to that of the core determines 

how the charge carriers are confined, and thus affects the strength of Coulomb interaction between 

them, i.e., the polarizability (Figure 14a).16 In type Ⅰ QDs, the shell has wider band gap than the 

core and thus the charge carriers remain confined to the core.17 In quasi type Ⅱ QDs, the shell has 

a slightly larger band gap than the core, with only a small offset between the conduction or valence 

bands.18 Therefore, one charge carrier delocalizes over the entire structure while the other remains 

confined to the core.19 In type Ⅱ QDs, though the core and shell have a similar band gap, the shell 

has either higher or lower energy than that of the core. Therefore, one charge carrier relocates 

towards the shell, while the other remains confined to the core. The band structure of type Ⅱ QDs 

allows for the largest separation between the charge carriers and hence the highest sensitivity to 

voltage changes. 

 

Practically, the wavelength shift of type Ⅰ and quasi type Ⅱ QDs is quite similar under electric 

fields. However, the band structure of QDs also plays an important role in the suppression of non-

radiative Auger recombination during the blinking phenomenon. It has been reported that type Ⅰ 
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shows a moderate emission intensity quenching of 22%, whereas quasi type Ⅱ QDs drastically 

quenched 63% under a 500 kV/cm electric field.20 

 

Although composition, size, and band structure of QDs all contribute to the voltage sensitivity, 

their impacts are weak compared to that of the QDs shape.21 Both theoretical and experimental 

studies show that type Ⅱ nanorods (NRs) having a spherical core inside an elongated shell, and 

other asymmetric semiconductor nanocrystals, are generally more sensitive to electric fields than 

spherical QDs, due to enhanced separation between the charge carriers (Figure 14b).16, 22 In 

addition, as the exciton is a permanent electric dipole, the wavelength shift of asymmetric type Ⅱ 

NRs is approximately in linear relationship with the voltage changes, whereas the wavelength shift 

of spherical QDs has a quadratic dependence on the voltage changes.22 Most importantly, the 

relative orientation between NRs and electric field determines whether the emission peak shifts to 

shorter or longer wavelengths.22 Therefore, asymmetric NRs are sensitive to the direction of the 

electric field. This distinguished feature makes them ideal for sensing membrane potential changes, 

as they can report the inversion of membrane potential, i.e., from - 70 mV to 30 mV, whereas 

symmetrical particles can only sense the difference between the absolute values of 40 mV. 

 

Figure 14 (a) Top: types of core/shell semiconductor nanostructures depending on the confinement of the 

charge carriers. Middle: Distribution of the charge carriers in semiconductor nanostructures when no 

electric field is applied. Bottom: distribution of the charge carriers within semiconductor nanostructures 

under an external electric field. (b) Voltage response of different types of QDs. The shape of the particles 

is schematically depicted in the legend. Reproduced from references 16 and 22. 
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All the PL responses of QDs, spectral shift, changes in the emission intensity and excited state 

lifetime, are electro-optic effects and occur on picosecond time scales, providing high fidelity to 

track membrane potential changes having millisecond time scales.20 In addition, the large spectral 

shift of NRs makes the ratiometric measurements at multiple emission wavelengths possible to 

avoid the noisy intensity change measurements, which provides higher sensitivity to detect minute 

changes in electrical signals.  

 

The above thorough understanding of the physical origin of QDs voltage sensitivity stems from 

the dramatic improvements in the synthesis of high-quality QDs, which provide intricate control 

over the material, size, shape, shell thickness, doping, heterostructure, and band alignment.18, 21, 23 

This makes the precise engineering of the charge carriers possible to significantly improve their 

voltage sensitivity.22 In the future, QDs or NRs having sizable responses in fluorescence intensity, 

lifetime, and emission peak wavelength to electric fields, are promising candidates for monitoring 

neuronal activity.24 

 

5.1.2 Nanodiamonds 

 

In diamond, impurities refer to one or a few foreign atoms or vacancies that naturally occur in 

the lattice.25 They produce additional electronic states within the wide band gap of diamond,26 

forming fluorescent color centers that absorb and emit light in the visible spectrum.27, 28 These color 

centers are protected within the diamond lattice and thus their optical properties are 

unprecedentedly stable.29, 30 Among the hundreds of different color centers that have been reported, 

nitrogen vacancy (NV) center that consists of a nitrogen atom, which replaces a carbon atom next 

to an adjacent empty site in the diamond lattice (Figure 15a),31 is the most well studied and has 

received increasing attention over the past few decades in diverse fields, such as quantum 

information processing.32, 33 

 

Currently, there are two major routes for nitrogen-containing nanodiamonds (NDs) synthesis, 

the “bottom-up” method, detonation, and the “top-down” method, high-pressure high-temperature 

(HPHT).25, 34-36 Detonation nanodiamond (DND) is produced by the detonation of a mixture of 
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carbon-containing and oxygen-deficient explosives, such as trinitrotoluene (TNT) and hexogen 

(RDX), in a nonoxidizing medium inside closed chambers.27, 34, 35 Along with the dropping pressure 

and temperature, supersaturated carbon vapor from the explosives condenses into liquid droplets 

and crystallizes to form NDs. DNDs have high nitrogen content up to 2 - 3 wt%, but these nitrogen 

atoms are primarily in aggregated states, which renders DNDs optically inactive.37 In contrast, 

HPHT NDs are obtained by crushing micron sized diamonds that grow from carbon sources, such 

as graphite or diamond powder, together with metal catalysts under high pressure and temperature 

in a hydraulic press.36 HPHT NDs have nitrogen impurities at the level of 100-200 ppm and are 

primarily in substitutional states.37 Vacancies can be created by causing radiation damage to the 

diamond with high-energy particles, including electrons, protons, and He+.37 Subsequent annealing 

treatment at high temperature (> 700 °C) leads to the diffusion of the vacancies towards 

substitutional nitrogen atoms and forms NV color centers.38-40 Besides the different content and 

state of nitrogen impurities, DNDs and HPHT NDs have distinct size and morphology. DNDs are 

3 - 5 nm in size and typically spherical in shape. Although the micron sized diamonds (40 - 200 

µm) grown via HPHT synthesis are almost perfect polyhedral shapes, the crushing process results 

in smaller sized particles (available from 10 nm to 100 µm), exhibiting highly irregular shapes, 

distributed sizes, and sharp facets (Figure 15b).39 Unlike the well-controlled synthesis of QDs, this 

is the major limitation of using fluorescent HPHT NDs in biological applications, which requires 

further efforts.39, 41, 42 

 

The NV centers can be converted among three different charge states,43 the neutral NV0 state, 

with a zero-phonon line (ZPL) at 575 nm, the negatively charged NV- state, with a ZPL at 637 nm, 

Figure 15 (a) Structure of a NV center comprising a substitutional nitrogen atom and a neighboring vacancy 

in the diamond lattice. (b) SEM images of 25 fluorescent HPHT NDs. The size of each square is 500 nm × 

500 nm. (c) Fluorescence spectrum of NV0 (blue curve) and NV- state (red curve). Reproduced from 

references 31, 32 and 39. 
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and the positively charged nonfluorescent state NV+ (Figure 15c).32 The charge state of NV centers 

depends on the relative position of the Fermi level (EF) to the charge transition level (ENV
0/− and 

ENV
+/0), which determines whether the center takes up or loses an electron. For instance, the NV0/- 

charge transition level marks the transition from the neutral to the negatively charged state. When 

the Fermi level is above the NV0/- level, an electron is taken up by the center and vice versa. 

 

It has been reported that the surface termination of diamonds strongly affects the charge state of 

NV centers near the surface.44, 45 The C-H bonds of the hydrogen-terminated diamond surface 

induce an effective surface dipole moment and thus present a negative electron affinity (χ).46 When 

the diamond is in contact with air, a layer of atmospheric adsorbates will form at its surface (Figure 

16a).47 These adsorbates keep accepting electrons from the valence band and the NV centers in the 

band gap until the Fermi level of the diamond equilibrates with the surface adsorbate state (μ) 

(Figure 16b).47 The equilibration induces the bending of the conduction and valence bands together 

with the NV charge state transition levels, ENV
0/− and ENV

+/0. This leads to the formation of a two-

dimensional hole gas (2-DHG) in the potential well at the diamond surface, making the hydrogen-

terminated diamond conductive. Close to the surface, these transition levels can move above the 

Figure 16 (a) Energy band structure schematic of H-terminated diamond. The bands are shifted upward by 

the hydrogen termination. Electrons can transfer into the adsorbed layer. (b) A two-dimensional hole gas 

(2-DHG) is induced at the surface when the equilibrium is established. Close to the surface, the strong band 

bending modifies the charge states. (c) Energy-band schematic of O-terminated diamond. The conduction 

band lies below the vacuum level and the NV− level lies below the Fermi level. (d) Energy band structure 

schematic showing the band bending near hydrogen (solid) and hydroxyl (dashed) terminated diamond 

surfaces in atmospheric conditions. Close to the surface, these transition levels can move above the Fermi 

level (light red and blue lines) and result in a change in the NV charge state depending on their distance to 

the surface. Reproduced from references 32 and 47. 
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EF and results in a change in the NV charge state depending on their distance to the surface.48 NV 

centers that are deep below the surface can be in the negative charge state as the ENV
0/− is below 

the EF. Near the surface, the ENV
0/− level moves above EF, converting the near-surface NV- states 

to NV0. The large band bending at hydrogenated surfaces can further convert NV centers closest 

to the surface from the NV0 state to the NV+ state (Figure 16d).32 In contrast, band bending does 

not occur for strongly oxidized diamond surfaces as they exhibit a large positive electron affinity 

and near-surface NV centers remain in the negative charge state (Figure 16c).47 However, some 

oxygen surface termination groups, such as hydroxyl, can present either positive or negative 

electron affinities depending on the type of surface reconstruction and crystallographic orientation 

of the diamond surface, which can also induce upward band bending in the diamond and affect the 

NV charge state (Figure 16d).32 

 

Recent studies show that externally applied electric field across the NDs can induce strong band 

bending and vary the relative position between the Fermi level and the NV charge state transition 

levels, causing the switch of the NV charge states and hence fluorescence changes.49 The voltage 

modulation of the charge state and fluorescence of NV centers strongly depends on the surface 

termination of NDs. Two types of NDs were investigated, hydrogenated NDs (mean size of 12 nm) 

with primarily hydrogen surface termination groups, and hydroxylated NDs (mean size of 18 nm) 

with primarily hydroxyl surface termination groups. 

 

For hydrogenated NDs, as introduced above, the NV0 state predominantly attributes to their PL 

with negligible contribution from NV- due to the near-surface band bending. The surface of 

hydrogen terminated NDs is conductive due to the formation of 2-DHG. When the conductive ND 

surface is in direct electrical contact with the working electrode (indium tin oxide, ITO), an increase 

in the applied voltage (𝛹𝑎𝑝𝑝) across the NDs induces a decrease in NV0 emission, whereas the PL 

of NV- remains unchanged (Figure 17a).32 However, when the conductive ND surface is not in 

direct electrical contact with the ITO electrode but is deposited on an alumina spacer layer, almost 

no PL change can be observed. These results indicate that charge transfer between the ITO working 

electrode and the conductive hydrogenated NDs’ surface is the dominant mechanism by which the 

applied voltage induces band bending, which shifts the NV charge state from NV0 to the 

nonfluorescent NV+ state (Figure 17b).32 Although the applied voltage could also induce band 
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bending for hydrogenated NDs on the alumina spacer layer, it is screened by the conductive surface 

surrounding the NDs. 

 

For hydroxylated NDs, the built-in voltage difference between the ITO working electrode and 

the electrolyte surrounding NDs results in the ENV
0/− level being slightly below EF so that the PL 

of NV centers are primarily contributed from the neutral charge state (75%) with 25% from the 

NV-.32 When the non-conductive ND surface is in direct electrical contact with the ITO working 

electrode, a decrease in the applied voltage from 0 to – 0.75 V leads to an increase in the total PL 

of 24% while the contribution from NV- increases to 45% (Figure 17c).32 When the non-conductive 

ND surface is on the alumina spacer layer, the PL modulation persists. These results suggest that 

the band bending induced by the potential difference across the NDs is the dominant mechanism. 

The decrease in the applied voltage induces the further band bending of the ENV
0/− below the EF, 

resulting in an increased probability of the NV centers to be in the negative charge state (Figure 

17b).32 

 

 

Overall, these findings suggest that there are two different mechanisms by which the applied 

voltage can modulate the charge state of the NV centers, the surface charge transfer occurring in 

the hydrogenated NDs, and the band bending occurring in the hydroxylated NDs. Due to the strong 

Figure 17 (a) Top: cycle-averaged mean PL response of an isolated single NV center in a hydrogenated ND 

to applied potential difference. Bottom: PL spectrum of the same NV center obtained by applying a 250 

mV amplitude square-wave voltage with a DC bias of 125 and 375 mV, respectively. (b) Numerical 

simulation result of the energy band diagram of the the cross-section of the ITO/ND/electrolyte system for 

the three applied potential differences. (c) Top: cycle-averaged mean PL response of an isolated single NV 

in a hydroxylated ND center to applied potential difference. Bottom: PL spectrum of the same NV center 

obtained at 0 V and at −0.75 V, respectively. Reproduced from reference 32. 
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band bending caused by hydrogen, the average energy different between ENV
0/− and EF in 

hydrogenated NDs is smaller than the average energy difference between ENV
+/0 and EF in 

hydroxylated NDs. Therefore, a larger voltage difference is required to perturb the NV charge state 

in hydroxylated NDs compared with hydrogenated NDs.32 Furthermore, it has been reported that 

the voltage sensitivity of a single hydroxylated ND can be down to 100 mV, and the voltage 

sensitivity of multiple hydrogenated NDs can be down to 20 mV.32 These results suggest that the 

NV centers of NDs could enable the detection of membrane potential changes, along with their 

superior biocompatibility and exceptional photostability.30 

 

The charge state of NV centers also depends on their distance to the surface, the crystallographic 

orientations on individual surfaces, and the heterogeneity of functional groups. These give rise to 

the complex energy structure of any single ND and the inhomogeneity between different NDs. 

Various responses to the same applied potential difference have been observed within a population 

of NDs having the same surface termination. Therefore, it is difficult to predict the response of a 

single ND to external electric field. There is still large room for improvement in the synthesis of 

high-quality engineered NDs with well-controlled shape, NV centers and surface properties.36 

 

5.2 Characterizing the response of nanomaterials upon external voltage 

modulation 

 

The above introduction on the physical origin, especially the experimental results, of the voltage 

sensitivity of QDs, NRs and NDs, relies on capacitive devices that apply electric field across these 

nanomaterials and enable the quantification of their PL responses at single particle level with high 

throughput. This section describes several devices featuring different designs that have been used 

to test the voltage sensitivity of nanomaterials and discusses their strengths and weaknesses. 

 

5.2.1 Quantum dots 

 

• Horizontally patterned device 
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Park and coworkers designed a horizontal electrode array that consists of two forked electrodes 

interlocking on a glass plate and presenting an interdigitated pattern (Figure 18a).22 QDs and NRs 

having different composition, size, shape and band structure, were dissolved in toluene and drop-

casted onto the device. Applying a voltage difference between the two electrodes created an electric 

Figure 18 (a) Left: photolithographically patterned interdigitated electrodes. The gap between finger 

electrodes is 2 µm. Right: QDs image (single frame) taken with the slit. (b) Schematics of the setup used to 

perform single nanoparticle QCSE spectroscopy. (c) Left: average of 200 frames of the image in (a) after 

background correction. Right: automated spectral peak detection, where green dots represent spectral peak 

positions of the two particles. (d) Averaged voltage-on frames (red) and voltage-off frames (blue) after 

filtering for frames in the blinking-on state with corresponding seventh order polynomial fits. (e) Series of 

200 successive spectra obtained from QDs at room temperature. Integrated intensity trajectory (over λ for 

each frame) of the date shown in the upper. The dashed red line is a guide to the eye emphasizing the 

blinking-on and blinking-off intensity states. Reproduced from reference 22. 
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field across the nanomaterials that located between them (Figure 18b).22 A Glan-Thompson prism 

was used to select the NRs that were aligned along the direction of the applied electric field, giving 

rise to the maximum separation between the charge carriers (Figure 18c).22 Their emission spectra 

were then dispersed by a dove prism and detected by an electron multiply charge coupled device 

camera to resolve the changes of peak position and fluorescent intensity, i.e., the magnitude of 

QCSE (Figure 18d).22 The measurements were conducted at room temperature to mimic the 

conditions of membrane potential changes occurring in living cells. However, at room temperature, 

the charge carriers get readily ionized via thermal ejection from the core to the QD surface, 

resulting in fluorescent intermittency with typical blinking-on and blinking-off noise-like intensity 

values. Therefore, only frames during blinking-on periods were retained for further analysis using 

a threshold filter (Figure 18e).22 

 

Although this horizontally patterned device is able to characterize the fluorescent responses of 

individual QDs and NRs at high throughput, it presents several issues. First, the electric field is not 

homogeneous in the area between the two electrodes, which raises the concerns about the reliability 

of obtained results.16 Second, there is a dielectric mismatch between the semiconductor 

nanocrystals (a static dielectric constant 𝜀𝑟 close to 10) and air (𝜀𝑟 = 1), and thus most of the applied 

electric field drops near the electrodes instead of across the particle.16, 50, 51 Third, nanomaterials 

are exposed to the air and thus tend to rapidly photobleach due to oxidation. Finally, the device 

suffers significantly from catastrophic arc discharge or meltdown events. 

 

• Vertically patterned device 

 

Rowland and coworkers developed a vertically stacked device within a Sawyer-Tower circuit 

to characterize the fluorescent responses of different types of QDs to electric fields (Figure 19a).20 

QDs were coated with hydrophobic ligands and embedded within a poly (methyl methacrylate) 

(PMMA) thin layer, which mimics their insertion into the plasma membrane bilayer. This reduces 

the voltage dropping issue arising from the dielectric mismatch between the air and nanocrystals. 

The PMMA layer was sandwiched between two dielectric layers of SiO2 to avoid the potential 

direct contact and charge transfer between the nanocrystals and the ITO and Ti/Au electrodes. This 
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vertically stacked device was able to apply a homogeneous electric field across the QDs within 

PMMA layer. In addition, the use of the Sawyer-Tower circuit enables the application of electric 

fields with known magnitude to the QDs, making reliable modulation and measurements (Figure 

19b).20 It has been revealed that the PL responses of QD is able to resolve a time-dependent voltage 

profile that emulates that of an action potential (Figure 19c).20 It has also been demonstrated that 

the applied electric field not only changes the overlap integral between charge carries via QCSE, 

but also increases the ionization probability of the QDs ensembles, resulting in enhanced 

modulation of their PL intensity. 

 

This vertically stacked device has subsequently been adopted by Kuo and coworkers for the 

high throughput screening of different types of QDs and NRs (Figure 20a).52 They investigated the 

spectral and emission intensity changes of hundreds of nanocrystals under voltage modulation in 

one field-of-view using a spectrally-resolved microscope and an automated program for analysis 

(Figure 20b and c).52, 53 It has been demonstrated that the 12 nm long type Ⅱ NRs exhibit much 

larger voltage sensitivities, both ∆F/F and ∆λ, compared to the other QDs and NRs studied in their 

work, including spherical QDs and 40 nm long quasi type Ⅰ NRs (Figure 20d and e).52 

Figure 19 (a) Schematic of the vertically stacked device in a Sawyer-Tower circuit used for measuring QD 

PL response to an applied electric field. (b) Steady state PL spectra of type Ⅰ and quasi type Ⅱ QDs. The 

increase in electric field decreases the PL intensity and results in a red shift in the maximum emission 

wavelength, both properties that are consistent with the QCSE. (c) Time-resolved traces of the PL intensity 

of the QDs (red trace) om response to application of a pulsed electric field with time dependence that 

mimics the neuronal action potential (black trace). Reproduced from reference 20. 
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5.2.2 Nanodiamonds 

 

• Electrochemical cell 

 

Karaveli and coworkers designed an electrochemical cell consisting of an ITO-coated coverslip 

epoxied with a cylindrical polypropylene tube, which contains 100 µM potassium chloride solution 

with phosphate buffer (10 mM Na2PO4 and 1.8 mM KH2PO4, pH = 7.7).32, 48 A potentiostat was 

Figure 20 (a) A schematics and a photo of the vertically stacked device. (b) Schematics of the wide-field 

spectrally resolved microscope. In a QCSE measurement, the prism is inserted to disperse individual point 

spread functions into spectrally resolved lines. (c) Wide-field image (left) and prism-dispersed image (right) 

of spin-coated FluoSphere (625/645) (d) Histograms of ∆λ (left) and ∆F/F extracted from bursts from five 

types of QDs. (e) 2D histograms of ∆F/F and ∆λ constructed from individual modulation cycles from 125 

type Ⅱ ZnSe/CdS NRs each contributing ~ 450 modulation cycles on average, including blinking “off” 

states. The distribution of ∆F/F and ∆λ are shown on the top and right panel. Reproduced from reference 

52. 
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used to apply a potential difference between the ITO working electrode and the Ag/AgCl reference 

electrode immersed in the electrolyte, while a second platinum electrode dipped in the electrolyte 

solution acts as a reference (Figure 21a).32 This applied potential drops across the electric-double 

layer formed at the ITO/electrolyte interface, where NDs with different surface termination are 

located. The device is positioned on an inverted microscope for wide-field or scanning confocal 

imaging. This method allows the characterization of PL responses of NDs under conditions more 

closely related to the physiological environments experienced by voltage sensors in living cells. 

Using this device, it has been demonstrated that the charge state of NV centers in NDs can be 

controlled by external electric field, and their fluorescence response is sensitive enough to detect 

100 mV potential variations (Figure 21b).32 These results show that NDs could be used as direct 

optical reporters of membrane potential changes. 

 

This device also has several issues. First, this device uses the ion gradient to induce a voltage 

drop across the electric-double layer at the ITO/electrolyte interface. The electric field experienced 

by NDs is not homogeneous, which raises the concern about the reliability of obtained results. 

Second, shorter voltage pulses that are comparable to the time scale of action potential is not 

achievable due to the large RC time constant (5 - 30 ms) of the large surface area of the 

electrochemical cell.32 Third, the hydrogenated NDs are hydrophobic and thus they aggregate on 

the hydrophilic ITO surface, making the investigation of single hydrogenated NDs difficult.32 

 

Figure 21 (a) Schematic of the electrochemical cell used to apply voltages while monitoring the ND 

fluorescence. (b) Left: typical wide-field fluorescence image of hydrogenated NDs on the ITO. Middle: 

fluorescence time traces of the different clusters of NDs indicated in the left uder repetitive triangular 

voltage sweep Middle: average fluorescence (solid lines) and its SD (shaded region) for the eight voltage 

cycles. Right: distribution of the maximum PL change normalized to the SD of PL for each measured 

fluorescent spot. PL modulation is categorized into eight types of voltage responses. Reproduced from 

reference 32. 
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5.3 Part Ⅱ aims and scope 

 

The second part of this thesis aims to investigate the manipulation of NV charge states inside 

NDs under external electric field using the vertically stacked device, in order to solve the issues 

encountered by the electrochemical cell. In a broader perspective, the research is aimed at providing 

a high throughput platform for the screening of NDs with optimal voltage sensitivity. The optical 

setup, including wide-field spectrally-resolved microscope, and the synchronization between the 

voltage source and the high-speed camera acquisition system, are so far still under preparation at 

the time of writing. Therefore, the study focuses on the fabrication of the vertically stacked device 

with two key objectives: 

 

1. To specify the technical details of fabricating the vertically stacked device for NDs. 

 

2. To achieve monodispersed NDs within the thin polymer layer. 

 

3. To examine the quality of the vertically stacked device, including the surface roughness, 

thickness, and capacitance. 

 

The following chapters will describe the work on addressing these objectives. 
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This chapter describes the technical details for each step during the fabrication of the vertically 

stacked device. 

 

6.1 SiO2 deposition 

 

An ITO-coated coverslip (#1.5, 18 mm × 18 mm, 30 – 60 ohms per square resistivity, from SPI 

Supplies) was used as the starting substrate. The transparent ITO layer allows for the continuous 

excitation and the collection of the NV centers fluorescence. A 3 mm wide area on one side of the 

ITO layer was protected by Kapton tape throughout the whole fabrication process as electrical 

contact point. Then, a 500 nm thick layer of SiO2 was deposited using e-beam evaporation (4 kW, 

2.3e-3 mbar) at a rate of 8.5 nm/min. Argon plasma cleaning of the ITO surface was performed 

before depositing SiO2. The resistance of the SiO2 layer was confirmed to be infinite using a 

multimeter and the thickness of SiO2 layer was checked by profilometer. 

 

6.2 Nanodiamonds suspension preparation 

 

HPHT nanodiamonds (120 nm nominal size, from Nabond, China) were irradiated with 2 MeV 

electrons to a fluence of 1 × 1018 cm-2, annealed in vacuum (800 °C, 2h), oxidized in air (520 °C, 

4h). These NDs are estimated to contain ~ 1 ppm of NV centers based on the measurements on 

bulk diamond samples, which were irradiated and annealed under identical conditions.1 

  

These NDs were used as an example for the device fabrication. To avoid the aggregation of NDs 

in the poly (vinylpyrrolidone) (PVP, 40k from Sigma-Aldrich) solution over time, the NDs 

suspension and PVP solution were prepared separately and mixed just before the deposition of PVP 

layer. First, PVP (10 wt%) was dissolved in a mixture of 500 µL methanol and H2O (1:1). Then, 

NDs (10 mg/mL) were suspended in 100 µL H2O. Finally, the mixture of methanol and H2O with 

a volume of 400 µL (1:1) was prepared. 

 

6.3 PVP layer deposition 
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A SPIN 150 wafer spinner was used to deposit the PVP layer containing NDs. To make sure 

that the NDs disperse as single particles within the PVP layer, the suspension of 10 mg/mL NDs 

in H2O was bath-sonicated for 10 min. Then, all separated solutions were mixed to result in a PVP 

concentration of 50 mg/mL and a NDs concentration of 1 mg/mL. The final suspension was also 

vortexed and bath-sonicated for 10 mins before the spin coating (2000 or 3000 rpm for 120 s, with 

the acceleration rate of 500 rpm/s). The final suspension (25 µL – 35 µL) was dropped from the 

top of the spinner onto the substate when the speed was stable. After the PVP deposition, another 

500 nm thick layer of SiO2 was deposited using e-beam evaporation. 

 

6.4 Shadow mask and electrode deposition 

 

A 30 mm × 30 mm plastic shadow mask was 3D printed with six circle holes (3 mm diameter) 

in the middle, where the distance between each hole was 2 mm (Figure 22a). The shadow mask 

was placed onto the substrate near the center area to avoid the edge bead caused by the spin coating 

of PVP layer, i.e., the flattest area, and thus its location is different from sample to sample. A layer 

of chromium (5 nm thick for better adhesion) and then platinum (100 nm) were deposited onto the 

substrate through the shadow mask via vacuum sputtering (Figure 22b). Gold electrode was also 

Figure 22 (a) 3D-printed plastic shadow mask for the deposition of Pt/Cr electrode. (b) The positioning of 

shadow masks and the substrates in the chamber of vaccum sputtering for electrode deposition. 
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tested but they were not stable and easily peeled off by copper tape. One side of the shadow mask 

facing the substrate was finely polished to ensure close contact. The Pt and ITO electrodes on two 

sides of the device provided electrical contact points for the application of an electric field to be 

experienced by the insulated NDs. 
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This chapter provides the characterization results of the vertically stacked device using TEM, 

laser scanning confocal microscope, atomic force microscope (AFM), and SEM techniques. 

 

7.1 Nanodiamonds shape and spectra 

 

Under TEM, significant variations in the shape and size of HPHT NDs were observed as 

expected (Figure 23a). The facets of these NDs were irregular with sharp edges. The spectra of 

several NDs particles within the PVP layer was collected and resolved via laser scanning confocal 

microscope (FV3000, Olympus), showing the featured ZPL of NV0 at 575 nm and NV- at 637 nm. 

 

 

7.2 Dispersity of NDs within PVP layer 

 

The dispersity of NDs within the PVP thin layer was examined under laser scanning confocal 

microscopy (Figure 24). Facilitated by the sonication, NDs were able to disperse as single particles 

and homogeneously distributed throughout the PVP layer. In contrast, without sonication, NDs 

were aggregated into large clusters. Their aggregation would affect the interpretation of the voltage 

sensitivity test results, where the charge transfer and unexpected interaction between NDs could 

Figure 23 (a) TEM image of fluorescent NDs with nominal diameter of 120 nm. Scale bar, 0.2 µm. Inset 

shows an individual ND having irregular shape and sharp edges. (b) The fluorescence spectra of several 

NDs particles measured by scanning confocal microscopy, showing evident zero phonon lines at 575 and 

637 nm. 
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occur. The overlap of fluorescent signals between NDs would prevent the accurate detection of the 

charge state conversion. Our findings suggest that sonication can effectively distribute NDs evenly 

within the PVP solution, making the investigation of voltage-dependent charge state manipulation 

of single NDs possible. 

 

7.3 PVP layer thickness and surface roughness 

 

The thickness of a spin coated film is proportional to the inverse of the spin speed squared. Two 

spin speeds of 2000 rpm and 3000 rpm were tested for the spin coating of PVP thin layer on the 

coverslips (Figure 25a). The PVP deposited coverslips were cut by ceramic knife and the thickness 

of the PVP layer was measured from the cross section using SEM (Figure 25b). The PVP thickness 

sits within the range of 350 to 400 nm using 2000 rpm and the spin speed of 3000 rpm results in 

the PVP thickness close to 200 nm (Figure 25c). To fully embed the NDs with nominal diameter 

of 120 nm within the PVP layer, the spin speed of 2000 rpm was chosen for the PVP deposition. 

Figure 24 Representative fluorescence and DIC images of NDs within the PVP layer obtained by laser 

scanning confocal microscope. Left two columns show the monodispersed NDs within the PVP layer, 

where the NDs in H2O suspension and the final mixture solution were sonicated for 10 mins before spin 

coating. Right two columns show the aggregated NDs within the PVP layer, where the NDs in H2O 

suspension and the final mixture solution were not sonicated before spin coating. Scale bar, 10 µm. 
Magnified insets (left bottom on fluorescence images) show the dispersity details of NDs in the areas 

outlined by white dash lines. 
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The surface roughness of PVP layer was in high quality with an average Sa of 0.25 nm, which was 

examined using AFM. 

 

7.4 Sandwich device layer thickness 

 

The schematic structures of the vertically stacked device from the side and top views are shown 

in Figure 26a and b. The final assembled device was fragile and was fixed onto and supported by 

Figure 25 (a) Schematic of NDs embeded within the PVP layer. (b) SEM images of the cross-section of 

PVP layers showing the thickness. (c) Spin speed dependent PVP layer thickness. For each sample, the 

thickness was measured at two different position in two distinct areas. (d) Surface roughness of spin-coated 

PVP layer. The size of field-of-view is 20 × 20 µm. 
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a glass slide. The integrity of different layers in the final assembled device was examined by SEM 

imaging of the cross section (Figure 26d and e), which demonstrated correct layer assignments and 

expected thickness of each layer. The capacitance between each Pt electrode and the ITO layer was 

measured to be 1 nF and should be tested before the voltage sensitivity test to ensure the 

functionality of the device.  

 

The design of six separated Pt electrical contact points rather than deposit the Pt electrode over 

the entire device is to avoid the leakage of electrical current and the burning of the device during 

the high-voltage measurement. Depositing six Pt electrodes increases the imaging area. In addition, 

occasional glitches in the conductivity through the device would occur during the fabrication. This 

multi-electrode design ensured that the measurements could be repeated multiple times in the same 

device. When all six Pt electrodes are functioning properly, they are redundant. However, if one or 

Figure 26 (a) Schematic structure of the vertically stacked device from side view. (b) Schematic structure 

of the vertically stacked device from top view. (c) A photo of the vertically stacked device. (d) SEM images 

of the cross-section of the device. Scale bar, 100 µm. (e) Zoom-in view of the cross-section of the device 

showing the thickness of different layers. Scale bar, 1 µm. 
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a few of the Pt electrodes fails, the others are spare to save the time for the fabrication of new 

batches. The electrical contact to voltage source can be easily achieved by several methods, such 

as silver paste, carbon tape, copper tape, and metal spring contact. 

 

Overall, these characterization results of the vertically stacked device demonstrate its utility for 

the investigation of the charge state conversion of NV centers in single ND particles. 
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CHAPTER 8 CONCLUSIONS 

 

It is of utmost importance to understand the voltage sensing mechanisms of nanomaterials so 

that they can be reliably deployed for the optical imaging of membrane potential changes. The 

fabrication of the vertically stacked device is the core and the first step for investigating the charge 

state conversion of NV centers under external electric field. This structure eliminates the charge 

state manipulation of NV centers as a result of charging or the introduction of exogenous electrons, 

where any fluorescent change observed is directly attributable to the applied electric field. Here, 

the use of sonication effectively distributes the NDs homogeneously as single particles throughout 

the PVP layer, which is beneficial for the study of the voltage sensitivity of single NDs and can be 

employed to other types of nanomaterials. Currently, there is growing interest in developing other 

semiconductor nanocrystals and other color centers (e.g., SiC and SiV) in diamond that present 

potential voltage sensitivity.1 For example, the SiC center has shown a stronger response to electric 

fields than those of NV center.2 The SiV center has been found in NDs as small as 1.6 nm in 

diameter, and they are likely to present charge state conversion and fluorescent changes under 

voltage modulations.3 In addition, most of the commercially available QDs have type Ⅰ band 

structure, e.g., CdSe/ZnS (core/shell), which is designed to achieve optimal quantum yield and 

photostability for long-term fluorescent bioimaging, as has been demonstrated for intracellular 

delivery in Part Ⅰ. Type Ⅱ QDs and NRs that possess higher voltage sensitivity require de novo 

synthesis, which will be the focus of future work. With the optical set up and synchronization 

system to be established shortly, a high throughput screening platform will be available for the 

thorough study of the voltage sensitivity of various nanomaterials. 

 

Besides the voltage sensing mechanism, there are the critical issues that need to be solved before 

the implementation of NDs for in vivo real-time membrane potential sensing. A tight control over 

the shape, size, and crystallographic orientation of HPHT NDs continuous to be an area of focus. 

Unlike the narrow size distribution of QDs, the large variations in the morphology of HPHT NDs 

highly impede their microelectrophoretic-mediated intracellular delivery, where tip blockage might 

occur. In addition, the effective delivery and proper surface functionalization for their stable 

insertion into the plasma membrane bilayer have not been explored. However, initial successes, 
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such as the intracellular delivery of QDs via microelectrophoresis technique demonstrated in the 

first part of this thesis, and the recently reported peptide-like coating of NRs for their membrane 

insertion,4, 5 have shown exciting promise on this front. 
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