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Abstract 
 

Cellular communication is based on the process of exocytosis, regulated release of chemical 

messengers into the extracellular space. These messengers, neurotransmitters, are packed into 

vesicles that during exocytosis fuse with the plasma membrane and release their content. Much 

work has been done to understand the mechanism of exocytosis, whether it is full or transitory 

transmitter release or a combination of these modes of exocytosis. However, its full comprehension 

is still under debate. One of the important pieces of the exocytosis puzzle and relevant evidence for 

the fractional exocytosis, is probing the entire neurotransmitter content of secretory vesicles. 

Despite the challenge to achieve this, owing to small vesicle size and often less than an attomole 

of detectable material, advances in bioanalytical techniques have allowed measurements at higher 

spatial resolution and with decreasing amounts of analytes. In this thesis, I have employed 

electrochemical techniques and imaging mass spectrometry as analytical tools to study the content 

of large dense core vesicles of neuroendocrine cells and liposome systems as secretory vesicle 

models.  

In the first part of the thesis work, Papers I and II, I applied a new amperometric technique 

called vesicle electrochemical cytometry to measure the catecholamine content in native vesicles 

and liposomes. In Paper I, this technique was employed to quantify the content of catecholamines 

present in single mammalian vesicles isolated from cells of the bovine adrenal gland. Paper II 

represents the continuation of work done in Paper I, where the same experimental setup was 

employed with focus on investigation of the mechanism of vesicle rupture onto the electrode by 

applying a bottom up approach and probing the transmitter loaded liposomes. The second part of 

this thesis, Papers III, IV and V, describe the application of imaging mass spectrometry to reveal 

the chemical composition of vesicles and liposomes. In Paper III, time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) was employed to study the chemistry of micrometer size liposome 

models containing histamine and liposomes containing an aqueous two-phase system, both to 

mimic secretory vesicles. Paper IV demonstrates the potential of ToF-SIMS to evaluate the 

preservation capabilities of chemical fixation, a common approach for sample preparation in 

subcellular imaging as well as a screening tool for optimization of high-resolution NanoSIMS 

imaging. In Paper V, NanoSIMS, and electrochemical techniques were used in combination, to 

study the neurochemistry of large dense core vesicles from PC12 cells. The major goals were to 

investigate the impact of pharmaceuticals like L-3,4-dihydroxyphenylalanine and reserpine on 

metabolic pathways of neurotransmitter dopamine and to quantify dopamine content in PC12 

vesicles, one vesicle at a time and in subvesicular regions. 
 

 

Keywords: Exocytosis, neuroendocrine cells, large dense core vesicles, liposomes, neurotransmitters, 

electrochemistry, vesicle electrochemical cytometry, amperometry, ToF-SIMS, NanoSIMS. 
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1  CELLULAR COMMUNICATION  

 
Like people and complex multicellular organisms, individual cells have a need to sense the 

environment and respond to the surrounding stimuli. Thus, a typical living cell in order to function 

harmoniously with the Universe, must be able to sniff, sense, detect and avoid the elements and 

components present in the neighboring environment. Simply, it must have the ability to 

communicate with other cells. In basic terms, cell signaling is comprised of two parties, the 

signaling cell that initiates the message and the target cell that receives the signaling message and 

converts it to the intracellular signal that directs the cell behavior. Often the signal that is passing 

between the cells, even though it represents the same information, has to change form in order to 

propagate across the long distances and reach the receiving cell. Therefore, it has to be transduced.  

The broadcasting of the signal can be categorized as four different types. Hence, the signal 

can be transmitted from the endocrine cells through the bloodstream via hormone molecules. The 

less ‘public’ way is paracrine signaling, such as regulation of inflammation, via local mediators 

that diffuse across the extracellular space and remain nearby the excreting cell. There is also an 

‘intimate’ communication, a short range signaling between the cells that do not have a need to 

secrete the messenger molecules, but communicate through the contact between their plasma 

membranes. Lastly, neurons are characterized by a neuronal signaling that is comprised of 

electrical and chemical signal broadcasting. The electric signal is transmitted over long distances 

very quickly via an action potential, but through the neuronal cell itself via the cell axon. When the 

electric stimulus reaches the axonal terminal, in order to be able to be received by the neighboring 

neuron, it must pass over a <100 nm gap, called the synapse. However, as the electric signal cannot 

cross over the non-conductive moiety present in the synapse, it is transduced into a chemical 

message, and the molecule that carries the signal is called the neurotransmitter. Hence, an each 

electric impulse initiates the axon terminal of the presynaptic cell (signaling cell) to secret a quanta 

of chemical messengers that is expelled into the synaptic gap and received by the neighboring 

neuron, called the postsynaptic cell (receiving cell). The essential and rather complicated process 

by which the transmitters are released, and consisting of several phases, is called exocytosis.1,2 
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1.1. Exocytosis 

 

In endocrine cells and neurons, chemical signaling relies on neurotransmitters release. This 

is mediated by the exocytosis of nanometer size organelles called secretory vesicles. In neurons, 

synaptic transmission is triggered at the presynaptic nerve terminal with an action potential that 

induces the opening of voltage-gated calcium channels.3 The influx of Ca2+ ions into the cytoplasm 

stimulates vesicle exocytosis at the presynaptic active zone and the vesicle trafficking cycle 

begins.1,4,5 

Vesicle trafficking is composed of several steps (Fig. 1). Vesicles are loaded with 

neurotransmitters by active transport via the vesicular neurotransmitter transporter (VNT). They 

cluster together in a reserve pool inside the cell and near the presynaptic terminal. In the following 

steps, the vesicles dock to the plasma membrane and in an ATP-dependent manner, a priming phase 

occurs that makes the vesicles ready to respond to the formation of a Ca2+-triggered fusion pore 

initiating release. Docking, priming and fusion of the vesicles with the plasma membrane generally 

recruit three SNARE proteins, synaptobrevin, a vesicle membrane protein, and two plasma 

membrane proteins, syntaxin-1 and SNAP-25. Even though there is a general agreement that the 

SNARE proteins are involved in the fusion event, their detailed activity is still under debate. It was 

proposed that the SNARE proteins form a complex that pulls the synaptic vesicle and plasma 

membrane close to each other into an intermediate state before fusion. After the cytoplasmic influx 

of calcium through the voltage-gated channels, the SNAREs draw the vesicle closer to the plasma 

membrane and this close contact induces formation of the fusion pore. The fusion pore is an 

opening that allows neurotransmitters to escape into the synaptic cleft and thereafter the vesicles 

can close again or undergo endocytosis and recycle for the next trafficking cycle. When vesicles 

are fully opened and then undergo endocytosis the recycling phase involves re-acidification of the 

vesicle interior and active neurotransmitter refilling via VNTs.1,6,7 Most of the chemical 

messengers are cleared out from the synapse after exocytotic release. The reuptake of the 

transmitters across the plasma membrane is done by a plasma membrane neurotransmitter 

transporter (PNT). This reuptake is dependent on the cotransport of Na+ and Cl- ions and the 

vesicular neurotransmitter storage relies heavily on this reuptake.8,9   

The destiny of the secretory vesicles after the fusion event has been much debated. If the 

vesicles completely collapse into the plasma membrane and release total content, the fusion event 

called all-or-none would avoid the recycling process of the valuable vesicle lipid and protein 
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components, necessary for the vesicle availability and thus sustained chemical signaling.10 

Therefore, much work has been done to observe the transient fusion of secretory vesicles and 

several mechanisms of vesicle retrieval have been suggested.11-16  

 
 

Figure 1. Schematic representation of the vesicle cycle involving exocytosis. Synaptic vesicles filled 

with neurotransmitter (symbolized as green spheres) dock to the plasma membrane and undergo ATP-

dependent priming phase. This is followed with the fusion that is triggered by the influx of the Ca2+ ions. 

The vesicles are recycled via the endocytosis phase. Extracellular neurotransmitters are transported back 

into the cell via plasma membrane neurotransmitter transporter (PNT) and vesicular neurotransmitter 

transporter (VNT) is responsible to load the chemical messengers back into the vesicle.  

 

The proposed modes of partial release include flickering fusion,12 kiss-and-run 

exocytosis,17,18 and extended kiss-and-run exocytosis.19 After full release, vesicles are recaptured 

via endocytosis by clathrin-coated pits and from there, refill directly or via the endosomes. 

However, vesicles in kiss-and-run and extended kiss-and-run exocytosis, after the transmitter 

expulsion, undock and recycle locally by re-acidification and reuptake of the neurotransmitter 

before returning to the reserve pool and participating in the next exocytosis cycle (Fig. 1).6  
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1.2. Secretory vesicles 

 

Chemical signaling relies heavily on the constitutive exocytosis and transient events of the 

neurotransmitter expulsion from secretory vesicles.  In neurons two types of secretory vesicles are 

present, small synaptic vesicles (SSVs) that store and secrete classical neurotransmitters such as 

acetylcholine, glutamate, GABA and large dense core vesicles (LDCVs) which are responsible for 

storage and exocytotic release of monoamines, neuropeptides, and neurohormones.5,20 

Neuroendocrine cells also possess two types of transmitter 

vesicles, synaptic-like microvesicles (SLMVs) that are the 

counterparts of SSVs and LDCVs, often called secretory 

granules (Fig. 2).21 The inner morphology, exocytosis 

kinetics and cytoplasmic distribution differ between small 

and dense core vesicles. The SSVs are clear particles with 

a diameter of about 50 nm, whereas LDCVs show inner 

morphology with a lumenal protein granule visible in 

electron microscopy images and have a diameter between 

100-300 nm.22 Since much work in this thesis has been 

done focusing on LDCVs, their principal characteristics 

will be covered in this section.  

The biogenesis pathway of LDCVs begins with 

direct budding of immature secretory granules from the 

trans-Golgi network (TGN). Their development into 

mature LDCVs happens by fusing with other immature 

granules followed by removal of excess membrane, 

joining the two structures.23 Since the protein core in 

LDCVs can be only synthesized in the TGN, it seems that 

secretory granules end their life during fusion with the 

plasma membrane in the exocytosis process. However, 

some evidence supports the idea of granule recycling back 

in the TGN rather than being newly synthesized.24  

In accordance with the name of the secretory LDCVs, their primary attribute is the inner two-

compartment morphology. It manifests as the electron dense protein core and the electron lucent 

Figure 2. Types of secretory vesicles 

present in neurons and neuroendocrine 

cells. SSV – Small synaptic vesicle (in 

neurons); SLMV- Synaptic-like 

microvesicle (in neuroendocrine cells); 

LDCV – Large dense core vesicles (in both 

cell types). Neurotransmitters are 

symbolized as green spheres. 
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surrounding solution, called the halo that are observed in transmission electron microscopy images 

of cells in rat pheochromocytoma of adrenal medulla, (PC12) cells.25  

Eighty percent of the total LDCV protein is found within the inner vesicular space and the 

main part of this protein content has been assigned to chromogranins (Cgs), a set of the three acidic 

proteins, chromogranin A, B and lesser extent chromogranin C with molecular masses of 48 k, 76 

k and 67 k Da, respectively.26,27 Chromogranin A (CgA) was the first discovered granule protein 

in 1969 by Helle et al. while observing the co-secretion of the water-soluble, granule-specific 

protein (CgA) and catecholamines by perfusing the adrenal gland.28 Cgs proteins have several 

functions, such as a role in biogenesis of LDCVs, in a sorting mechanism that occurs in vesicles, a 

source of bioactive peptides and thus have a role of pro-hormones.29,30 Yet, the main function of 

Cgs proteins is assigned to the storage of neurotransmitters such as catecholamines.31 Besides 

neurotransmitters, Cgs have the capability to entrap solutes like Ca2+ and H+, ATP, ascorbate, 

biopeptides, all forming the condensed matrix in the acidic vesicle environment. The extremely 

low vesicle membrane conductance to H+ allows proton pump to maintain the secretory granule 

interior at a pH between 5.5-5.7.27 This pH value is convenient for Cgs stability. Since the 

isoelectric point of Cg proteins is around 4.4-5.432 and the presence of high content of aspartic and 

glutamic acid residues in chromogranins, Cgs are negatively charged in secretory vesicles.33 

Catecholamines are positively charged as the pKa of the amino group is around 8.5-10. This leads 

to electrostatic attraction between Cgs and catecholamines and it was estimated that LDCVs can 

concentrate catecholamines in the concentration range from 0.5-1 M. Due to the high 

concentrations of different components in the vesicle, the estimated osmolarity of the interior is 

approximately 1,500 mOsm. However, in order to maintain vesicle equilibrium with the external 

environment, functional aggregation of the solutes with dense core proteins is necessary.34  

The vesicular H+-pump ATPase (V-ATPase) is responsible to maintain the pH gradient 

across the vesicle membrane. This is achieved by hydrolysis of ATP by the H+-pump that is coupled 

to the movement of H+ into the vesicular lumen and thus the proton electrochemical gradient is 

created. The acidification of the vesicle lumen is not only important to the Cgs functionality and 

storage of ionic solutes, but is also important for the active transport of neurotransmitters into the 

LDCVs. This is achieved via the vesicular neurotransmitter transporter and in the case of 

monoamines, it is the vesicular monoamine transporter (VMAT) that uses a pH gradient to drive 

the uptake of one cytosolic monoamine molecule in exchange for two lumenal protons. Two 

distinct vesicular monoamine transporters have been identified, VMAT1 and VMAT2.35 Endocrine 
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cells such as chromaffin cells in the adrenal medulla and other non-neuronal cells express VMAT1, 

whereas VMAT2 is present in the neurons of the central nervous system (CNS).  VMAT1 and 

VMAT2 are responsible for the uptake of biogenic amines such as serotonin, dopamine, 

norephinephrine and epinephrine into vesicles; however, VMAT2 will also transport 

histamine.8,36,37 VMAT2 has around a two-three fold higher affinity for most of the monoamines in 

comparison to VMAT1.38 Therefore, VMAT2 is more prevalent for neurotransmitter transport 

during rapid vesicle recycling in the CNS, whereas VMAT1 activity is important during the slow 

recycling of endocrine LDCVs.39 Since catecholamines such as dopamine produce in their 

oxidation reactions highly reactive quinones and free radicals, VMATs have a protective role in 

removal of the toxic endogenous transmitters as well.8,40  

 

1.3. Chromaffin cells as models to study secretory vesicles 

 

Studying dynamic processes at the single cell level has a great importance in understanding 

the complex biological systems. One of the commonly employed cell types for studies in 

neurochemistry and biology are the chromaffin cells. These are isolated from the central part of the 

adrenal gland, called the medulla. Cultured chromaffin cells have been used for 40 years, since the 

1970s and have proved to be a good model system to study biosynthesis and storage of 

neurotransmitters as well as the mechanism of their release.41,42 They have been shown to be a 

promising model for neuroendocrine cells and noradrenergic neurons since the structure and 

function of the secretory system is similar to that in neurons. In addition to secretion studies, the 

isolation of chromaffin LDCVs from the medulla has provided a system to understand the structure 

and composition of neuroendocrine secretory granules. There are two types of chromaffin cells, 

adrenergic (Fig. 3a) secreting dominantly epinephrine (adrenaline) and noradrenergic (Fig. 3b) 

releasing mostly norepinephrine (noradrenaline).43 In the rat and human, adrenal medulla, 

chromaffin cells are interspersed with approximately 75% of the adrenergic cells containing 

enzyme phenylethanolamine-N-methyl transferase (PNMT), thereby being enable to synthesize 

epinephrine.44 Both chromaffin cell types are capable of incorporating exogenous amines such as 

serotonin, dopamine, and norepinephrine as well as catecholamine precursors like L-3,4-

dihydroxyphenylalanine (L-DOPA). They secrete the vesicle content during stimulated exocytosis 

with acetylcholine, Ba2+, K+ as well as other stimuli.  
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In addition to primary cultures of adrenal chromaffin cells, the PC12 cell line (Fig. 3c) 

derived from a pheochromocytoma (tumor) of the rat adrenal medulla has been broadly studied as 

a neuronal cell model. Established in 1976 by Green and Tischler,45 the PC12 cell line contains all 

the enzymes needed for synthesis, storage and release of catecholamines, mostly dopamine and 

some norepinephrine from LDCVs and acetylcholine contained in SLMVs.46  

 

 

Figure 3. TEM images of chemically fixed chromaffin cells. (a) Adrenergic chromaffin cell; (b) 

Noradrenergic chromaffin cell; (c) Rat pheochromocytoma cell line (PC12). The secretory granules in 

chromaffin cells are distributed throughout the cytosol (a,b); however, in PC12 cells they are somewhat 

sporadic, mostly docked to the plasma membrane (c). Scale bar: 2 µm. 

 

PC12 cells under normal conditions have morphological features, biochemistry, and 

physiology similar to chromaffin cells. They can differentiate in the presence of the nerve growth 

factor and the processes that form similar features to sympathetic neurons.45 They undergo 

exocytotic release following depolarization of the cell membrane with a high concentration of K+ 

or by activation of nicotinic or muscarinic acetylcholine receptors. In addition, they possess 

receptors coupled to G-proteins and Na+, K+ and Ca2+ channels.47 Thus, PC12 cells have been a 

useful model to study neuronal differentiation, and neurotransmitter synthesis and storage as well 

as the functionalities of ion channels. Due to the relative simplicity of culturing and usage for a 

variety of studies related to the neuronal functions, chromaffin cells and the PC12 cell line are often 

employed in neuroscience. 
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1.4. An overview of biogenic amine transmitters  

 

Biogenic amine neurotransmitters include catecholamines and serotonin, as well as the less 

common histamine. Catecholamines are composed of a catechol ring and a side chain containing 

an amino group (for the chemical structure see Chapter 4, Fig. 15.). The most dominant 

catecholamines synthesized in sympathetic nerves and the adrenal medulla are dopamine, 

norepinephrine and epinephrine.48 Dopamine was discovered to be a neurotransmitter by Carlsson 

et al. in 1957 when they showed that it is not just a precursor of norepinephrine and has a role as a 

chemical messenger.49 It plays a major role in motor control, emotions, motivation and memory 

formation and is involved in the etiology of several diseases such as Parkinson’s disease and 

schizophrenia. The central norepinephrine system, in addition to cognitive functions such as 

attention and memory, is responsible for neuroendocrine and autonomic regulation.50 Epinephrine 

has an important role in regulation of the heart rate, dilatation of the pupils and blood vessels and 

flight-or-fight response.  

The biosynthesis of catecholamines takes place in neurons and the adrenal medulla. The 

synthesis in dopaminergic neurons is terminated when dopamine is produced and in adrenergic 

neurons at the level of norepinephrine. However, in adrenal medulla, in the presence of the enzyme 

PNMT, biosynthesis continues until epinephrine is the product. The biosynthesis of catecholamines 

starts from the amino acid L-tyrosine, which is present in the blood and can be transported through 

the membranes of neurons and the adrenal medulla. The enzyme tyrosine hydroxylase (TH) 

converts L-tyrosine to L-DOPA and is rate-limiting for the production of catecholamines. 

Decarboxylation of L-DOPA by aromatic amino acid decarboxylase (AADC) occurs in the cytosol 

of the cell with dopamine as the product. After this step, dopamine needs to be packed into the 

vesicles before it can be converted to norepinephrine, as the third enzyme in biosynthesis, 

dopamine β-hydroxylase (DBH) is bound to the inner side of the vesicle membrane. 

Norepinephrine is the only catecholamine produced in the secretory vesicles. The three enzymes, 

TH, AADC and DBH are present in both neurons and adrenal medulla. However, the last enzyme 

PNMT that coverts norepinephrine to epinephrine by methylation is present only in the medullary 

tissue. It is a cytosolic enzyme and therefore the substrate norepinephrine has to move from the 

vesicles to the cytoplasm to be converted to the epinephrine that will be transported back to the 

vesicles.1,48,49 
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After exocytosis release events, secreted catecholamines are cleared out from the 

extracellular space and back into the cell by a plasma membrane neurotransmitter transporter, for 

dopamine that is the dopamine transporter (DAT).9,51 Hence, transported catecholamines can be 

loaded back into the vesicles via the VMAT or metabolized by the enzymes monoamine oxidase 

(MAO) and catechol-O-methyltransferase (COMT). The end products of catecholamine 

degradation are aromatic carboxylic acids, in humans it is predominantly homovanillic acid in the 

case of dopamine and for other the two catecholamines it is vanillylmandelic acid.52 Interestingly, 

in rats, often used as a neuroscience model, dihydroxyphenylacetic acid is a major metabolite of 

dopamine as COMT is less dominant. Exogenous catecholamines that are not taken up by the cell, 

either diffuse away or will be degraded by COMT.1,53  

 

1.5. The effect of psychoactive drugs on catecholamine storage  

 

The storage of catecholamines and transmitter quantal size can be directly altered by 

administration of psychoactive drugs that have implications in treating certain neurodegenerative 

disorders such as Parkinson’s and Huntington’s diseases, psychotic symptoms and hypertension. 

Since Carlsson et al. showed in the experiments involving mice, that amino acid L-DOPA, the 

precursor of catecholamines is capable of passing the blood brain barrier to replenish previously 

depleted vesicular dopamine content,49 L-DOPA became a target drug and today is still commonly 

used in the treatment of Parkinson’s disease.54,55  However, the therapy leads to end-of-dose 

deterioration and motor side effects like dyskinesia, thus limiting the utility of the drug. The 

capacity of dopaminergic neurons to synthesize, take up and store dopamine leads to a dependence 

on the exogenous L-DOPA that accumulates in the cytosol via the L-amino acid transporter. 

Typically, as long as the enzyme AADC is not saturated, L-DOPA can be efficiently converted to 

dopamine. The effect of exogenous L-DOPA was studied in cultured neurons,56,57 chromaffin cells58 

and PC12 dopaminergic cell line.25,56,59-61 It was shown that L-DOPA treatment quickly increases 

dopamine levels in the cytosol by more than 100-fold in some cases.56 Moreover, Colliver et al. 

showed in sets of experiments on pharmacologically treated PC12 cells, that changes in the 

catecholamine content inside the vesicle alter the vesicle volume in a manner correlated to the 

amount. Thus, the concentration of neurotransmitter within the vesicles stays rather constant.25  

Inhibition of catecholamine uptake and depletion of transmitter quantal size can be achieved 

by employment of VMAT blockers. One such drug commonly used starting in the 1950s is 
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reserpine, a Rauwolfia alkaloid used as an antipsychotic and antihypertensive drug. The activity of 

reserpine, a competitive non-transported inhibitor of VMAT,27 was discovered by Brodie and co-

workers in 1955 when spectrophotofluorometric studies showed that reserpine depletes serotonin 

in the brain.62 Soon after, Arvid Carlsson suggested that the same alkaloid might have an effect on 

the catecholamines and he and his colleague Åke Hillarp showed in 1956 that reserpine depletes 

epinephrine and norepinephrine in the adrenal medulla of rabbits.63 Even though reserpine was 

removed from the market due to the side effect of depression, it is still widely used in neuroscience 

as a pharmacological tool.  

Reserpine is highly lipophilic compound that at low concentrations inhibits catecholamine 

influx into secretory vesicles, whereas at high dose it exhibits nonspecific detergent like behavior 

resulting in the direct efflux of stored transmitters.27 The mechanism of reserpine inhibition is 

competitive in nature as it competes with catecholamines for the same binding place on the VMAT. 

It has a three-fold higher affinity for VMAT2 than VMAT1, due to the differences in substrate 

recognition between these two vesicle membrane transporters.38 The binding of amine transmitters 

or reserpine occurs when VMAT is in the high-affinity form that is also a higher energy form. It 

requires translocation of one H+ from the vesicle lumen (see section 1.2.). In this state, VMAT 

substrate recognition place is oriented towards the cytoplasm. When transmitter binds to the 

VMAT, the movement of the substrate site across the vesicle membrane occurs and it becomes 

exposed to the vesicle interior. The efflux of the second lumenal H+ facilitates a VMAT 

conformational change and this releases the positively charged monoamine transmitter. In the case 

of reserpine, it has been suggested that bulky structure of reserpine restricts this VMAT 

conformational change. Thus, instead of releasing the substrate in the vesicle interior, VMAT 

becomes locked in a state from which reserpine cannot dissociate and thus prevents the 

translocation of the second lumenal H+ to the cytoplasm.35,64  

Besides reserpine, another VMAT inhibitor that is employed today is tetrabenazine. It is used 

in the treatment of hyperkinetic movement disorders such as Huntington’s disease. In contrast to 

reserpine, tetrabenazine inhibition is affected only by high catecholamine concentration suggesting 

a different recognition site on the VMAT.65 In humans, tetrabenazine has a higher affinity to 

VMAT2 than VMAT1, whereas in a rats, VMAT1 is unaffected by tetrabenazine treatment.66 
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2  VESICULAR MODELS – LIPOSOMES  
 

In the 1960s it was discovered that dry lipid film upon hydration forms enclosed spherical 

vesicles called liposomes.67 Since then, due to their biocompatibility and biodegradability, 

liposomes have found application in many areas such as nanotherapy, drug delivery, food industry, 

agriculture, and most importantly in this work, they have a vast application spectrum in studies of 

biological processes, cells, organelles and biomembranes. Liposomes are artificially prepared from 

lipid molecules which form a bilayer upon decrease of lipid solubility in aqueous medium (Fig. 4a-

c). The main constituents of liposome membranes are phospholipid molecules. They are 

amphiphilic in nature, as they possess both a hydrophilic charged region, the head group, and the 

long hydrophobic tail (Fig. 4d). The lipid character of phospholipids originates from the long fatty 

acid chains that usually esterify two –OH groups of glycerol and form the tail.  The fatty acid chains 

can differ in the degree of unsaturation and number of carbon atoms and their nature will impact 

the character of the phospholipid molecule. The other side of the glycerol, the last –OH group is 

 
 

Figure 4. Schematic illustrations of liposome assembly. (a) Phospholipid molecules; (b) Leaflet of 

phospholipid bilayer; (c) Liposome with marked thickness of a lipid bilayer; (d) Color coded representation 

of phospholipid molecule, dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE). Box colors: gray 

represents hydrophobic tail and blue is hydrophilic head group. In structural formula of the molecule: blue- 

fatty acid chains, pink-glycerol backbone, yellow-phosphate moiety attached to alcohol. 
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esterified with phosphoric acid, which can be further bonded to different organic molecules, 

preferentially alcohols like choline, ethanolamine, serine and inositol. Thus, the head group of the 

phospholipid molecule has the phosphate moiety along with the attached alcohol.68-73 

Under aqueous conditions, the phospholipid amphiphilic character promotes molecule 

association through the weak, non-covalent bonds where the head groups orient towards the 

aqueous solution surrounding the membrane, whereas the tails face to the interior, away from the 

water. The final morphology of the liposomes depends on many factors besides the nature of the 

monomer building blocks. Thus, parameters of the external environment such as temperature, pH 

value, ionic strength or preparation methodology can influence the size and lamellarity of 

liposomes (Fig. 5). Based on their size, liposomes can be categorized into small unilamellar 

vesicles, SUVs (d ≤ 200 nm), large unilamellar vesicles, LUVs (d=0.2–1 µm) and giant unilamellar 

veiscles, GUVs (d ≥ 1 µm). Beside this classification, they can be distinguished based on their 

lamellarity as oligolamellar, multilamellar, MLVs and multivesicular vesicles, MVVs. In research, 

due to their simple preparation and well defined structure, it is preferable to use unilamellar 

vesicles.68,69 

 

 
Figure 5. Liposome types based on size and lamellarity. SUV – small unilamellar vesicle; LUV – large 

unilamellar vesicle; MLV – multilamellar vesicle; MVV – multivesicular vesicle. Liposomes are not drawn 

to scale. 

 

In addition to phospholipids, liposome membranes often incorporate sterol molecules. A 

frequently used sterol is cholesterol and it is naturally abundant in animal membranes. Cholesterol 

by itself does not tend to form bilayer structures, but it is capable of being integrated into a 

phospholipid bilayer. Thus, its –OH functional group is oriented towards the aqueous phase and 

the aliphatic-cyclic structure is among the tails of the phospholipid monomers. In terms of liposome 

science, cholesterol is used in many applications in the preparation of various liposomes to carry 
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certain analytes. The reason is that cholesterol tends to reduce the permeability of water soluble 

molecules through the lipid membrane, improves membrane fluidity, and additionally it stabilizes 

the liposomes especially in the presence of biological fluids such as blood, and that became very 

important in their application as drug delivery systems.70,71,73  

A vast number of methodologies for liposome preparation have been developed and 

described in detail,74,75 and here I describe only some of the commonly used approaches. 

Conventional methods include the dispersion of the lipids in the aqueous phase. Such an approach 

is the Bangham method which involves dry thin lipid film that is subjected to hydration.67 The 

hydration medium might contain the analyte that has to be encapsulated.  During the hydration 

phase, large MLVs are spontaneously formed, with low encapsulation efficiency. In order to 

increase the amount of encapsulated analyte of interest, the liposomal suspension might be exposed 

to freeze-thaw cycles that result in an increase in the loading efficiency. Due to the lack of control 

to obtain a certain size and lamellarity during these phases, MLVs are usually subjected to a certain 

type of post-processing that will allow formation of more homogenous SUVs and LUVs. This can 

be carried out with mechanical methods such as sonication and extrusion where the latter approach 

allows generation of well-defined sizes of the liposomes.69 Sometimes it is essential to exclude the 

remaining un-encapsulated analyte surrounding liposomes, usually with centrifugation or dialysis. 

The traditional GUV preparation relies on hydration of a very thin lipid film and its swelling;68 

however, other preparation approaches have been reported.76,77 The osmotic pressure forces 

triggered due to the presence of salts in the aqueous medium that is in contact with lipid film, allow 

lipid lamellae to detach from each other and form liposomes.68 

The characterization of synthetized liposomes is important to understand the lipid system that 

will be used for experiments. Therefore, depending on the application, it is necessary to define 

several parameters such as stability, permeability, charge, morphology, and lastly, very often, size 

and concentration. The common techniques to measure particle size and size distribution are 

dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA). Both techniques rely on 

the Brownian motion that the particles of interest experience and light scattering. In the case of 

NTA, particles in suspension can be visualized as laser light that is passed through the sample is 

scattered by the particles that are present. Each particle is tracked by the software and by applying 

the Stokes-Einstein equation it is possible to calculate particle diameter.69 NTA has the capability 

to measure particle sizes between 0.03 and 1 µm, and that should be sufficient for SUVs and LUVs 

size characterization. An important extra feature that NTA provides is concentration measurement, 
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where concentration is expressed as the number of particles per volume. In the case of GUV for 

size measurements, light microscopy is often employed.   

 

2.1. Liposomes containing an aqueous two-phase system  

 

Living cells are crowded systems of macromolecules, cytoskeletal network and variety of 

organelles. The common phenomenon that involves separation of certain cytoplasmic regions 

without the presence of a clear barrier is called micro-compartmentalization.78,79 The process of 

compartmentalization is essential for cell function but, even today, its mechanism is not clearly 

understood. However, some of the mechanistic views have been proposed such as phase separation 

where cellular metabolites are subjected to compartmentalization as a result of their partitioning 

between phases.79  

To study and characterize such a process, the living cellular system is extremely complicated. 

Thus, as a bottom up approach has been used, where different methodologies have been developed 

to synthesize artificial models for cells or organelles. Compartmentalization of nucleic acids via 

metabolic buffering80 or proteins that partition between two polymer aqueous phases81 have been 

reported. The basic principle in the latter example relies on a phase separation of polymer mixtures 

due to their high molecular weight and certain molecular interactions.82 This system, called an 

aqueous two-phase system (ATPS), has been heavily employed to mimic the compartmentalization 

processes at the cellular and sub-cellular levels. The method of encapsulating ATPS within giant 

unilamellar vesicles as a model for cell or organelle function was developed by the Keating group.83 

In Paper III, ATPS was employed to mimic the internal morphology of LDCVs, the dense core 

and halo. There is a large range of macromolecules that can be applied in making an ATPS; 

however, the well characterized polymers, dextran and polyethylene glycol (PEG), are frequently 

employed. They are mixed at concentration above a few weight percent in each polymer and the 

desired amount can be estimated based on their phase diagrams.84 Commonly, encapsulation of the 

ATPS is done during the swelling phase of GUV preparation. A dry thin lipid film is subjected to 

warm, homogenous aqueous solution that contains the macromolecules that will form the ATPS. 

Later cooling of the system will initiate phase separation of polymers within GUV. Separation of 

the macromolecules is reversible, thus subsequent temperature increase or changes in osmolality 

of the surrounding solution will again trigger polymer mixing. In Figure 6a, a liposome-ATPS 

system is shown where dextran is partitioned in the inner region of the GUV, while PEG is 
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partitioned in the vicinity of the lipid bilayer. This was confirmed with fluorescence imaging by 

use of a fluorophore conjugated with dextran showing its localization in the central part of the GUV 

(Fig. 6c).85  

 

 
 
Figure 6. Two-compartment GUV containing PEG-dextran ATPS imaged with confocal microscopy. 

(a) Encapsulation of ATPS, where dextran phase occupies inner part of the GUV and PEG is external phase; 

(b) Rh-DOPE fluorescence signal showing unilamellarity of GUV; (c) Alexa488-dextran fluorescence 

proving that dextran is phase separated from PEG and localized the most inner of GUV. Rh- DOPE - 1,2-

dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl). Adapted with 

permission from the reference.85  

 

 

At the bulk level, heavier dextran partitions below the PEG phase owing to the force of 

gravity. Thus, it seems evident that the PEG phase should always occupy the inner space of the 

liposome interior. However, in a microvolume, the gravity effect is less profound and surface 

interactions can be more dominant. Thus, it is possible to change the localization of the phases by 

having the PEG phase wet the liposome membrane and then the dextran phase will be in center of 

the liposome.78  

The reductionist approach using synthetic cells and organelles is clearly an approximation 

and a model for some aspects of cellular function. If phase separation happens in living cells, 

thousands of molecules would compartmentalize resulting in a large number of different phases. 

They would be located within the cell based on the strength of intermolecular bonds. It is obvious 

that this is not the case in a living cell. However, the simplicity of the synthetic systems such as 

ATPS within liposomes has the benefit of allowing understanding the mechanism of micro-

compartmentalization during processes of protein folding or DNA condensation.  
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2.2. Peptide conjugated liposomes 

 
 

Numerous surface modifications of liposomes have emerged from experiments aimed at 

using lipid vesicles as drug delivery systems. Different ligands and receptors have been employed 

to decorate liposomes that are unique in order to target specific cells and tissues. Thus, proteins 

such as antibodies, vitamins, hormones and others have been used to make liposomes suitable for 

their introduction into biological systems and to target specific chemical interactions.72 After the 

binding phase of liposomes to the cell surface and their endocytosis, lysosomal degradation takes 

place and the eventual fate of the encapsulated macromolecules is unpredictable. It has been 

suggested that the endocytosis phase could be avoided by creating a liposomal surface modification 

with peptides that have the ability to directly penetrate through the cell membrane.86,87 

The first peptide that has been employed for liposome membrane penetration was peptide 

derived from human immunodeficiency virus-type 1 (TAT) consisting of six arginine and two 

lysine residues.87 Due to the high arginine content in the TAT sequence, Futaki’s research group 

synthesized polypeptide molecules having only arginine residues.88,89 They concluded that the 

arginine octamer (R8) was the most efficient for cellular internalization.  

There are a few coupling methods to bind the peptide to the liposomal membrane. It was 

shown that peptides can be directly attached to the liposomal surface.87 However, an amphiphilic 

linker that is conjugated to peptide can also be employed as an anchor to the hydrophobic carrier 

such as a liposome (Fig. 7).90 Torchilin et al. showed that it is possible to use a spacer, p-

nitrophenylcarbonyl-polyethylene glycol, that is attached to a hydrophobic phosphatidyl 

ethanolamine to couple to the TAT peptide (TATp-PEG-PE).87 Another approach to link liposomes 

with peptides was reported where the spacer and hydrophobic anchor was stearic acid. Several 

stearylated arginine-rich peptides were synthesized and became a new class of molecules suitable 

for transfection.91 It was shown that stearylated octamer of arginine (STR8) had the best efficiency 

in cellular uptake. Continuing with this carboxylic acid-peptide idea, Iwasa et al. used STR8 in 

order to employ a stearyl moiety as a linker between octaarginine and lipid vesicle (Fig 7).92   
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Figure 7. Peptide attachment to a nanocarrier (liposome). The role of the spacer is to bridge between 

the hydrophobic moiety (membrane) and the peptide molecule. In the case of stearylated peptide, the 

hydrophobic chain originating from the carboxylic acid has a double role, to anchor the peptide into the 

liposome membrane and as a spacer. STR8 molecule (top) is color coded with the colors of principal 

components (bellow). Structures bellow are not drawn to scale. 

 

In this thesis, I employed stearylated octaarginine coupled to liposomes as a simplistic bottom 

up approach to introduce a protein-like nature to the membrane. This was important in the study 

described in Paper II, where I worked towards understanding the role of membrane proteins in the 

rupture mechanism of native vesicles onto an electrode surface.  
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3  ELECTRON MICROSCOPY TECHNIQUES  

 
Development of the light microscope in the late 16th century by Dutch spectacle-makers, 

Hans and Zacharias Janssen, and almost a century after, the application of the light microscope to 

describe biological specimens by Hooke and van Leeuwenhoek, opened a door to the important 

advancements in biological and life sciences today.93 Even though the affinity based labeling has 

led to imaging at the subcellular level, conventional light microscopy is limited by the wavelength 

of light and thus two objects cannot be distinguished when they are closer than ~ 200 nm in the X-

Y plane and ~ 500 nm in Z direction.94 Application of light with shorter wavelength, such as UV 

light, introduces improvements in spatial resolution but only down to ~ 100 nm.95 In the 1930s, the 

first electron microscope (EM) was developed and by taking the advantage of the shorter 

wavelength of electrons it became possible to dive into the submicroscopic world and gain a better 

understanding of cell and tissue organization. The basic difference between light and electron 

microscopes is that the latter uses an accelerated electron beam for illumination instead of visible 

light and a coil-shaped electromagnet as a lens to shape the electron beam. Nowadays, electron 

microscopes can reach spatial resolution down to ~ 1 Å, 4,000 times better than conventional light 

microscopes. Their resolving power is determined by the beam voltage, lens aberration and 

aperture size. Even though electron microscopes offer excellent resolution capabilities and have 

found a wide range of application, their biggest disadvantages are the sampling, instrumental cost, 

sample preparation, interpretation of results, and electron beam damage that might influence EM 

applicability in imaging live samples.96,97   

In this thesis, in Papers IV and V, two types of electron microscopy have been employed, 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM) to image the 

morphology of subcellular features in neuroendocrine cells as a complementary approach to SIMS 

imaging. 
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3.1. Transmission electron microscopy 

TEM has been widely employed to study the finest structural features of cells and cellular 

fractions, tissues, and other biological specimens. In past decades, much effort has been invested 

to develop this microscopic technique and improve the resolution of imaging. The main 

components that comprise the TEM instrument are an electron optical column, vacuum, and 

electronic systems. The electron optical column (Fig. 8) has an integrated electron gun with its 

electron source (tungsten, lanthanum hexaboride or field emission gun) with a brightness that 

defines the imagining capabilities, including resolution. The electron beam is focused onto a very 

thin slice of specimen by use of condenser lenses. Further, the objective lens system forms the two-

dimensional image, which is magnified and projected by projector lenses onto a viewing device 

such as fluorescent screen or CCD camera. The number of electrons that are transmitted through 

the sample is proportional to the brightness of the certain area of the specimen. The electron optical 

column is evacuated with a vacuum pump system to enhance the mean free path of electrons and 

avoid collisions with molecules from the environment. This allows the wave nature of electrons to 

be used to image with high-spatial resolution. Electrons can only be transmitted through a very thin 

sample, thus sample preparation methodology of water rich samples such as biological specimens 

needs to include some type of fixation and consequent sectioning.96,97   

3.2. Scanning electron microscopy 

 
 

SEM has found its application in biological sciences as well, owing to its capability for 

obtaining surface images with a magnification range of 10-10,000 × and resolution practically the 

same as the spot size of a focused electron beam. Figure 8. shows the basic principle of operation 

for SEM. Similar to TEM, in SEM, an electron beam is formed by a source such as tungsten 

filament or field emission gun and it is passed through a system of apertures and condenser lenses 

that shape the electron beam to a nanometer beam spot. The surface of the sample is scanned by 

the beam by use of scanning coils that raster the electron beam over a rectangular area on the 

sample surface. Finally, fine focusing is achieved by objective lenses just before the beam hits the 

sample. While the beam is interacting with the sample surface, different types of signals are formed, 

such as secondary and backscattered electrons, that are used for topographic analysis and X-rays 

suitable to characterize the sample composition. Except for environmental SEM, that can operate 
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at pressures as high as 50 Torr and image wet, dirty and oily types of samples, conventional SEM 

instruments operate in a high vacuum environment and thus biological sample preparation 

methodology in an important consideration.96,98  

 

 

 
Figure 8.  Schematic representation of the operation principles for TEM and SEM. Both electron 

microscopes contain four parts: electron source, electromagnetic lens system, sample holder, and imaging 

system. 
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3.3. Sample preparation of biological specimens for electron microscopy 

 

As mentioned in previous sections, biological samples, such as cells and tissues, contain a 

large amount of water and therefore they require complex sample preparation procedures for 

electron microscopy analysis. This is especially true for TEM imaging, as sample preparation is 

quite complicated and composed of several steps. 

TEM sample preparation methodology covers a wide range of approaches and the choice of 

method depends on different factors such as sample type, the study that will be carried out, 

infrastructure available, etc. The most crucial phase of sample preparation is the fixation process 

in order to preserve three-dimensional features of biological samples. There are two main ways to 

preserve shape and internal morphology, by chemical fixation and cryo-fixation. Chemical fixation 

has been widely used since the 1940s with the introduction of osmium tetroxide as an agent for 

fixation and staining99,100 and involves aldehydes as initial fixation agents which application started 

during 1960s.101 In the most common chemical fixation methodologies, biological samples are first 

fixed with aldehydes and this phase is called the initial or primary fixation. Aldehydes, such as 

formaldehyde and glutaraldehyde, cross-link proteins by means of forming a Schiff base with the 

protein amino groups and could be efficient fixatives for certain types of lipids. Post-fixation and 

staining with OsO4 follows the initial fixation, and here the OsO4 has a role to immobilize lipids, 

mainly unsaturated ones. In order to prepare the sample for ultrathin sectioning (below 100 nm), 

the specimen has to be embedded in plastic resin. As resins are hydrophobic, a dehydration step is 

necessary prior to resin exposure and embedding. This is achieved by exchanging water content 

with ascending concentrations of organic solvents such as ethanol and acetone. After infiltration 

with resin, samples are cured either with heat or UV light, depending on the resin type. Thin 

sectioning is performed with an ultramicrotome and after post-staining sections with salts of heavy 

metals, such as uranyl acetate or lead citrate, they can be used for TEM analysis. Currently, 

chemical fixation has a wide range of applications; however, it has some disadvantages as well, 

which can in some cases impact the interpretation of the results and limit the sub-angstrom 

resolution of the TEM. Fixation with aldehydes has a gradient penetration that can cause the interior 

of the sample to be relatively unfixed. Moreover, lipids can retain mobility after fixation and be 

extracted during the dehydration and embedding steps. Additionally, there is a danger of 

redistribution and loss of small molecules and ions.102 A newer approach for fixation, cryo-fixation, 

was developed during the late 1970s. In comparison to chemical fixation, this approach has goals 
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to avoid loss of small molecules and to preserve sample morphology by means of more controlled 

exposure to chemical fixatives, if used, and more gentle dehydration and embedding steps. There 

are many ways to perform cryo-fixation, and the basic concept includes rapid freezing and 

preparation for imaging. Rapid freezing allows one to immobilize and preserve sample morphology 

without ice crystal formation, where vitrification is necessary. Depending on sample size, freezing 

can be performed as plunge freezing for the small sample size (viruses, single cells etc.), slam 

freezing (thickness of the sample can be maximum 20 µm) and high-pressure freezing (HPF), for 

samples up to 200 µm thick. Frozen samples or their cryo-sections can be directly observed with 

cryo-TEM. However, in the case where imaging should take place at room temperature, further 

preparation should be done. This is possible with freeze substitution (FS), that involves dehydration 

at a low temperature (-90ºC) when the viscosity of organic solvents increases, thus limiting protein 

mobilization, and stabilizing the sample. Staining with heavy metal salts, embedding in plastic 

resin, and its polymerization at low temperatures are the following steps in FS. If it is necessary, 

fixatives such as aldehydes and OsO4 can be added to the FS cocktail, especially if embedding and 

polymerization will be done at room temperature. Even though cryo-fixation is becoming a more 

popular fixation approach today, it has several disadvantages as well, such as the demand for 

sample size and investment in necessary equipment (eg. HPF and FS systems).103-105   

Water rich biological samples have to be preserved for high-vacuum SEM analysis and thus 

sample preparation methodologies have been developed. As in a case of TEM, here samples also 

have to be fixed and dehydrated. Fixation with aldehydes and dehydration with organic solvents 

can be done at room or low temperatures. Organic solvents can be dried on air or by freeze-drying. 

However, during this phase, artifacts could happen due to the sample shrinkage and it’s collapsing. 

This can be overcome with an approach called critical point drying, where at high pressure, organic 

solvents like ethanol are replaced with transitional fluid or liquid carbon dioxide. Transitional fluid 

or gas, is removed in its supercritical state where no gas-liquid interface exists protecting the 

architecture of the specimen. Finally, in all these preparation schemes, owing to the low 

conductivity of biological specimens, electrical charging might occur from the electron beam 

impacts, and this can interfere with both the subsequent primary beam and emission of secondary 

electrons. Therefore, the specimen should be coated by sputtering of ultra-thin layer of metal such 

as Au, Pt, Ag, Ir or by thermal evaporation of carbon.98,106,107 
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4  ADVANCED NANOANALYTICAL TOOLS TO STUDY TRANSMITTER 

VESICLES AND LIPOSOME MODEL SYSTEMS  

In this chapter, the techniques that have been employed to chemically image at subcellular 

level and measure the neurotransmitter content at nanometer scale are described and discussed. In 

Paper III, time-of-flight secondary ion mass spectrometry (ToF-SIMS) was used to probe the 

content of two different liposome systems that were used to mimic native vesicles. Further, ToF-

SIMS was applied as a discovery tool in advancing the flow of ultrahigh resolution imaging, such 

as NanoSIMS and this is discussed in Paper IV. The latter SIMS technique was used to image the 

dopamine content in LDCVs in Paper V and proved to be a good assay tool for screening vesicle 

storage dynamics in neuroendocrine cells. In addition to imaging approaches, electrochemical 

techniques were also employed, such as single cell amperometry and a novel method called vesicle 

electrochemical cytometry, to quantify and compare the neurotransmitter content present in 

liposomes and neuroendocrine vesicles of chromaffin and PC12 cells. This work is presented in 

Papers I, II and V. 

 

4.1. Imaging mass spectrometry 

 

The drive to understand chemical processes and reveal intricate structures in complex 

biological samples has allowed us to gain new imaging information that was not possible with 

previously heavily employed microscopy techniques. The search for localization of various 

chemical species, simultaneously, that are difficult with light microscopy approaches has led to the 

idea to employ imaging mass spectrometry (IMS) techniques. The ability of IMS to localize large 

biomolecules, small molecules, and their fragments, atoms, and isotopes with sufficient lateral 

resolution to look at tissues, cells and organelles, makes this imaging approach very attractive in 

the fields of chemistry, biology, pharmacology, physics, and others. Additionally, by improving 

the resolution capabilities, sensitivity and the mass range, IMS is leading to improve studies at 

cellular and sub-cellular level. The process of mass spectrometry imaging can be basically divided 

into few steps. Appropriate sample preparation, especially in the case of delicate biological samples 

is the critical first step. Desorption of the analytes and their consequent ionization follows. 
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Separation of charged species in a masses analyzer based on their masses and acquisition of images 

that will be further processed is the final step in this process. Two IMS techniques frequently 

employed in the analysis of biological specimens that differ significantly in desorption and 

ionization processes are matrix-assisted laser desorption/ionization (MALDI) technique and 

secondary ion mass spectrometry (SIMS).  

The MALDI technique, first developed by M. Karas et al.108 in 1985, is a label-free mass 

spectrometry imaging approach that maps biomolecular ions and is mostly used for species with 

high molecular weight. Application of a high-energy pulsed laser beam in combination with a 

suitable light adsorbing matrix makes MALDI a soft ionization technique with the ability to image, 

in parallel, intact peptides, proteins and lipids.109,110 However, despite the capability of MALDI to 

chemically image large biomolecules, its application in the analysis of biological samples is 

restricted.  Due to its limitation in spatial resolution, as only focusing of the laser beam to about a 

1-2 µm spot size can be achieved at best, and as further resolution improvement would reduce the 

sensitivity, sub-cellular imaging is extremely challenging.109,111  

Another IMS technique that is broadly applied in biology is SIMS. As well as MALDI, it is 

capable to analyze complex samples owing to the chemical precision allowed by mass spectra 

acquisition.110,112,113  In SIMS analysis (Fig. 9), a focused primary ion beam is used to sputter away 

the material from a sample. 

 

 

Figure 9.  Schematic representation of the SIMS process. The primary ion beam is focused on the sample 

surface and sputters away secondary particles. Only a small fraction of the sputtered particles are charged 

forming secondary ions. By measuring the mass-to-charge ratio of secondary ions and detecting the counts 

of each charged species, mass spectrum can be acquired for each image pixel.  
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The primary ion beam in SIMS is focused on the sample and secondary species, which can be 

neutrals, electrons and ions, are sputtered from the surface. Approximately 1% of all secondary 

particles are charged and they are extracted into the mass spectrometer to be analyzed resulting in 

a mass spectrum.112,114-116 High-energy primary ion beams can be focused with great precision; 

however, this results in fragmentation of the molecules that are analyzed. Therefore, SIMS analysis 

provides high-spatial resolution imaging of a variety of biomolecules over a mass range up to 

1,000−1,500 Da,117 but often the species above about 300 Da are fragmented in static SIMS and 

atomic species are observed in dynamic SIMS described below. Depending on the charge, size, 

and current of the primary ions, it is possible to focus the ion beam that impinges the sample 

surface, down to 40 nm in a method called NanoSIMS.112,118-120 

Sputtering is a damaging process; therefore, to avoid collecting data from a damaged area, it 

is important to know how much of the surface is impacted by the primary ion. In order to collect 

mass spectra from surface what is called the static mode (relatively unchanged surface), a criterion 

called the static limit has to be met. Here, the primary ion dose should be below ~10-13 

ions/cm2.114,121,122 This method is called static SIMS and allows better collection of molecular ions 

and less surface damage than dynamic SIMS. However, the major challenge for the static SIMS is 

sensitivity, especially in the case of the lower concentrations and complex samples. If the primary 

ion dose is above the static limit, when the number of incident primary ions exceeds the number of 

the surface atoms on a sample, SIMS is called dynamic. Due to the high level of fragmentation and 

erosion, dynamic SIMS provides elemental information with high count rates in small pixels and 

consequently it is more suitable for subcellular studies, localization of isotopically labeled 

molecules, and three dimensional imaging.116,123,124 

In static SIMS, the primary ion beam that has energy typically between 5 and 40 keV 

bombards the surface of interest and the energy is transferred to the analyzed material. This process 

is called the collision cascade and is similar to the collision of the billiard balls in a pool game.114 

The bond energy of most molecules existing in a sample (covalent, metallic and ionic) are typically 

in the range of 1-10 eV/bond,125 and this is much lower than the energy of the projectile species. 

Thus, in a proximity to the collision site extensive fragmentation occurs and mostly atomic 

secondary species are formed. Further from the collision epicenter, approximately 5-10 nm, less 

fragmentation is observed and it is possible that intact molecules are sputtered.110,114,117  

Performing the SIMS experiment properly necessitates a basic knowledge about primary ion 

sources and what chemical information and spatial resolution they can provide. Energetic primary 
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ions cannot desorb fragile organic molecules without fragmentation. Application of the liquid metal 

ion sources, such as indium or gallium first opened the door to the high-spatial resolution imaging 

of organic molecules. However, they provided a poor yield of high-mass secondary ions and thus 

the identification of the original molecules was complicated.126,127 The imaging in a high-spatial 

resolution mode, the NanoSIMS modality, requires the use of the high energy Cs+, O- or O2
+ ion 

probe beams that can be focused to a spot size of several tens of nanometers. This process results 

in high secondary ion yields but the drawback is a high level of fragmentation. Thus, to obtain 

molecular information from the sample surface, molecules of interest are usually isotopically 

labeled.124,128,129 In static SIMS, the discovery of the non-linearity in the increase of the secondary 

ion yields as a function of a particle nuclearity,130 has led to the search and development of cluster 

primary ion beams that have overcome the sensitivity issues in imaging molecular ion species. 

Cluster ion probes such as Bin
+,131 C60

+,132 Arn
+,133 offer much better ability to desorb molecular 

ions without extensively damaging the sample surface. The use of large cluster ions such as C60
+ 

and Arn
+ enhances the yield of high mass molecular ion species, minimizes the damage to the 

subsurface and thus enables molecular depth profiling to be possible as well. However, because of 

the difficulty to focus them, spatial resolution has not yet approached that needed for many 

subcellular analyses and not that of NanoSIMS.  

SIMS experiments, especially imaging (more below), demand high repetition rates for 

sampling, thus only a few mass analyzers are fast enough. In addition, the requirements for static 

or dynamic SIMS also impact the choice of mass analyzer. Today, the most employed mass 

analyzers in SIMS are the quadrupole mass filter,134 the time-of-flight (TOF),135 and the magnetic 

sector.136 Owing to their small size and easy incorporation into the ultra-high vacuum environment 

used for analysis, quadrupole mass filters were frequently employed during the beginning of the 

SIMS era. However, the transmission capability for quadrupole mass filters is below 1% leading 

to high information loss in the mass-scanning mode. Dynamic SIMS is usually performed with a 

magnetic sector analyzer due to its high mass resolution and high transmission. As a scanning 

device, it functions well in a combination with a continuous primary ion beam and has led to the 

high-resolution SIMS instrument, or NanoSIMS. Lastly, high transmission TOF mass analyzers 

with high sensitivity are traditionally applied for molecular SIMS, especially for imaging (see 

below), owing to the capability to collect all or most secondary ions produced, operating in quasi-

parallel mass filtering mode.114,115 
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4.1.1. Time-of-flight SIMS imaging  

 

ToF-SIMS is a versatile technique that has found application in different areas of research in 

academics and industry. It is a highly sensitive technique that reveals the molecular and chemical 

information with a low detection limit and high-spatial resolution. Consequently, this technique 

has been frequently used for the analysis of polymers,137 metals,138 and perhaps most importantly, 

complex biological samples.139-144 

In ToF-SIMS, a pulsed primary ion beam is impinged on the sample surface and generates 

the secondary ions, which are subsequently extracted by a high energy voltage via the extractor, 

into the TOF mass filter (Fig. 10).  

 

 

 

Figure 10.  Schematic representation of the ToF-SIMS. A focused, pulsed primary ion beam is used to 

raster over the sample surface and dislodges secondary ions. Generated secondary ion species are 

accelerated and on a way to the detector, they enter into the TOF mass analyzer where the particle separation 

occurs based on the time-of-flight through the analyzer. ToF-SIMS allows recording of a mass spectrum at 

each pixel for known and unknown ion species and therefore represents a tool for a label-free analysis.  
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The time-of-flight of extracted secondary ions from the sample to the detector is used to generate 

a mass spectrum at each pixel for known and unknown ion species. The basic principle of TOF 

mass analysis relies on the secondary ions having the same kinetic energy from acceleration of the 

secondary ions at a potential of several keV. In the TOF tube, which is field-free space, the 

accelerated secondary ions drift until they reach the detector. Separation is dependent on their mass 

over charge ratio (m/z) as at the same kinetic energy, lighter ions travel faster and vice versa. By 

relating the travel times to ion masses, a mass spectrum can be constructed from the each point of 

the sample surface that is analyzed.114,145  

Pulsed primary ion beams used with TOF analyzers for SIMS analysis allow several 

interesting features. One of these is that efficient depth profiling in the static SIMS mode is 

possible. In addition to the primary ion probe for surface analysis, another ion gun, operating in an 

interlaced mode, can be employed to etch away the damaged surface that was imaged with the 

analysis beam. For etching purposes, a projectile with a high sputtering rate, low damage and low 

penetration depth can be employed such as the C60
+ or SF5

+ ion probes.146,147 Pulsing the primary 

ion beam additionally allows effective charge compensation in analysis of non-conductive samples 

by employing a pulsed low-energy electron flood gun. While charge compensation by the current 

from the electrons has had many useful applications, one should also take into account the surface 

damage by the impinged electrons and thereby other compensation approaches might be 

considered.114,148,149  

When the pulsing mode is employed during primary ion beam operation, the pulse time 

length impacts the mass resolution. The rule of thumb is that higher mass resolution is obtained if 

the pulse width is shorter. If the initial pulse is bunched into very narrow pulses (several hundreds 

of picoseconds), then higher mass resolution is obtained (m/Δm > 8,000), although the spatial 

resolution is then degraded (several µm). The mass resolution is also poorer if secondary ions 

sputtered from the sample surface have a wide energy distribution or are accelerated into the TOF 

analyzer from different distances from the surface. Here, secondary ion species with the same mass 

will have different velocities and thus arrive at detector at different times that will degrade the mass 

resolution. This can be overcome by introducing an ion mirror (Fig. 10) in the TOF tube that allows 

more energetic ions to penetrate longer and contrariwise so that the ions have a more narrow energy 

distribution when they are reflected out.114 Additionally, topography of the sample should be also 

considered, as the secondary ions emitted from different heights may be shifted, and this will lead 

to lower mass resolution.150 Higher spatial resolution can be achieved in the non-bunched mode of 
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the TOF.SIMS instrument (ION-TOF, GmbH) by prolonging the pulse duration (tens of 

nanoseconds) in order to better focus the primary ion beam and achieve sub-micron resolution. 

However, this decreases the mass resolution as the peaks in the mass spectrum become wider.112,145 

The environment of the analyzed material can also effect the ionization probability of the 

analyzed species. This phenomenon of secondary ion emission dependence upon the chemical and 

electric environment is called the matrix effect.114,151,152 Thus, the matrix effect has to be considered 

in the experiment design and in data interpretation. In order to be able to correlate the analyte 

concentration with the fluctuations of the ion intensity, it is of vital importance to keep ionization 

efficiency constant across the analyzed sample, if possible. 

Since SIMS instruments operate in an ultra-high vacuum (UHV) environment, the sample 

preparation of biological specimens is essential for obtaining successful and meaningful 

information, especially if the goal is high-spatial resolution image acquisition. It is important to 

preserve not only the native distribution of the molecules of interest, but also to maintain the inner 

morphology of the sample, mainly for the 3-dimensional chemical imaging. There are many 

protocols that have been developed for specimen preparation, and depending on the aim of the 

imaging experiments they need to be chosen accordingly. Commonly employed protocols are 

chemical fixation, drying at room temperature, freeze-drying, freezing while maintain inner water 

(frozen-hydrated and freeze-fracture).153-156 Freezing samples has typically led to the best sample 

preservation methodology, especially the frozen-hydrated approach. With this methodology, cells 

or tissue are frozen quickly (plunge-freezing) usually in liquid propane, ethane or isopentane. The 

rapid conduction of the heat from the sample allows the process of vitrification, the formation of 

non-crystaline amorphous ice instead of crystalline ice that can damage the sample.154 Frozen 

samples can be fractured inside the SIMS instrument under UHV conditions and thus they will not 

be contaminated from the environment. Additionally, fracturing can make the sample more 

available for analysis by exposing the inside of tissues and cells, an important gain for cellular and 

sub-cellular imaging.157  
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4.1.2. Magnetic sector SIMS imaging – NanoSIMS  

 

A propitious technique for high-resolution chemical imaging that provides higher secondary 

ion yields in a comparison with ToF-SIMS is magnetic sector SIMS. One of the commercial 

versions of the magnetic sector SIMS existing today are the Cameca NanoSIMS 50 or 50L 

instruments. 

NanoSIMS uses a scanning ion microprobe that operates in the dynamic SIMS mode (Fig. 

11). It has the capability to analyze most of the elements in the periodic table with sub-micrometer 

lateral resolution. Primary ion sources available are either the cesium positive ion source or the 

oxygen negative ion source that can be either a duoplasmatron or radio frequency (rf) plasma 

source. The cesium primary ion beam generates negative secondary ions and can be focused down 

to 30-50 nm, whereas the oxygen primary ion beam favors formation of the positive secondary 

ions.118-120,128 Depending on the type of oxygen source, different spatial resolution can be achieved. 

The duoplasmatron source can reach a beam diameter of about 150 nm,119 while the rf plasma 

source has a 40 nm diameter beam that is comparable to the spatial resolution of the Cs+ primary 

ion source.128 High energy primary ion bombardment leads to breakage of molecular bonds in the 

sample, thus generating mostly monoatomic and diatomic secondary ions. Therefore, molecules 

of interest must either have a specific element to detect or be isotopically labeled. Secondary ions 

that are sputtered from the sample surface are separated according to their mass-to-charge ratio 

(m/z) in a dual-focusing sector mass analyzer, first with an electrostatic filter and then further with 

a magnetic sector. The double focusing capability of the mass spectrometer allows the NanoSIMS 

instrument to image with a high-mass resolution of several thousand. This is sufficient to resolve 

the isobaric interferences of elements with low atomic numbers. The instrument does not scan the 

masses, but has several positional detectors. Thus, unlike ToF-SIMS, the Cameca NanoSIMS can 

detect only up to 7 species simultaneously as it has this many electron multiplier detectors and 

Faraday cup.112,118 

The unique feature of the NanoSIMS instrument is the use of coaxial ion optics, which allow 

co-propagation of primary and secondary ions. This design enables the ion optics to be close and 

perpendicular to the sample. Therefore, the primary ion beam spot size can be reduced and the 

lateral resolution and the secondary ion collection efficiency (transmission) are improved. Because 

of the coaxial design of the optics, the primary and secondary ions must be of opposite polarities.  
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The NanoSIMS imaging technique has proven to be useful in a wide range of research fields 

such as material science,158 biological geochemistry and cosmochemistry,118 plant research,159  

 

 
Figure 11. Illustration of the NanoSIMS 50L instrument. A cesium or oxygen primary ion source 

generates a focused primary ion beam that scans the sample surface. Emitted secondary ion species are 

separated in the dual-focusing mass analyzer and detected in parallel with 5 (NanoSIMS 50) or 7 (NanoSIMS 

50L) detectors in the multicollection chamber. The lateral resolution is improved by reduction of the primary 

ion beam spot size with the co-axial ion optics. EM-Electron multiplier; FC-Faraday cup. Scheme is adapted 

with permission from reference 112 and modified by the author of the thesis. 
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environmental microbiology,160 and cell biology.161 In a comparison to other SIMS techniques, the 

superior spatial resolution capability of magnetic sector SIMS has allowed it to be applied in 

biological studies, especially for imaging cells and sub-cellular compartments.162 In such studies, 

a 16 keV energy Cs+ primary ion beam is commonly applied. Stable isotopes such as 2H, 13C, 15N, 

and 18O are used to label target molecules. Owing to the excellent mass resolution with high 

transmission, the NanoSIMS is capable of resolving ion species such as 13C12C- and 12C2
- and even 

isobars with same nominal mass like 12C15N- and 12C14N1H-.  

As with the ToF-SIMS instrument, the NanoSIMS operates in an ultra-high vacuum 

environment and thus water rich samples necessitate adequate preparation. Preservation of 

biological specimens requires attention as soluble compounds can migrate or even be completely 

lost during sample preparation. Several conservation strategies have been proposed. Some of them 

are common fixation protocols employed in the electron microscopy field, such as chemical 

fixation and cryo-fixation with freeze substitution (FS), as described in Chapter 3.  Hence, 

chemical processing of the sample with chemical fixation has been proposed for immobilization 

of non-diffusible chemical species or species that can form chemical bonds with the fixatives and 

therefore become entrapped. Cryo-fixation with FS is a suitable approach if the analytes of interest 

are the chemical species that are prone to diffuse.120,163,164 If the nature of the sample does not 

allow application of typical electron microscopy sample preparation protocols, for example when 

imaging of lipids, one might consider freeze-drying as a solution. This involves plunge-freezing 

of the specimen and consequently slow drying at low temperature to allow removal of vitreous 

ice.124,165,166 

Combining the NanoSIMS with other imaging techniques enables obtaining a chemical and 

the structural information needed to understand biological processes. Hence, Takado et al. 

performed a set of experiments to investigate glycogen metabolism in liver and brain tissues by 

administrating 13C-labeled glucose into the mice. The correlation of NanoSIMS imaging data with 

TEM micrographs (Fig. 12), both obtained from the same specimen area, revealed the subcellular 

localization of the target molecules with chemical information. This allowed precise subcellular 

localization of glucosyl residues and their quantification as the 13C/12C isotopic ratio at the 

nanometer scale.167  

NanoSIMS has the capability to image proteins by pulsing isotopically labeled amino 

acids168 into the cell.  However, understanding metabolism at the subcellular level, and the study  
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Figure 12. NanoSIMS correlation with a TEM technique. (a) TEM image of brain section (arrows in 

black indicate glycogen granules); (b) Chemical map showing 13C enrichment of the same area in TEM 

image. The 13C enrichment is expressed in the delta notation:  

δ 13C (‰) = (
𝐶𝑚𝑒𝑠

𝐶𝑛𝑎𝑡
− 1) 𝑥 1000, where Cmes is measured 13C/12C ratio, Cnat is the mean of natural 13C/12C 

ratio. The incorporation of the uniformly labelled 13C glucose contributes to a far higher ‰ of 13C in the 

regions containing the glycogen. Adapted with permission from the reference.167  

 

of protein complexes is still limited as NanoSIMS cannot provide chemical information of specific 

proteins.161,168 Attempt to improve the specificity of protein imaging have been carried out.169 

Here, NanoSIMS was used for imaging cells labeled with metals, such as lanthanides conjugated 

antibodies. The chemical distribution of the different lanthanide elements corresponded to a 

specific antibody and therefore to a specific epitope. Although this methodology allows single-

step specific protein analysis, without the need to correlate with other imaging technique(s), it 

suffers from a difficulty in targeting some epitopes with antibodies.169 Moreover, metal labeled 

antibodies react only with a small portion of the epitopes, and therefore their incorporation into 

the biological sample is rather poor.170 This can degrade the high-spatial resolution of NanoSIMS 

and therefore less-precise images will be acquired. 

In order to make a step forward in identifying specific organelles and proteins, a 

methodology where stimulated emission depletion (STED) microscopy and NanoSIMS are 

correlated has been developed (Fig. 13a). This nanoscopic approach has allowed the investigation 

of the turnover of different cellular structures such as membranes, organelles, and protein clusters. 

The correlation approach to combine STED and NanoSIMS has been named correlated optical 

isotopic nanoscopy (COIN).168 Although COIN is a very powerful approach, there are some 
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restrictions to this methodology such as the necessity to use two very expensive instruments, the 

difficulty to get some antibodies to incorporate into the specimen, and to find a sufficient number 

of epitopes in order to obtain accurate nanoscopic imaging. Recently, an elegant approach for 

specific isotopic and fluorescent protein labeling has been developed with genetic-code expansion 

followed by chemoselective click-chemistry labeling (Fig. 13b).171 

 

 

Figure 13. Correlated optical isotopic nanoscopy (COIN). (a) Immunocytochemically and isotopically 

labeled proteins in the neuronal axon. From left to right: Confocal image, bassoon (active zone marker); 

STED image of bassoon; NanoSIMS image of 15N-enrichment. The elevated 12C15N-/12C14N- ratio has been 

assigned to a synapse via confocal and STED images and is indicated with an arrow. Scale bar: 2 µm. (b) 

Schematic representation of genetic-code expansion via unnatural amino acids (UAA). UAA was introduced 

into the protein of interest and labeled via click reaction with the probe SK155, which can be used in both, 

fluorescence and NanoSIMS imaging; (c) Imaging data for genetically-encoded protein syntaxin in 

fibroblasts. From left to right: Confocal image of Star635; NanoSIMS ion image of 19F-; Overlay of Star635 

signal (red) and 19F- (green); NanoSIMS ion image of 12C14N- ion species revealing cellular features. Scale 

bar: 2 µm. Adapted with permission from the references.168,171 
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This labeling approach enables the application of an unnatural amino acid (UAA), which can be 

incorporated into the protein of interest. Its DNA was modified to harbor an Amber STOP codon, 

that determines the binding site for the UAA and pair of tRNA and aminoacyl-tRNA synthetase 

to introduce the UAA into the specific protein. The UAA is revealed after cellular fixation when 

a custom synthesized probe is introduced containing fluorophore and isotopes (Fig. 13c). Even 

though the fluorophore is not particularly necessary in these experiments, it is useful to test the 

probe with fluorescence microscopy.171  
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4.2. Electrochemistry 

 

Electrochemical techniques offer versatile tools to study neurochemistry as some key 

neurochemicals, like the biogenic amines, are easily oxidized.172,173 Frequently employed 

electrochemical techniques that are used to monitor, detect and measure the concentration or 

quantify various electroactive neurochemical species in vivo as well as in vitro are fast scan cyclic 

voltammetry (FSCV) and amperometry.174,175 FSCV provides chemical specificity and reduces the 

possibility that the data will be interpreted wrongly in the presence of interferents.176,177 For this 

reason, FSCV has become a convenient tool to study some complex systems in the brain.178 

However, its temporal resolution is rather poor relative to the fast exocytosis events that typically 

occur in milliseconds. Thus, the faster amperometry electrochemical technique has been adapted 

for exocytosis studies.175,178,179 Amperometry also offers quantification of the numbers of 

molecules released during exocytosis events. 

 

4.2.1. Single cell amperometry 

 

 
Since development of the carbon fiber disk microelectrodes,180,181 and their later use to 

monitor individual exocytotic events at chromaffin cells,173,182 the era of single cell amperometry 

(SCA) begun. SCA was applied to measure the transmitter release from a variety of cell types such 

as mast cells, pancreatic beta-cells,183 PC12 cells,184 and neurons.185,186 Its application in revealing 

the exocytosis mechanistic details as well as gaining the new insights into behaviour of SSVs and 

LDCVs are still in progress. 

Since single cell amperometry exhibits currents in the nano- and even picoampere range and 

demands high spatial resolution, application of carbon-fiber microelectrodes that demonstrate high 

sensitivity, low levels of noise, and have small size, is very useful. In addition to this, they are 

characterized by biocompatibility, inexpensiveness, flexibility, and relatively easy to manufacture.  

Generally, in a SCA setup, a disk carbon fiber microelectrode is placed on a top of the cell 

and held at a constant potential (usually <1.0 V vs. a Ag|AgCl reference electrode), which oxidizes 

the analyte of interest. The cell undergoes exocytosis following exposure to electrical stimulation 

or a chemical secretagogue such as elevated concentration of potassium ions. As the vesicles fuse 

with the plasma membrane, they release neuromessenger that is oxidized at the carbon fiber surface 
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releasing electrons detected as current (Fig. 14). The electrons generate current spikes in an 

amperometric trace.  

 

Figure 14. Single cell amperometry setup for measuring the release of neurotransmitters at a disk 

carbon-fiber microelectrode during stimulated exocytosis.  A microelectrode is placed onto the cell and 

the exocytosis is triggered by K+ ions at elevated concentration. By holding the microelectrode sensor at a 

constant potential (typically 700 mV vs. a Ag|AgCl reference electrode), the neurotransmitters are oxidized 

releasing electrons (2 e- for each catecholamine molecule) that can be measured as current transients (see 

Fig. 15). 

 

 

 The amperometric spikes give valuable information about exocytotic events. The amount of 

transmitters released, N, can be calculated by using Faraday’s law (Fig. 15), from the charge, Q, 

measured, the number of electrons, n, that are exchanged in the oxidation reaction (2 e- for each 

oxidized catecholamine molecule), and Faraday’s constant, F (96,485 Cmol-1). Moreover, the 

shape of the amperometric peak provides information about the kinetics of transmitter release (Fig 

15). Accordingly, the peak current amplitude (Imax) defines the maximum flux of released analyte, 

the duration of the event is summarized by the half-width of the peak (t1/2), the rise time (trise) is 

related to the time that it takes for a fusion pore to open, and the fall time (tfall) is that needed for 

the oxidation of the secretory vesicle content or the vesicle to close again.187-189 
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Figure 15. Amperometric measurement of oxidizable catecholamine release provides quantitative and 

kinetic information about exocytotic events. An enlarged current spike from a typical amperometric trace 

shows how the quantitative data is obtained by employing Faraday’s law. It shows additionally the kinetic 

parameters of the release events (Imax, trise, tfall). N, the amount of transmitter released; Q, charge; n, number 

of electrons transferred in the oxidation reaction; F, Faraday’s constant (96,485 Cmol-1). Kinetic peak 

parameters: Imax, maximum flux of the released analyte; t1/2, width of the peak at half maximum; trise, time 

from 25% to 75% of the front side of each peak; tfall, time from 75% to 25% of the backside of each current 

transient. 

 

 

In this thesis, SCA was employed to measure and quantify the neurotransmitters released 

during exocytosis from stimulated PC12 cells that have been pharmacologically manipulated and 

the data was correlated with the results obtained from NanoSIMS imaging. The study is presented 

in the Paper V of the thesis.  
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4.2.2. Vesicle electrochemical cytometry 

 

Although single cell amperometry provides valuable insights into the transmitter quanta 

during exocytotic release, it still suffers from an inability to quantify the entire content of a vesicle. 

In order to gain direct evidence that the exocytosis process involves partial release, several 

methodologies have been developed to measure the total neurotransmitter cargo present in the 

secretory vesicles.  The first methodological approach for this quest was developed by Omiatek et 

al. and was called electrochemical cytometry.190 It uses a microfluidic-based platform to separate 

and lyse individual transmitter filled liposomes or secretory vesicles that have been isolated from 

cells or tissues and quantify their electroactive content. The separation and detection of soft 

nanoparticles has been achieved with capillary electrophoresis and end-column electrochemical 

detection, respectively. This methodology was first tested by measuring the catecholamine content 

of filled unilamellar liposomes190 and was followed with studies to quantify the neurotransmitter 

content present in vesicles isolated from PC12 cells60 or mouse brain tissue.191 

More recently, several research groups have reported a technology based on the same 

principle but without the separation step to probe the content of single nanoparticles. Hence, 

different soft nanoparticles have been probed, such as emulsion droplets,192 liposomes193 and the 

secretory vesicles.194 In the last case, the study is presented in Paper I of the thesis and this 

methodology has been called vesicle electrochemical cytometry. Here, a disk carbon-fiber 

microelectrode is placed into a suspension of LDCVs, isolated from bovine adrenal medulla, that 

adsorb onto the electrode surface and rupture releasing their oxidizable content (Fig. 16).194   

Vesicle electrochemical cytometry was also applied in the study described in Paper II. Here, 

I studied dopamine filled liposomes and compared the response to vesicles and liposomes with 

added peptides to mimic the native transmitter vesicles. These were probed in order to gain 

understanding of the rupture mechanism of soft nanoparticles as they open onto the carbon fiber 

electrode surface.195  
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Figure 16. Schematic representation of vesicle electrochemical cytometry. A 33-µm diameter disk 

carbon-fiber microelectrode is submerged into the suspension of transmitter liposomes or native vesicles 

isolated from neuroendocrine cells. By applying a constant potential (ca. +700 mV vs. a Ag|AgCl reference 

electrode) at the carbon-fiber microelectrode, the current transients are recorded when the liposomes or 

native vesicles that are in the contact with the sensor, open the pore that is formed at the membrane-electrode 

junction and expose oxidizable cargo. 

 

 

Most recently, a method to probe secretory vesicle content inside living cells has been 

developed. Here, the vesicle transmitters are quantified directly in the cell cytoplasm, therefore 

there is no more demand for the vesicle isolation. More importantly, it allows direct and real-time 

pharmacology to be applied and it allows direct comparison of the vesicular amount and the amount 

released during exocytosis. This approach is called intracellular vesicle electrochemical 

cytometry61 and its principle is shown in Figure 17.  
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Figure 17. Schematic representation of intracellular vesicle electrochemical cytometry. A nanotip 

conical carbon-fiber microelectrode is inserted into the cytoplasm of the single cell and held at the constant 

potential (ca. +700 mV vs. a Ag|AgCl reference electrode). The conical tip of the electrode is exposed to 

the catecholamine containing vesicles. The vesicles adsorb at the sensor surface and later rupture releasing 

their electroactive content that can be amperometrically measured.  

 

 

Here, Li et al. employed a flame-etched nanotip conical carbon-fiber microelectrode196 that was 

gently inserted into the PC12 cell cytoplasm without significantly damaging the plasma membrane. 

Thus, the electrode surface was exposed to the vesicles containing electroactive dopamine and its 

amount was measured in situ while the cell was still alive. Due to vesicle adsorption and subsequent 

rupture at the electrode, the dopamine content was determined by applying constant potential (ca. 

+700 mV vs. a Ag|AgCl reference electrode) at the electrode. In Paper V intracellular vesicle 

electrochemical cytometry was used to complement the NanoSIMS measurements and to quantify 

the neurotransmitter content in PC12 cell vesicles that have been pharmacologically manipulated 

with L-DOPA and reserpine. 
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5   SUMMARY OF PAPERS  
 

The main aim of this thesis has been to probe the total content of the dense core secretory 

vesicles and their artificial mimics, the liposome model systems, by utilizing analytical tools like 

electrochemistry and secondary ion mass spectrometry imaging. Hence, the experiments, even 

though having the same essential goal can be divided into two units. In the first part, Papers I and 

II, amperometry was employed to analyze the transmitter content of chromaffin secretory vesicles 

and their analogues, liposomes. In the second part, Papers III, IV and V, the methodologies to 

image the vesicle and liposome contents have been developed and performed with two high-

resolution imaging techniques, ToF-SIMS and NanoSIMS.   

In Paper I, a new approach called vesicle electrochemical cytometry (VEC) has been 

developed to characterize in a collision-adsorption manner, the content of individual nanometer-

size chromaffin secretory granules. This has proven to be a robust and simple methodology to 

analyze the electroactive catecholamine content of single vesicles. In VEC, a 33-μm diameter disk-

shaped carbon electrode has been employed and immersed in a suspension of isolated adrenal 

medullary vesicles. The transmitter content is trapped against the electrode surface when the 

secretory vesicles adsorb and open at the carbon-fiber microelectrode. The transmitter is then 

oxidized and the recorded amperometric current transients correspond to single vesicle bursting 

events. A large number of amperometric spikes (86%) were associated with single vesicle ruptures 

that can be picked out from the data, allowing accurate quantification of the vesicular 

catecholamine content.   

To understand the mechanism of the vesicle rupture process in electrochemical vesicle 

cytometry, a study was carried out in Paper II in order to measure and model the vesicle bursting 

events at mimic systems. The data suggest that electroporation plays an important role in a 

formation of the pore between the vesicle membrane and the electrode surface. This phenomenon 

restricts the content from diffusing away and thus allows quantitative oxidization. Investigation of 

the influence of native membrane proteins on rupture dynamics was considered. When lipid-only 

transmitter-loaded liposomes were used they showed faster rupture events in comparison with 

native vesicles. More complex liposome systems were synthesized by decorating the surface of the 

liposome with surface peptide to mimic the protein component of the native membrane. 

Interestingly, the kinetics of bursting for the peptide-decorated particles was between that of 

liposomes and native vesicles. This suggests that electroporation occurs after the membrane 
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proteins migrate away from the interface thus allowing a tighter contact between the membrane 

and the electrode. Additionally, the models presented suggest that the protein dense core in 

chromaffin vesicles used here decreases the dynamics of the events by reducing the catecholamine 

diffusion through the vesicle interior. 

In Paper III the chemistry of native vesicle models such as micrometer size liposomes was 

investigated by ToF-SIMS imaging and depth profiling. Two models of giant liposomes were 

analysed, histamine-containing liposomes resembling the clear vesicles, and ATPS-containing 

liposomes that mimic the LDCVs. Mass spectrometric imaging and depth profiling were done with 

only the C60
+ beam and in the dual beam mode using C60

3+ for etching and Bi3
+ for analysis. In this 

work it has been shown that ToF-SIMS has the potential with two-dimensional imaging and depth 

profiling to reveal the inner morphology of liposomes, showing their micro-compartmentalization. 

The correlation between two high-spatial resolution imaging techniques, ToF-SIMS and 

NanoSIMS, is shown in Paper IV. Here, ToF-SIMS was applied as a tool to screen the chemistry 

in chemically fixed adrenal cells prepared for TEM imaging. Numerous specific ion species 

originating from osmium tetroxide that was used as a fixative and stain were detected and localized 

in lysosomes, specific subcellular compartments of the adrenal cells. This allowed preselection of 

the ion specie 190Os16O- for a subsequent NanoSIMS imaging experiment and it revealed that it 

localizes in the lysosomes as detected by ToF-SIMS. Results published in Paper IV demonstrate 

the capability of ToF-SIMS to be a screening tool in optimization of NanoSIMS high-resolution 

imaging, and in the future might replace TEM for localization of subcellular features. 

In Paper V, the vesicle storage mechanism has been investigated by pharmacologically 

manipulating the LDCVs in PC12 cells with L-DOPA and reserpine administration. The 

methodology to look into and spatially resolve the chemistry of isotopically labeled dopamine 

across single secretory vesicles by employing high-resolution mass spectrometry imaging, 

NanoSIMS, has been established. Furthermore, combining NanoSIMS with novel electrochemical 

techniques provided a means to quantify the vesicle content and compare to the NanoSIMS relative 

quantification. This study revealed that dopamine relocation between vesicular compartments, the 

dense core and the halo, is kinetically limited. It appears that vesicle inner morphology has an 

important role in regulation of the neurotransmitter kinetics inside the secretory vesicles. Lastly, 

by combining TEM with NanoSIMS imaging, impressive images have been obtained showing the 

dopamine profiles across the single nanometer-size vesicles.   
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6   CONCLUDING REMARKS AND OUTLOOK 

 

The work presented in this thesis focused on the aim of developing the methodological 

solutions for analyzing the total content of secretory vesicles of neuroendocrine cells and models. 

The motivation for this research sprang out from the need to understand the mechanism of 

exocytosis and to attempt to discover evidence for the partial release mechanism of large dense 

core vesicles present in endocrine cells and neurons as well. This is not a simple task since 

nanometer-size vesicles contain less than 10-18 moles of neurotransmitter. Therefore, a need 

emerged to establish new bioanalytical methodologies that would be sensitive enough and have 

high spatial and temporal resolution to detect minute amounts of vesicular transmitters and could 

provide snapshots of the nanometer-size secretory vesicles and their cargo. Therefore, in this thesis, 

two nano-scale analytical tools, electrochemistry and imaging mass spectrometry are used to 

address these essential questions. 

The methodology to electrochemically probe the single vesicle transmitter load, called 

electrochemical cytometry, was developed in 2009 by the Ewing group. However, in this thesis 

VEC was demonstrated to be a simpler approach. For more than eighty percent of all events, only 

single vesicles open on the electrode surface, showing that VEC is an effective technique to 

quantify the epinephrine and norepinephrine amounts in chromaffin vesicles. This technique with 

its high sensitivity and spatio-temporal resolution has the potential for furthering understanding of 

different phenomena that were shown in a Paper II where dopamine containing liposome model 

systems were used to reveal the rupture mechanism of the native vesicles. Even more, it was 

demonstrated that the polarized electrode surface has a significant effect on the vesicle rupturing 

by means of electroporation. VEC offers the opportunity to probe the content of other vesicular 

systems, maybe to alter the lipid membrane composition of the liposomes or even to introduce 

more complex membrane components such as enzymes and correlate the membrane properties to 

the kinetics of the rupturing events.  

Beside electrochemistry, secondary ion mass spectrometry imaging has been shown to have 

high potential for probing the structure and content of secretory vesicles and liposome systems. 

The first study in this thesis employed ToF-SIMS, which has been used to surface analyze and 

depth profile a micrometer-size liposome system that was used to mimic native vesicles. It was 

shown that ToF-SIMS can detect the micro-compartmentalization phenomenon in frozen-hydrated 

ATPS liposomes and, additionally, with its high-mass resolution capability clearly resolve the 



 

45 

 

signal of the classical transmitter, histamine in a mass spectrum. The spatial resolution of the ToF-

SIMS is still not sufficient for analyzing smaller sub-cellular features such as the vesicles of 

chromaffin cells and neurons. However, it offers the possibility to study other biological systems 

in the frozen-hydrated state, thus preserving the chemistry and inner morphology of the analyzed 

sample. An interesting ToF-SIMS application in the future would be to study the histamine 

distribution across the LDCVs of mast cells present in the mutant beige mouse where the secretory 

vesicles are as large as 4 µm in diameter. These would be large enough to spatially resolve with 

this imaging technique. 

In order to analyze smaller secretory vesicles, high-resolution SIMS, NanoSIMS has been 

recruited to probe dopamine content inside the LDCVs of the PC12 cell line. This was successfully 

performed by isotopically labeling dopamine molecules for detection, and preserving their native 

location by the means of chemical fixation. Pharmacological cell treatments with the dopamine 

precursor, L-DOPA, and the VMAT inhibitor, reserpine, allowed manipulation of the vesicle 

transmitter storage and furthermore it revealed a kinetic limitation for dopamine distribution 

between the vesicular compartments, the dense core and the halo. In order to make the NanoSIMS 

analysis easier, PC12 cell sections were imaged by TEM to locate LDCVs and their inner 

compartments for the subsequent NanoSIMS imaging. This step absolutely improved the 

experiment. Yet, in Paper IV, I showed that ToF-SIMS, used as a screening tool, is capable of 

distinguishing different osmium oxide ion species in the lysosomes of adrenal cells and this was 

confirmed by the NanoSIMS later in the same study. Since the dense cores in LDCVs are massively 

enriched in osmium tetroxide when fixed this way, they manifest as a dark color under the electron 

beam in the TEM. It would be very interesting to look for the osmium oxide ion species in LDCVs 

by NanoSIMS. This would implicate that the osmium oxide signal correlates with the dense core.  

This approach would perhaps make it possible to avoid previous TEM imaging and allow direct 

correlation between dopamine and osmium oxide ion maps and more conclusive observations about 

dopamine distribution between subvesicular compartments. If we can find other markers in the 

ToF-SIMS, we might avoid the osmium fixation overall by avoiding the TEM and correlating 

images between static and dynamic SIMS, if the future spatial resolution of ToF-SIMS will allow 

that. 

In conclusion, the data and the methods presented in this thesis have great potential to expand 

the knowledge related to the storage mechanism of the secretory vesicles and to further the 

understanding of the exocytosis process in general. 
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