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VIII. Abstract 

The aim of this thesis is twofold with both elements related to 

industrially relevant crystal systems and processes. The first element 

utilized a combined scanning electrochemical cell microscope (SECCM) 

and atomic force microscopy (AFM) method to study the dissolution of 

enamel surfaces with controlled proton flux to the surface. This was then 

extended to investigate the effect of both known surface treatments, 

fluoride and zinc ions, but also a novel treatment of calcium silicate and its 

methods of action. The second element investigated the use of a 

nanopipette to investigate the early nucleation and initial growth of calcium 

carbonate crystals.    

For the dissolution of enamel, an SECCM probe to selectively etch 

a surface for a defined period of time with a high spatial resolution was 

used. The extent of the etching in the resultant pits was then monitored 

through AFM to measure the volume of material removed along with other 

pit dimensions. The method allowed for multiple independent 

measurements on a single sample, which could be selectively treated to 

eliminate comparability issues associated with measurements on multiple 

samples. The system could be modelled via finite element method (FEM) to 

calculate an intrinsic rate of reaction for the proton induced dissolution of 

enamel. A proton induced rate constant of dissolution of 𝑘0= 0.099 ±0.008 

cm s-1 for bare untreated enamel was established, whereas treatment with 

1000 ppm sodium fluoride (NaF) and/or zinc chloride (ZnCl2) decreased this 

rate constant.  
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The work also characterised the use of calcium silicate as a novel 

additive in toothpaste and to determine its effect as both a remineralising 

agent and as a dissolution inhibitor. The release of Ca2+ ions into solution 

was measured which acts to promote the remineralisation of tooth enamel. 

The addition of phosphate buffer into this solution combined with micro-

Raman spectroscopy was then used to confirm the formation of 

hydroxyapatite (HAP (Ca10(PO4)6(OH)2)) material. 

The extent of adhesion of calcium silicate onto rough and polished 

samples was also observed, showing the preference of particles to adhere 

to rough surfaces, and was quantified by investigating the effect of infilling 

of etch pits formed via the SECCM method above, which showed an 

average pit volume reduction of 77±12%. 

 The second element of the thesis involved investigation into the 

initial phase of nucleation, nanoprecipitation and growth of calcium 

carbonate crystals using voltage driven ion migration within a nanopipette 

(~50 nm opening) geometry to control the mixing of constituent ions to 

selectively control and induce the nucleation and dissolution of crystals and 

monitor their growth. This was achieved using oppositely charged CO3
2- 

and Ca2+ ions, inside and outside the pipette respectively, which could be 

either driven together or apart depending on the applied polarity.   

This process was modelled using FEM to give quantitative 

information about the growth rate and nanocrystal size during growth as 

well as analysis of the saturation levels within the probe geometry. The 

nanocrystals formed were studied in situ using micro-Raman spectroscopy 
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to give information about the polymorph of calcite produced. The effect of 

the driving bias was demonstrated and rationalised through simulation 

along with the effect of constituent ion concentration. 

This method was used to assess the effect of maleic acid as an 

inhibitor to the formation of calcium carbonate. Its potent effect was shown 

by the significantly larger time taken to block the pipette by crystal growth. 

This also provided evidence for the mechanism of crystal growth inhibition 

by comparison with ion concentrations expected as a result of a pure 

chelation effect. 
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1 Introduction 

This thesis is presented in the form of published work, so much of 

the introduction and methods used are introduced in each chapter. The aim 

of this chapter is to give a deeper introduction to the subjects of dental 

remineralisation, crystallisation, and experimental techniques which are 

investigated within this thesis. The structure of enamel will be discussed, 

along with the mechanisms by which dissolution and remineralisation occur 

in the dental cavity. Toothpaste additives designed to remineralise the 

enamel surface will also be considered. In addition a background to crystal 

growth and dissolution will be given, with a focus on nucleation and initial 

growth. The industrial application of both these subjects will also be 

outlined. The various microscopic methods utilised will be discussed to 

provide detail of both the strengths and weaknesses of the different 

techniques. Calcium carbonate crystallization within the defined geometry 

of a nanopipette will be investigated using an electrochemical driving force 

and Raman spectroscopy to probe the growth kinetics.   

This chapter will also cover the theoretical background of the 

experimental techniques utilised throughout this thesis.  
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1.1 Surface Science 

Surface science or interfacial science is a broad term that 

encompasses any phenomenon occurring at an interface. This thesis deals 

with solid/liquid interfaces although other combinations are possible within 

the discipline. The interfacial processes investigated are the dissolution and 

nucleation of crystals and crystalline materials.  

The origins of modern surface science can be considered to have 

begun with Benjamin Franklin in the 17th century with his seminal studies 

on the spread of oil on water. However since ancient times, beginning with 

the industrial production of salt (1), the study of crystals has remained of 

interest consistently. This even leads to the word crystal having an ancient 

Greek linguistic origin. Since Franklin’s work many other areas have been 

introduced to the sphere of surface science in the intervening time. This 

means that interfacial science has hugely impacted on the field of crystal 

science areas of pre-nucleation, nucleation and crystal growth.  An early 

practitioner was Ostwald who contributed to the theory of preferential 

growth of large crystals over smaller ones.(2) The developments in the field 

of surface science have gone hand in hand with the development of 

instrumentation that has allowed visualisation of surface structure.  

Control of crystals either growth or dissolution from an electrolyte 

solution is one of the fundamental natural processes (3) but also benefits 

industries such as building materials (4), pharmaceuticals and household 
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products. In nature, crystals are moulded into service for a variety of 

differing functions and shapes such as teeth (5), bones and shells (6, 7) 

using a variety of molecules to influence their growth.(8, 9) Understanding 

the processes would allow us to subjugate crystals towards our needs by 

creating new materials with new properties. However, studying these 

systems is intrinsically difficult due to the array of chemical species used in 

nature to influence the processes involved.      

1.2 Enamel 

1.2.1 Structure of the Tooth 

Human teeth consist of two major sections; the crown, which is the 

part projecting visibly from the gum, and the root, which attaches the tooth 

within the gum. The structure is shown in Figure 1. 
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Figure 1 Showing model structure of tooth and rod structure. White 
shows enamel, yellow shows dentine and red shows pulp and nerve 
tissue 

The crown is covered with enamel, the hardest naturally occurring 

mineral in the human body, forming the outer protective layer of teeth.(10) It 

consists of calcium hydroxyapatite (HAP, Ca10(PO4)6(OH)2) which makes up 

more than 95% by weight (5), with the rest composed of a matrix of organic 

molecules, macromolecules and water. Dental enamel is constructed as a 

series of units known as enamel rods or prisms, each comprising a tightly 

packed mass of hydroxyapatite nanocrystallites in a highly orientated and 

organised structure shown in the inset of Figure 1. Once formed, enamel 

has no vascular or nerve system, and can only regenerate through 
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remineralisation processes in the oral cavity.(11) Conversely, the enamel 

layer can be affected adversely through dissolution processes associated 

with dental caries or erosion from the modern diet.(12) 

The percentage weight amount of HAP varies both between 

individuals and even from tooth to tooth from an individual.(13) This is 

because teeth develop during the early stages of life and can be affected 

by both nature and variations in the local environment.  

The enamel covers the dentine to a thickness of ~2.5 mm. This 

layer is formed from an array of closely packed enamel rods shaped like a 

keyhole which tessellate together.(14) Each rod is 6-8 µm across and 

joining each rod is a region called the inter rod enamel ~100 nm across. In 

this region there are a higher proportion of organic molecules such as 

proteins. This microstructure is shown in Figure 2 through 2 atomic force 

microscope (AFM) images. The first is of acid eroded enamel to reveal the 

microstructure and the second is highly polished to reveal the 

microstructure. 
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Figure 2 showing AFM image of a. acid eroded and b. highly polished 
enamel surface which reveals the interlocking rod structure. Data 
collected by the author 

Even though enamel is the most resistant mineral in the body, 

environmental conditions can cause demineralisation. This principally falls 

into 2 categories acid induced categories; (i) erosion, which happens in pH 

below 3 and (ii) caries, which occurs in pH 4-6.5.(15) In this thesis we only 

deal with the acid erosion of enamel. However, with the aid of saliva, it can 

be remineralised when conditions permit. This is because saliva contains 

both calcium and phosphate which are critical in rebuilding the surface of a 

tooth. Whilst being very hard, enamel is brittle so is supported by the 

underlying dentine which, whilst still containing ~70% HAP, has a larger 

proportion of organics, including collagen, which aids in this supporting role.  
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1.2.2 Prevalence of acid dissolution in the oral cavity  

Dental caries(10) is one of the most widely spread diseases in the 

western world. As a problem disease it is relatively modern. Although there 

is evidence of caries for thousands of years, the prevalence has risen 

dramatically in the modern era. Studies of skulls from the ancient world 

show that caries affected ~10% of the population whilst in modern times 

this has risen close to 100% in westernised cultures.(16) Occurrences 

remain lower in poorer developing nations where a less “advanced” diet 

helps to prevent exposure to an environment that encourages caries 

formation. 

Dental caries is defined as a disease of the mineralised tissues of 

teeth.(17, 18) In this thesis we are only concerned with the enamel layer. 

The principal cause of this demineralisation effect occurs due to the action 

of bacteria which ferment carbohydrates and produce the demineralising 

acid.(19) Eventually if the demineralisation process is left to continue and 

no counter remineralisation process takes place, the tissues and inner 

layers of the teeth can become infected causing pain, aggravation and 

eventually tooth loss.  

One role of saliva is to repair this damage cause by acid because it 

contains the constituents of calcium and phosphate needed to promote 

enamel remineralisation.  
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1.2.3 Introduction to Acid Erosion and 

Remineralisation  

The dissolution of HAP is a principal source of tooth decay via acid 

attack (20) Figure 3 shows the effect acid erosion can have on enamel with 

a macro scale treatment: the rough area has been treated with 5 mM citric 

acid. Figure 3 shows the transition from polished to eroded enamel imaged 

via interferometry with insets produced via AFM. There are 2 principal 

methods used to prevent acid attack. First is the use of a protective layer to 

prevent dissolution. The second is to encourage remineralisation.(21) 

There is significant commercial interest in remineralisation enhancements. 

The global market size for toothpaste exceeded US$ 12.6 billion in 

2015.(22) Therefore it is commercially important to develop methods of 

further encouraging this remineralisation effectively.

 

Figure 3 showing effect of acid on polished enamel using 
interferometry to show the boundary between acid etched part of an 
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enamel sample and untreated enamel. Close up imaged produced 
from AFM 

Enamel dissolution occurs for a variety of reasons, but most 

importantly because of acid induced dissolution where HAP is dissolved 

into the saliva via Equation 1. 

 
Ca10(PO4)6 (OH)2 +  8H

+ ⇄  10Ca2+ +  6HPO4
2−  +  2H2O 

(
1) 

This process is the primary mechanism of tooth demineralisation so 

it is important to minimise its impact by reducing its rate and increasing the 

opposite reaction known as remineralisation. It’s worth noting that 

remineralisation is the direct reverse reaction not including the inclusion of 

any extra ions and is grown as a template on the existing enamel although 

it can also form in the saliva however this is then not retained on the tooth. 

It has been well documented that the use of fluoride can increase this 

remineralisation by catalysing the diffusion of calcium and phosphate into 

the tooth surface thus remineralising the crystalline structure in a dental 

cavity.(23) This is because the fluoride ion can be included in the crystal 

lattice displacing the OH-.  The resulting crystal is fluoridated 

hydroxyapatite and fluorapatite (23, 24), with the added benefit that the new 

crystal resists acid attack better than natural enamel.  

 It is also known that different solution pH values affect the way acid 

attack occurs.(25) At pH 2-4 over short periods of time (hours), significant 

acid attack is observed resulting in rapid dissolution this is called erosion. 



11 

 

Under pH 4.5-6.5, subsurface demineralisation called caries is observed 

over considerable periods of time (years) and finally in the presence of 

strong acid (< pH 2) at time periods less than 2 minutes surface etching is 

observable. 

1.2.3.1 Remineralisation 

Remineralisation is a process that occurs naturally in saliva, which contains 

the substituent ions needed for the formation of enamel i.e Ca2+ and PO4
2-

.(26, 27) Remineralization occurs at all times when the salivary conditions 

permit i.e. sufficient super saturation of ions and neutral pH. However as 

most human saliva is deficient in calcium ions increasing this concentration 

is a primary method of enhancing remineralisation.(15, 28) 

The calcium and phosphate salts present in the saliva are thought 

to be particularly important to prevent dissolution of the HAP crystals. This 

ionic presence in the saliva helps to stabilise enamel as their presence in 

the oral cavity drives against the dissolution process, by driving the reaction 

towards a remineralisation process. Dicalcium phosphate (DCP), tricalcium 

phosphate (TCP), octacalcium phosphate (OPC), decacalcium phosphate 

and HAP have all been shown to be present in saliva with HAP dominating. 

It is believed that these act as intermediary forms within the 

remineralisation process. At a neutral pH the equilibrium constants dictate 

that DCP reforms into TCP, then onto OCP before ultimately forming HAP.  



12 

 

1.2.4 Enamel Dissolution  

The majority of research has focused on enamel dissolution through 

acid challenge or the effect of varying compositions of bathing solution to 

vary the saturation.(29, 30) Very early quantitative studies of enamel 

dissolution using undersaturation began to show the importance of diffusion 

of species from the surface to the bulk solution. However the importance of 

surface kinetics was largely ignored.(20, 31-36)  

These early studies showed that the dissolution rate for powdered 

enamel was dependant on the rate of stirring which led to the conclusion 

that a mechanism of dissolution was limited to the rate of diffusion of ionic 

species to the enamel surface. 

To understand the kinetics of the surface reactions, studies of 

dissolution under highly controlled hydrodynamics were undertaken.(32, 

37-39) Nancollas principally carried out research using the rotating disc 

method so that the controlled hydrodynamic flow over the enamel surface 

was established.(39) This allowed the dissolution rate to be monitored 

through observation of the solution pH and thus calculating the uptake of 

protons by the enamel surface. This found that varying the undersaturation 

of the solution by varying the calcium and phosphate concentration 

changed the rate of dissolution, whilst varying the spin speed (and thus the 

rate of mass transport) also had an effect on the rate.  
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Several mechanisms have been proposed to quantitatively explain 

HAP dissolution. However, the model that dominates is the “diffusion” or 

“kinetically limited” model.(29, 39) The diffusion model suggests that 

dissolution of HAP is due either to the transport rate of the protons from the 

bulk solution to the surface or the rate the products, Ca2+ and phosphate 

species move away from the surface. This explains that under diffusion-

controlled conditions, the dissolution is essentially limited by the transport 

of species to or from the HAP crystal surface, but the kinetically controlled 

limit of the dissolution rate is limited by the chemical reactions at the 

surface of the HAP. This model is shown in Figure 4 which shows the 

possible rate limiting steps of kinetic or mass transport controlled regimes. 
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Figure 4 showing the various stages of dissolution and the areas of 
kinetic and mass transport limits 

These two limits can only be defined as a difference in 

supersaturation immediate to the surface. In a kinetically-controlled regime, 

the solution is undersaturated with respect to HAP and in a diffusion-

controlled regime the solution is saturated. A plethora of techniques have 

been brought to service to understand both this mechanism and rates of 

enamel dissolution, because understanding the processes is important to 

develop preventative and restorative treatments.(20, 23, 40-46) Historically, 

studies have focused on bulk chemical analysis of solutions during 

dissolution such as hydrodynamics, concentration of reagents, solution 

undersaturation, temperature and crystal size using methods such as 

rotating disk, constant composition and dual constant composition. The 

bulk of these required the monitoring of either H+ uptake or Ca2+/phosphate 

release. These methods were able to determine diffusion layer thickness, 
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rate constant and rate order, however the experiments largely remained 

within the diffusion-controlled limit.(44) To try to overcome this techniques 

including AFM(42), profilometry(12), scanning electron microscopy (SEM) 

(46) and nanoindentation(40) have all been utilised. These studies have 

proven that HAP dissolution is directly linked to the solution pH, with low pH 

inversely proportional to the rate of HAP dissolution. It has also been 

shown that the presence of calcium and phosphate ions cause slower 

dissolution as it makes dissolution less favourable because the 

concentration gradient in the solution is lowered and thus favours 

remineralisation.(47) 

The aim in the first part of this thesis was to investigate the active 

component of a new toothpaste, Regenerate, in its effectiveness to 

increase the capacity of saliva to remineralise enamel. Research has been 

focused on solutions that balance calcium and phosphate to artificially 

remineralise the teeth; however most of this work has shown to be not 

commercially viable due to variations between individuals. Work in this 

thesis has aimed to get round this by boosting the natural ability to 

remineralise by increasing the quantity of bioavailable Ca2+ in saliva which 

is usually significantly lower in concentration than the phosphate species in 

saliva.  

It should be observed that, whilst the aim was to provide treatments 

for use in humans, the studies were carried out using bovine enamel. The 

differences between human and bovine enamel are thought to be small but 
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there are structural differences which can lead to bovine enamel dissolving 

up to 3 times faster.(48) This is because of increased porosity, differing rod 

configuration and a thinner crystalline material at the surface in bovine 

enamel.(49) Due to differences in water supply there also tends to be a 

lower natural fluoride concentration in bovine enamel. However, given 

these differences, the similarities between the two materials makes bovine 

enamel a widely accepted alternative for use in laboratory studies.   

 

1.2.5 Enamel Dissolution Inhibitors 

Inhibitors can drastically affect the dissolution of enamel.(23, 33, 34) 

This may be because an active site is occupied by additive molecules/ions. 

Fluoride is the best known inhibitor for enamel dissolution, (24, 28, 31, 33, 

34, 50) the ions of which are absorbed onto the HAP surface under neutral 

pH which prevents dissolution by creating fluorapatite and calcium di-

fluoride. However, if over used, particularly in developing children, a 

condition called fluorosis can develop which discolours the teeth and is 

therefore seen as a negative drawback particularly in later life.(51) 

There has also been research into other possible inhibitors.(19, 28, 

32, 33, 52-54)  One example is that of strontium ion inclusions which can 

hinder dissolution by the strontium ion replacing Ca2+ within the HAP 

lattice.(55, 56) Mn2+ have also been shown to prevent dissolution and 

cause variation in etch pit size and morphology when treated enamel is 
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exposed to acid attack.(57) Another material studied extensively is Zn2+ 

which is a common antibacterial agent and can be absorbed into the HAP 

lattice.(58) Although Zn2+ shows great promise at hindering dissolution, its 

toxic nature and lesser effectiveness has as yet prevented its use in 

replacing fluoride widely for human use.  

1.2.6 Enamel summary  

Acid erosion on enamel is a rapidly expanding field of research due 

to our modern diets.(12) The studies reported herein examines the 

susceptibility of treated enamel surfaces to acid attack and draws a 

comparison to untreated enamel surfaces using scanning electrochemical 

cell microscopy (SECCM); the aim of which is to understand dissolution 

rate and the effect of surface treatments on this rate. To carry out this 

investigation, a range of properties, for example dissolution rate and 

topography, can be measured to study the crystal. 
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1.3 Calcium Carbonate Crystals  

The second aim of this thesis is to examine the crystallisation of 

calcium carbonate. Calcium carbonate includes an array of different phases 

principally that of calcite, vaterite and aragonite.(59-61) The method 

discussed was briefly trialled using calcium phosphate as the resultant 

crystal however the trial was not successful and so calcium carbonate was 

used as a simpler system with fewer possible polymorphs.     

Nature uses a combination of soft organic matter and hard crystals 

in order to produce hybrid materials which perform a variety of roles.(62, 

63) These includes biominerals like bones, teeth, and shells and often are 

formed in highly controlled shapes to facilitate their mechanical (6) and 

optical (7) properties. Replicating this controlled shape is of high interest to 

the development of manmade materials. The most common of the 

biomaterials is calcium carbonate. Within organisms it is most commonly 

produced in series of layers and macromolecular structures from vesicle 

deposits and the nucleation is controlled by acidic proteins.(64, 65) There 

have been many attempts to recreate these structures or at least control 

the crystallisation using structures at interfaces to circumnavigate the need 

for protein molecules.(66) 

Calcium carbonate forms highly insoluble crystals(67) from almost 

all natural water sources.(68) This forms a layer known as limescale (69) 

where layers are formed from calcite and gypsum amongst other insoluble 
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salts such as calcium sulphate. Historically these deposits have been 

removed through the use of acidic media, which can equally damage the 

underlying surface. Therefore  the removal of these deposits is of particular 

interest industrially(70-72), along with the prevention of initial growth.(73, 

74) Calcium carbonate has been extensively studied as a model system 

because it has many natural and practical uses but, due to the need for 

acid in removal, studies commonly focus on prevention rather than 

removal. The two main approaches taken to challenge this are the inhibition 

of growth with additives, which prevent nucleation by retarding growth (75-

79) and the prevention(80) or control of nucleation to direct the formation of 

specific polymorphs(81) to aid in eventual removal. The most common 

method of preventing growth directly is to add chemicals which prevent 

growth by binding to calcium ions in solution, often using molecules which 

chelate such as maleic acid. (76, 79) The molecules selected for this 

purpose invariably contain functional groups which readily bind to the 

calcium ions, or attach to sites on the crystals. 

The three common polymorphs of calcium carbonate (CaCO3) are 

calcite, aragonite, and vaterite.  In many natural systems they frequently 

exist alongside each other.(60) Each polymorph possesses a unique crystal 

structure.(82) Therefore, the polymorphs can be relatively easily 

distinguished using vibrational spectroscopy, such as Raman spectroscopy. 

Raman has been extensively used to study calcium carbonate and its 

polymorphs including complex systems such as the variation of differing 
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polymorphs within a sea shells(60, 82-85), and is used here as a validation 

of crystals formed. 

Solid structure nanopores have become increasingly used as model 

channels(86) they have also found uses as: sensors;(87-89) the synthesis 

of nanoparticles with narrow size selection;(90) and as a molecular 

sieve.(91) When embedded within a defined conical geometry, the 

nanopore can be considered distinct and inclusive of a nanochannel. These 

show behaviour as nanofluidic diodes due to the voltage gated ion current 

they possess.(92, 93) There are an array of reports from groups detailing 

the development of electrical sensors which utilize variations in ion current 

measurements across membranes containing asymmetric nanopores(94-

100), often created using the track-etching method.(101) This method 

however is particularly involved with a low rate of success. The alternative 

method utilising capillaries pulled with a laser puller to form glass or quartz 

nanopipettes can produce far more consistent and quick 

structures.(102) These nanopipettes, shaped with a conical nanopore at the 

tip, exhibit many of the properties associated with other asymmetric 

nanochannels. However, in addition, they can be manoeuvred with high 

spatial resolution. When the capillary is filled with an electrolyte solution it 

can and is often used to mimic biological systems (93, 103) as they are 

similar in design to nanopores produced by proteins which behave as ion 

channels.(104, 105) 
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There are significant applications where nanopipettes are used as 

imaging probes for the scanning ion conductance microscope (SICM), a 

technique that has been used to image cells (106-108), the analysis of 

surface processes (109), sense surface charge(110) and functionalized for 

use in sensing applications.(111-115) Here, we are interested in the 

method where nanopipettes were used to produce strong ion current 

densities, where mass transport is well defined (102, 116), and therefore 

create locally artificially highly supersaturated solutions, which induce 

precipitation. This nanoprecipitation (104, 105, 117) forms a particle at the 

end of the nanopipette, thus restricting the ability of ions to flow due to the 

blockage, essentially altering the nanopipette’s dimensions. The reverse is 

also true as the nanopipette can produce low supersaturations where 

dissolution of nanoparticles dominates. Therefore, this method exhibits a 

high degree of control over the nucleation, and the very initial stages of 

crystal growth. This method is made more effective due to recent advances 

in nanopipette fabrication, allowing for very small pipette dimensions to be 

achieved. 

Conical nanopores have shown new chemical and electrical 

phenomena; ion current rectification, which is the asymmetric enhancement 

of ion current due to an applied voltage across the nanopore.(102, 

103) This phenomena can be utilised to concentrate weakly soluble 

salts(104, 105), control the interface of two solvents using organic 

molecules with differential solubility(118), and as a method to control 

nucleation of sparingly soluble salts.(117) This leads to a method to both 
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monitor the precipitation in real time and at the nanoscale and to repeat the 

measurement in order to generate results with high statistical accuracy.  

Here, it is shown that a potential bias through a nanopipette can 

control ion migration to cause selective precipitation and dissolution of a 

common industrially problematic insoluble salt. Through a series of varying 

conditions we present a method for investigating the conditions where 

nucleation is preferential. We also utilise finite element method (FEM) 

modelling to provide kinetic information about the driving factors behind the 

process. Finally we confirm the precipitate and polymorph formed within the 

nanopipette through the use of micro-Raman spectroscopy.  

1.3.1 Applications of Crystal Nucleation, Growth and 

Dissolution  

The formation and dissolution of crystals is a subject that has been 

of interest for centuries, particularly in respect to industrial applications in 

order to control the crystallisation process, the size and the polymorph 

formed.(119) This is because a greater understanding of nucleation, size 

and morphology are important in controlling other aspects such as 

solubility. 

The formation of crystals can be described in two distinct steps. 

Firstly nucleation, the formation of a new stable phase within the solution. 

Secondly growth, the process of addition of ions to the crystal surface from 
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the solution. This thesis will focus on the first stage, nucleation, which will 

be explored in later chapters.      

Nucleation itself can occur via two differing methods - 

homogeneous and heterogeneous growth. Homogeneous nucleation is the 

formation of nuclei within a solution from the aggregation of ions present in 

the solution. Heterogeneous nucleation occurs on a surface or impurity 

present in the solution preferentially. After nucleation the growth can occur 

via a variety of differing mechanisms which are not the subject of this work. 

An area of particular interest is the biological formation of solid 

particles to form biominerals which can exhibit unique and desirable 

characteristics. Sometimes this may be an amorphous state (9, 120) but, 

more often, crystallinity is necessary in order for the material to carry out its 

desired function.(6, 7, 121, 122) One example of this are the shells of 

marine creatures many of which are made of calcium carbonate in the form 

of calcite (8, 81, 123, 124) which is the most stable morphology.(59, 125) 

These shells can produce structures that are highly shaped but relatively 

little is known about how these are formed. The ability to control the 

nucleation of these crystals would bring us one step closer to 

understanding these processes.(126-129)  

Alongside HAP (130-132), calcium carbonate is one of the most 

studied crystal systems due both to its natural abundance in many rock 

formations but also for its industrial applications as it is the primary 

constituent of limescale, the removal of which is of huge industrial 
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significance in applications ranging from household appliance maintenance 

to toilet cleanliness and the prevention of scale in oil wells. This includes 

the study of processes that alter surface processes such as additives.  

The aim of the crystal growth study in this thesis was to develop a 

method to control the nucleation and growth of calcium carbonate and the 

conditions under which this can be managed including a method that 

controls the diffusion and mass transport of ions in the system, which can 

be mathematically modelled to understand the kinetics involved. 

1.3.2 Crystal Nucleation Theory 

Nucleation is the process where there is a distinct change from one 

phase to another where a small number of ions, atoms or molecules begin 

to join into a distinct material.(133) In this thesis all crystal nucleation 

processes involve changing from solution phase to a solid phase.(134) In 

such situations the process is driven by the concentration supersaturation 

(135, 136) and temperature.(137) The early nucleation process has a 

fundamental impact on the resulting crystal formed; therefore 

understanding of the nucleation fundamentals are of imperative importance. 

The predominant issue in studying this process is one of size as an initial 

nucleus is 100-1000 atoms in size (136) making direct observation of this 

stage impossible. 

Two models dominate the theory of crystal nucleation. The first, 

classical nucleation theory dictates that the rate of nucleation, J  follows the 
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form of Arrhenius equation shown in equation 2.(138, 139) The result of 

which is shown in Figure 5 where ∆G is the Gibbs free energy for the 

system, kb is the Boltzmann constant and T is temperature and r is the 

radius of the particle. From the Figure 5 it can be seen that free energy 

change increases until the critical cluster size is reached after which the 

free energy drops allowing the nucleus to continue to grow.  

 
J ∝ e∙ΔG/KbT 

(
2) 

 

Figure 5 free energy diagram for nucleation 
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In Figure 5, ∆G is equal to the sum of the surface free energy ∆Gs 

and the volume free energy ∆Gv the particle is modelled as a sphere, which 

is the most energetically favourable shape. It can be seen that initially after 

during nucleation the surface energy term dominates increasing the overall 

system free energy, after a certain size (the critical cluster size) the volume 

term begins to dominate and the activation barrier is passed and the 

particle can continue to grow unhindered as the free energy drops.(133) 

The limitations of this classical model mean that it assumes the 

particles are spherical and free from crystal defects and one monomer is 

added sequentially. For this reason the two step model was developed to 

address these issues.(140) It can be seen that the two-step model allows 

for a small amorphous cluster to form as an intermediary to the final crystal 

structure.(141) The major difference is that the intermediate does not have 

the same crystal structure as the final crystal.(136) This model is 

particularly favoured when describing the existence of different polymorphs. 

The amorphous clusters (known as metastable form) provide a lower 

energy barrier of formation, because of the lack of crystal structure, 

whereby it is possible for differing polymorphs to form from the metastable 

cluster.(142)  

Nucleation can be seen to have two differing modes; homogeneous 

when nucleation occurs in solution, and heterogeneous when it occurs on a 

surface.(133) It can usually be assumed that crystal growth on a surface is 

energetically more favourable making heterogeneous nucleation 
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preferred.(143) This can be observed, as crystals tend to form, and thus 

nucleate, on imperfections at much lower supersaturation than via 

homogeneous nucleation, although some surfaces may lower the barrier to 

nucleation further through variations in surface charge for example. 

 

1.3.3 Polymorphism 

Many crystals show polymorphism where a chemical or compound 

has more than one possible crystalline structure (124, 144-147), which 

have different stability, solubility and dissolution rates. The growth or a 

particular polymorph can be affected using a particular solvent, 

temperature, supersaturation and use of additive molecules.(148) 

Industrially, understanding how different structures form is essential so that 

challenges such as cleaning, i.e. the removal of limescale via enhanced 

dissolution or preventative measures for adhesion can be addressed. In 

this thesis we look at the way nucleation can be controlled within a confined 

geometry, within an electric field and the influence of additives which inhibit 

nucleation. As described in nucleation theory, metastable clusters can help 

lead towards different polymorphs. The Ostwald rule shows the series of 

phases that can form before finding a thermodynamically stable state as 

shown in Figure 6. This states that in most situations the least stable 

polymorph will form first before eventually forming the most stable 

(thermodynamic) polymorph in time.(149)      



28 

 

  



29 

 

 ` 

 

Figure 6 showing energy change diagram of metastable and 
thermodynamic crystals 

  

One example that is investigated in this thesis is calcium carbonate 

and its polymorphs.(142) Each polymorph has differing thermodynamic 

stability and it is the stable polymorph which forms (150), the other states 
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being metastable.(149) For this reason, in high-supersaturated solutions it 

is possible to form the more unstable polymorphs (139),  as the kinetics 

dominate, but as the supersaturation drops, a phase change to the most 

stable polymorph usually occurs as the thermodynamic driver takes 

over.(144)  

1.3.4 Applications to CaCO3 

Crystallization research has predominantly focused on a model of 

classical nucleation theory (151) with subsequent growth via terrace-ledge-

kink model growth (152), which relies on the basis of species adding 

monomer-by-monomer onto step edges and kink sites. Whilst classical 

nucleation has had a clear success (153, 154), there are circumstances 

where crystal formation is not able to be explained sufficiently i.e. 

amorphous phases that nucleate at concentrations far below those allowed 

by classical models.(155)  

These non-classical (156) crystal growth processes have begun to 

develop into distinct models. One clear example found naturally is the 

agglomeration of amorphous calcium carbonate (ACC) which eventually 

form calcite crystals in organisms such as sea urchins (157, 158) for both 

spines (159) and teeth (160), mammalian tooth enamel (161), vertebrate 

bones (162), crustacean exoskeletons (163), and mollusc larval 

shells.(164)  
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Other non-classical mechanisms suggested include oriented 

attachment (165), where repeated attachments of crystalline particles occur 

on lattice matched specific crystal faces (166-168) or, via mesocrystals, 

which are kinetically stabilized nano-crystals in crystallographic 

alignment.(169, 170) These mesocrystals are intermediates forms between 

pre-nucleation clusters and true single crystals which either fuse and 

transform into single crystals (170) or remain in solution stabilized by other 

molecules at the particle interfaces.(156, 171-173)  

In situ observations of crystal growth in these models are rare, 

usually limited to liquid-phase scanning probe (174) and transmission 

electron microscope (TEM) (167, 175, 176) studies. Perhaps more 

relevantly methods that combine imaging and spectroscopy with data 

collected at different time points throughout crystallization can detail the 

kinetics of growth at the early stages of crystallization.(155, 158, 171, 177, 

178) 

Recently and in opposition to classical nucleation theory, calcium 

carbonate crystal formation has been found to form as an amorphous 

cluster phase before forming the more stable polymorph forms both 

biologically (159, 179) and synthetically.(180, 181) It has also been shown 

that these mesostable clusters are preceded by the formation of pre-

nucleation nano-clusters.(140, 182) The observation of calcium carbonate 

meso crystals is an area of particular interest as it may have lasting 

consequences for the crystal that is ultimately formed(183), this has been 
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shown in several ways such as freeze drying particles(184)  and has shown 

evidence of spherical crystal formation.(61, 75) 

The role of the pre-nucleation clusters has been examined using a 

method of Plunge-freeze vitrification to freeze clusters during a process of 

nucleation, before being studied via cryo-transmission electron microscopy 

(cryo-TEM).(180) This allowed sampling at various time points to see the 

different stages of the mineralization, and showed the formation of pre-

nucleation clusters and amorphous phases before transformation into 

Vaterite and ultimately calcite.(185-187) This work showed that pre-

nucleation occurred in solution before ultimately forming crystalline 

structures on the surfaces studied. It has been speculated (140, 151) that 

this is because of an entropy gain from the release of water from the ion’s 

hydration shell, which provides the driving force towards pre-nucleation 

cluster formation, although it has also been suggested (187) this may occur 

simply due Brownian motion of the pre-nucleation particles and subsequent 

gain in surface enthalpy. Finally it has also been suggested (188, 189) that 

CaCO3 clusters of ≤2 nm may have short range order thus making 

formation more closely linked to classical nucleation theory.  

1.3.5 Confinement of crystal growth  

Recently there has been significant research and interest in the 

growth of a variety of crystals within a confined geometry(81, 190-194) 

which has uniformly lead to the conclusion that a confined geometry, such 
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as a flow cell(195), has the tendency to stabilise conventionally less stable 

polymorphs and mesostable phases without the use of additive molecules.  

This ultimately leads to the conclusion that crystal growth can be 

controlled using both additive molecules and modification of the growth 

geometry therefore the ability to study these in isolation, as presented here, 

is of particular importance.  

 

1.3.6 Calcium Carbonate growth inhibition 

Inhibitors can drastically affect the formation of calcium carbonate. 

An inhibitor is a chemical that reduces the formation of calcium carbonate 

crystals and are widely used as a control method in many fields. This may 

be because an active site is occupied by additive molecules/ions. This use 

of chemical inhibitors has been used in boilers since 1821 when it was 

found that potato starch reduces the rate of scale accumulation.(196) 

Chemical inhibitors may function via several mechanisms chelation, 

dispersion and inhibition.(197) One mechanism of inhibition occurs as ions 

in solution, at very low concentrations, adsorb onto the crystal surface, 

blocking growth positions on the surface inhibiting further precipitation.(198, 

199) Other  methods like carboxylic acids weaken the crystal structure(200) 

and chelates such as maleic acid bind around calcium in solution 

preventing it from joining a crystal.(79)  
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Whilst the inhibition of bulk growth crystals has been studied widely 

there are relatively few examples of experiments which exclusively observe 

the initial stages of nucleation and the effect of inhibitors on ACC. The work 

that has been done has shown the “Janus” like behaviour of larger 

molecules such as poly(aspartic acid) which present inhibiting behaviour at 

the ACC phase but promotes growth later in the solid phase of growth.(201) 

In contrast, this work by Meldrum et al. show the small molecules 

(magnesium and sulphate ions) investigated inhibited crystallisation in all 

phases. This has particular relevance for applications in calcium carbonate 

systems as the control of the early stages of nucleation leads directly to the 

eventual polymorph and crystal size eventually formed. These 2 

parameters directly relate to the ease with which deposits are eventually 

removed.   

The work presented in this thesis seeks to bring together the two 

strands of research into the early stage nucleation and then growth of 

calcium carbonate. The aim is to begin to understand how the early stages 

of nucleation, which have been observed in isolation via the methods 

outlined above, continue to their eventual polymorph. This thesis does this 

by using Raman spectroscopy to track the growth in real time from early 

nucleation through to the establishment of a specific polymorph. 

This interesting problem could be addressed further in future work 

using the pipette method presented here as the method exclusively deals 

with monitoring differences at the early stages of nucleation and growth.  



35 

 

 

  



36 

 

1.4 Mass Transport and Surface Reaction 

Kinetics 

Any surface process such as crystal growth and dissolution is 

mainly dependent on two processes. Mass transport which describes the 

transport of species to and from the surface, and surface reaction kinetics 

which dictate the speed at which reactions on the surface occur.(202)  

Mass transport is described by the Nernst-Planck equation (203), 

equation 3,  which accounts for the diffusion, convection and migration of 

species in the system by calculating the flux, J of species of concentration, 

c:   

 
𝐽 =  −𝐷∇𝑐 + 𝓊𝑐 −

𝑧𝐹

𝑅𝑇
𝐷𝑐∇ ⋅ 

(
3) 

 

Where D is the diffusion coefficient of the species, 𝓊 is the fluid 

velocity, z is species charge, F is Faraday constant, R is the ideal gas 

constant, T is temperature and ⋅ is the electric field strength. The diffusion 

is the movement of the species due to differences in species concentration. 

Species will generally move from areas of high concentration to areas of 

low concentration. Convection describes fluid flow as a result of external 

factors such as vibrations, thermal or density gradients. Migration occurs 

due to charged species moving within an electric field. 
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1.5 Techniques for surface analysis 

1.5.1 Optical Microscopy  

Optical microscopes allow the visualisation of a sample at high 

magnification, much greater than is possible by eye.(204) This is achieved 

through use of visible light and its ability to be diffracted and refracted when 

passed through a lens. For this reason optical microscopy is commonly 

referred to as light microscopy. Optical microscopes are the oldest form of 

microscopy, developed in the 17th century. The limitation of optical 

microscopy is the wavelength of light itself.  

At high magnifications, individual points are seen as diffuse discs 

surrounded by diffraction rings, called Airy disks.(205) It is these diffraction 

rings that impact the microscopes limit, the ability to resolve these details. 

The effect of the diffraction patterns are changed by the wavelength of light 

(𝜆), the materials used to make the lenses and the numerical aperture (NA) 

of the objective lens. This leads to a distance limit (d) beyond which it is not 

possible to resolve separate points called the diffraction limit shown in 

equation 4 

 
𝑑 =  

𝜆

2𝑁𝐴
 

(
4) 

This shows that resolution can be improved by increasing the NA or 

lowering 𝜆 both of which are physically limited to 𝜆 of light or the materials 



38 

 

used. Only by moving to use the much smaller 𝜆 of electrons can resolution 

be significantly improved. There are methods used to surpass the limit but 

these are usually limited to certain samples, such as requiring fluorescing 

samples and as such are limited in their use. For this reason scanning 

probe microscopy (SPM) was developed to advance the visualisation of 

nano scale features and provide 3D information which is also not usually 

possible from optical microscopy as it does not require the use of light.  

1.5.2 SPM Methods   

Scanning probe microscopy (SPM) techniques, typified by the 

scanning tunnelling microscope (STM) (206), are used to analyse surfaces. 

This thesis uses several scanned probe methods to look at enamel 

surfaces. As the name suggests, SPMs use a probe that scans a sample 

using precise positioning to give accurate topographical and surface 

property maps, for example conductivity or activity, to a specific reaction. 

The probe is usually controlled via piezoelectric positioners which can 

move a probe with atomic precision. 

To study the surface properties of materials, several scanning probe 

techniques have been developed within the field including AFM (207), 

scanning electrochemical microscopy (SECM) (208), SICM (209) and 

scanning electrochemical cell microscopy (SECCM).(210) All these 

techniques have been used to study crystal dissolution.(41, 44, 211, 212) 
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This investigation will use a combined method of SECCM and AFM to study 

the dissolution kinetics of tooth enamel. 

1.5.2.1 Atomic force microscopy (AFM) 

Developed from the scanning tunnelling microscope (STM) (213), 

AFM is a variant of SPM with high resolution topographical imaging.(207) 

STM relies on quantum mechanical tunnelling of electrons and thus, for the 

surface to be conducting. AFM bypasses this need as the probe makes a 

physical contact to the surface and is easily used to investigate insulating 

surfaces.(214, 215)  AFM is the most common method used for imaging 

nanoscale materials and the equipment is commercially available from 

many companies. The topography of the surface being investigated is 

directly observed by a mechanical probe that is scanned across the 

surface. 

A generalized experimental AFM setup is shown in Figure 7.(213, 

216-218) AFM measurements are made via a cantilever with a sharp tip 

(usually made of silicon), of the order of a few nanometres in diameter, 

used to scan the material surface. Each cantilever has a spring constant 

given by the manufacturer. This gives it very high resolution when 

compared with other techniques which might be in the order of micrometres 

as the tip size directly relates to the resolution possible. When scanning, 

the tip is lowered to the surface, the sample is mounted on a piezoelectric 

scanner which controls the x, y and z-directions, which can manoeuvre the 

sample to perform a raster scan across the surface with the tip rising and 
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falling with the surface features. The resultant force (F) between the tip and 

the surface cause the cantilever to deflect. The amount the cantilever is 

deflected (𝑙) is dependent on the cantilever spring constant (𝑘) and 

equation 5, determined by Hooke’s law.  The deflection in the cantilever is 

measured with a laser beam focused onto the back of the cantilever. This 

laser spot is reflected off the cantilever into a photodiode sensor which can 

detect the subtle changes in the tip caused by deflection of the tip from 

surface features. In the standard contact mode the z position is moved with 

the piezo to ensure the force between the tip and sample is maintained as 

constant. 

 

Figure 7 AFM experiment set up 
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𝐹 =  −𝑘𝑙 

5
5) 

There are several modes in which AFM can be used depending on 

the application. These are broadly divided into static (contact) mode and 

dynamic (tapping) mode. In contact mode, the tip is dragged across the 

surface of the sample and the contours of the surface are measured 

directly using the deflection of the cantilever. Originally, the tip was 

scanned in constant height mode where the tip height remained constant 

and the changing deflection generated the image. However this risks the tip 

colliding with the surface and becoming damaged. For this reason, a 

feedback mechanism is now used to adjust the tip height to maintain a 

constant force between the tip and the sample. A typical force curve for the 

tip/sample interaction is shown in Figure 8. 
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Figure 8 showing a typical force curve measured using AFM 

In tapping mode, the tip is vibrated at a specific frequency, as 

shown in Figure 9. This vibration is dampened by tip-sample interactions 

which can be detected when compared to the reference vibration and 

detected to give a representation of the surface topography. Tapping mode 

reduces the damage done to both the sample and the tip when compared 

to contact mode as the tip is not dragged over the surface. The feedback 

used is to maintain the applied amplitude and frequency of the tip to build 

up the image. The work in this thesis used tapping mode as early testing 

showed that the hardness of the enamel substrate used caused 

significantly increased ware rates in the AFM tip reducing the usable life in 

contact mode.  
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Figure 9 operation of tapping mode AFM 

AFM does, however, have both advantages and disadvantages that 

must be considered. The advantages over other scanning probe techniques 

such as SEM include that AFM produces a 3-dimensional image and that 

AFM does not need the use of a vacuum or conducting surface coatings on 

the sample to produce optimal images. High resolution AFM (219) has 

produced resolutions similar to that of STM. One disadvantage of AFM is its 

slower speed when scanning which can cause thermal drift in the sample, 

meaning that the temperature must be kept constant to produce noise and 

artefact free images. It is also important to ensure that all images are 

produced with properly working tips as they can wear away or become 

damaged thus resulting in poorer images particularly with very hard 

samples. A significant disadvantage of AFM is its inability to cope with 

overhanging features or very steep walls as these are prevented from 

forming tip to surface contact as the tip sides interacts with the feature thus 
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preventing the tip to reach the surface as shown in Figure 10. This creates 

false images. 

 

Figure 10 showing an AFM tip interating with a sharp feature which 
would create a false immage  

In this research, AFM is used to visualise the topography of enamel 

(42) and the pits produced via SECCM. The AFM information was then 

used to perform pit analysis to calculate average etch pit volumes. Line 

profiles of the pits formed for experiments in this work are shown in Figure 

11 which demonstrates the way a tip tracks surface features. 
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Figure 11 showing series of AFM line profiles at various times of an 
array of acid etched pits on a) polished enamel b) Fluoride treated 
polished enamel  

To ensure that the AFM data used was accurate a comparison of 

pits was made using both a standard tip and a high aspect ratio tip as 

shown in Figure 12 the result of which showed a difference of less than 5% 

as shown in Table 1.  

 

 

 

 

 



46 

 

Table 1 showing difference in measured pit volume using normal tips 
and high aspect ratio tips 

contact time Normal tip Volume (m3) High Aspect Ratio Tip 
Volume (m3) 

3 2.16E-19 2.22E-19 

4 2.50E-19 2.55E-19 

5 3.35E-19 3.50E-19 

6 3.59E-19 3.70E-19 

7 4.24E-19 4.41E-19 

8 4.89E-19 4.98E-19 

9 6.33E-19 6.60E-19 

It is worth highlighting the scale of the pits is less than 1 µm which is 

much smaller than that of an AFM probe which is on the order of 10 µm 

 

Figure 12 showing a standard AFM tip (Bruker) (left) and a high aspect 
ratio tip (right) (Nanosensors) 

1.5.2.2 Piezoelectric Materials 

Piezoelectric materials have the ability turn electrical charge into 

mechanical movement reversibly.(220, 221) These materials are formed by 

heating them beyond their Curie temperature, the point they lose their 

paramagnetic properties.(222) This is because it causes the nuclei to have 

randomly aligned dipoles and, thus, no overall magnetisation.  If a direct 
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current (DC) field is then applied, the nuclei will align with the induced 

magnetic field. After removing the DC field the nuclei remain stuck in the 

aligned position, a process known as poling.(223) By applying a voltage in 

the same direction as the poling field, polarity causes the material to 

compress and the reverse causes the material to elongate. The reverse 

that mechanical compression, will create a voltage, is equally observed. 

SPMs utilise the highly controllable piezoelectric effect to move probes and 

samples together in order to carry out the surface analysis with the 3D 

resolution required to resolve features the size of atoms. The most common 

arrangement is to have separate x, y and z columns in the positioning 

system in order to prevent false artefacts of the scan forming in the 

resulting image. However, some systems utilise tube piezo positioners 

(224) to great effect though often at the lower end of the resolution scale 

and require the use of software to deconvolute the artefacts produced.  

1.5.2.3 Nanopipettes  

Nanopipettes are utilised throughout this thesis as a method for 

containing and defining the mass transport of aqueous ionic salts. These 

devices are formed from small glass capillaries melted and pulled to a 

sharp point. These are then filled with the relevant electrolyte solution. The 

advantage of the solution filled nanopipette over a conventional solid 

electrode is the ease of fabrication of small radii probes. The idea was first 

utilised in SICM (209, 225), however SICM is not considered as part of this 

thesis.   
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Nanopipettes can be considered a close relative of the nanopore 

which has been used extensively to study a range of complex systems 

(226-229) and is again utilised in this thesis to study the crystal nucleation 

of calcium carbonate.    

1.5.2.4 Pipette Fabrication  

Quartz glass capillaries were pulled to sharp points using a CO2 

laser puller (P-2000, Sutter). The resulting dimensions were observed using 

FE-SEM. Figure 13 shows the pulling process used to fabricate pipettes 

where the centre is held in the laser spot and then pulled apart to form the 

pipette.   

 

Figure 13 showing p-2000 laser puller and pulling process used   

The work contained in this thesis required the use of <1µm probes 

in order to work, but at these sizes a new variety of dual barrel capillary 

was needed. It has been known for some time that to use small SICM sizes 

under 3 µm the starting capillary should have a ~160 µm glass rod that is 

annealed to the inner edge of the capillary.(230) This rod is called a 

filament. The presence of this filament acts as a “wick” to create capillary 

action to allow back filling of the solution being used in the experiment. The 
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filament can be pulled in a laser puller as usual and the filament reduces in 

size at the same rate, preserving the capillary effect to the end of the 

pipette. Due to the small size being used for the investigation in this thesis 

without a filament, backfilling the dual barrel pipettes are extremely difficult, 

to fill and leaves air bubbles within the solution of the pipette thus blocking 

the ion flow. For this reason custom made dual barrel, dual filament 

capillaries were commissioned and shown in Figure 14. These were shown 

to be able possible to pull to <50 nm per barrel with the filament intact and 

could be filled. This thesis is the first example of work to use these new 

dual barrel, dual filament capillaries.    

 

Figure 14 SEM and Optical image of dual filament capillary used 
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1.5.2.5 Scanning electrochemical microscopy (SECM) 

SECM is a common electrochemical scanning probe technique that 

has previously been used to study enamel crystal dissolution.(44) SECM, 

though not utilised in this thesis, is a fundamental SPM technique from 

which several other methods have developed and thus is included here for 

completeness.(231) SECM uses a solid micro or smaller electrode that is 

moved close to a surface in solution with either a resulting rise of fall in 

current depending on the surface in question. The main advantage of 

SECM is that there is a high mass transport rate for analytes produced at 

the electrode to the surface. In previous investigations, SECM has been 

used to promote crystal dissolution by using the probe to generate protons 

and make a local change in pH at the point directly below the probe.(44) 

The main disadvantage of SECM is that the whole sample must be 

immersed in solution. Immersion may affect the surface before the 

experiment is carried out by causing dissolution to the surface. In addition, 

the crystal used must be stable in the bulk solution, which therefore limits 

the samples that can be studied with SECM. 

SECM does also have the inherent drawback that the probe has no 

feedback mechanism. There are, however, some methods to counter this 

such as intermittent contact SECM (IC-SECM) or atomic force SECM.(232) 

However these variant techniques are beyond the scope of this 

investigation. 
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1.5.2.6 Scanning electrochemical cell microscopy (SECCM) 

SECCM (233) takes advantage of a liquid meniscus that forms at 

the end of a dual-channel pipette which, once in contact with the surface, 

creates a positionable and mobile nano-electrochemical cell which can be 

used on both conductive and insulating substrates.(210) The technique is 

able to deliver high mass transport rates due to the geometry of the 

probe.(234) When using a conductive substrate it is possible to analyse 

electron transfer at an electrode surface and also study ion transfer.(235) It 

also enables the control of mass transport of charged species through 

control of the potential bias between barrels. The use of this technique has 

one specific advantage of particular use in this thesis over conventional 

SPM, such as SECM and SICM (209), due to the use of a mobile liquid 

meniscus as a probe. This leads to each measurement being collected in a 

newly exposed sample, rather than the surface having been submerged in 

electrolyte solution experiencing a bias for a long time, potentially leading to 

changes in the surface properties. The final disadvantage of SECM is the 

limited ability to maintain a constant tip-to-substrate distance. In SECCM a 

feedback loop is used to provide a constant tip-to-substrate separation 

during scanning by maintaining a component of the ion conductance 

current. 

In an experimental setup for SECCM (210), shown in Figure 15, a 

glass theta capillary is drawn out to a sharp point of approximately 90 nm – 

1µm in diameter. Each side of the barrel is filled with an electrolyte solution 
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and an Ag/AgCl reference electrode is connected at the open end of the 

capillary. The solution forms a small droplet at the tip due to the surface 

tension of the solution which allows electrical contact between the two 

barrels. When a bias is passed between the two barrels, the resultant 

currents limiting factor is the size of the droplet at the end of the pipette, 

thus the current is linked directly to the droplet size.  

 

Figure 15 showing generic SECCM set up 

This has the major advantage that the probe can now approach the 

surface of interest in air. To do this, a bias is applied between the two 

barrels and the tip is oscillated normal to the surface by a set amplitude and 

frequency. The tip is then lowered towards the surface at a constant, slow 
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rate using the z piezoelectric positioner. When the droplet comes into 

contact with the surface, a spike in current is observed as the meniscus 

expands towards the surface. This spike is used as an indicator that the 

surface has been reached, and so to stop lowering the tip. The increase in 

the DC occurs as the liquid wets the substrate surface upon contact and 

draws more liquid into the meniscus. This increases the droplet size and 

thus lowers the local resistance.  

The oscillation of the tip now generates a much larger AC signal as 

the droplet is squeezed and released against the surface. This is used as a 

feedback mechanism to maintain a constant tip-substrate separation. At the 

point of contact there is another possible feedback method with a 

conducting substrate which is the formation of a surface current as the 

circuit is completed through the meniscus. 

The DC (direct current) has also previously been used for feedback 

for some specific uses where oscillating the tip is not acceptable: for 

example, very fast dissolution processes.(109) It is also possible to set up 

another circuit on conductive surfaces. This can mean that surface activity 

can be mapped in relation to topography. The tip can then be scanned 

across the surface and a topographical map produced. 

Figure 16 depicts a general SECCM approach curve experiment. It 

can be seen at the point of contact that there is a large rise in both the AC 

and DC currents as described above. During the SECCM approach the AC 
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and DC components, x, y and z position of the pipette are simultaneously 

recorded using a Field Programmable Gate Array (FPGA) card.  

 

Figure 16 diagrammatic representation of SECCM approach curve. 
Showing both AC (Red) and DC (Green) outputs  

1.5.3 Field Emission Scanning Electron Microscopy 

(FE-SEM)  

A scanning electron microscope replaces light and uses electrons 

under vacuum in order to create images of a sample by scanning the 

sample with a focused electron beam which is then detected at a various 

detectors usually the secondary electrons are detected.(236) This is 

achieved by scanning the surface with a focused beam of electrons and 

detecting the returning electrons after they have interacted with the surface.   
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1.5.4 Micro-Raman Microscopy 

Raman spectroscopy is used to provide information about sample 

identification. It involves exposing the sample to a highly monochrome light 

source, in this thesis a 514.5 nm laser, and detecting the resulting scattered 

light. The majority will be elastically scattered, i.e. returned at the same 

frequency as the incident light, however a small amount will be shifted due 

to interacting with the vibrational energy levels of the sample 

molecules.(237) The shifted light frequency can be plotted against the 

intensity and will give a spectrum of the sample. Raman spectra can be 

used to distinguish between different polymorph forms of a crystal and is 

used to this effect throughout this thesis.(60, 61, 82-85, 238-240) 

When combined with an optical microscope Raman spectra can be 

collected from a highly localised area both laterally and in depth ~1 µm in 

size thanks to a high spatial resolution. The use of a microscope focusing 

the laser spot has the added benefit of enhancing the photon flux to the 

surface increasing the received signal. Another benefit utilised in this thesis 

is the fact Raman is particularly insensitive to water making it particularly 

suitable for the analysis of crystals.(237)  

The resolution of the Raman system is limited by the laser 

wavelength used and the microscope optics used and defined by; 

Spatial resolution = 0.61 λ/NA (237) 
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Where λ is the wavelength of the laser, and NA is the numerical 

aperture of the microscope objective being used.     
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1.6 Finite element method (FEM) modelling 

Mathematical modelling is used throughout this thesis in order to 

quantify the experimental data. This provides information to calculate 

reaction kinetics that would otherwise remain elusive because the model 

system allows for a system with a complex geometry i.e. the pipette and 

allows for simultaneous treatment of multiple physical processes.  

Within this thesis two models are used. The first models the acid 

induced dissolution of enamel. This was based on a model previously 

produced within the Warwick electrochemistry and interfaces group (WEIG) 

by Michael Snowdon (241) and modified by the author. The second used to 

model the blocking of a nanopipette by a growing crystal was created and 

analysed by David Perry also of WEIG.  

The programme used was COMSOL Multiphysics, which utilises the 

FEM.(242) This method of modelling works on the basis that taking a larger 

geometry, in this case the tip, and splitting it into a series of small domains 

can approximate the diffusion, migration and convection effects within the 

tip. The size of the domains (the mesh) used to calculate these results 

dictates the accuracy of the simulations. Therefore, in important areas, 

where physical changes occur rapidly the mesh size is kept small such as 

at the end of a pipette. Whereas, in less significant areas, the mesh is 

allowed to grow larger to make the simulation less computationally 

expensive. The physical processes modelled use partial differential 
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equations (PDE)s to be solved, for example, transport of diluted ions and 

molecules, applying an electric field and fluid dynamics. To begin a 

simulation, an initial value is given by the user before the computer runs a 

series of iterations where new trial values are used and fitted to the PDE 

and the error is observed. Through the series of iterations this error is 

minimised until a threshold is reached. Each PDE is locally approximated 

using equations for steady state systems and differential equations time 

dependant models. The work in this thesis deals with steady state systems.  

The model is used to calculate the rate of dissolution in conjunction 

with experimental results in order to calculate intrinsic rate constants. FEM 

modelling has been used extensively to show many systems with mass 

transport properties in the literature and has previously been used to 

quantify SECCM experiments by modelling the scanning probe used in the 

experiments in order to calculate the migration diffusion and convection 

involved.(241) 
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1.7 Chemicals, Instrumentation and Methods 

Due to the exclusive inclusion of previously published work please 

see individual chapters for details of chemicals, instrumentation and 

methods used within this thesis.  
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1.8 Thesis Aims 

The aim of this thesis is to investigate both the nucleation and 

dissolution of crystals, crystalline materials and biominerals, using aqueous 

systems, which have industrial growth uses. The focus will be on two 

systems: the dissolution and regrowth of enamel surfaces and the 

nucleation of calcium carbonate within a nanopipette. The aim is to observe 

these systems using a multi microscopy approach to discern the kinetics 

involved. To achieve this, the experimental setup is tailored to enhance and 

control movement of species to the surfaces involved.  

The broad spectrum of microscopic techniques used includes 

optical, electrochemical scanning probe methods, AFM and Raman 

microscopy. The methods are used in novel combinations to probe the 

systems of interest. The experimental methods are matched with FEM 

simulations to gain a greater understanding of the processes studied. 

 Chapter 2 will explore a new method of investigating the dissolution 

of enamel using SECCM as a delivery method for defined acid contact, the 

effect of which is observed and quantified using AFM and ultimately FEM 

modelling. The effect of surface treatments in preventing dissolution is 

considered. As detailed herein, understanding the dissolution process has 

profound effects on basic human health and therefore investigative 

methodology advances are of paramount importance. Applications that can 

perform multiple measurements on single samples are particularly relevant. 



61 

 

Herein, just such a method is developed and sample surface treatments 

with fluoride and zinc ions are investigated.  

Chapter 3 utilises the method developed in chapter 2 to investigate 

commercially relevant new surface treatments. The surface treatment used 

is calcium silicate which is used in remineralising toothpaste. The effect on 

dissolution is investigated, whilst the effectiveness as a material for 

remineralising enamel is studied using SEM to show the particle deposition, 

ion selective electrodes to measure Ca2+ release, Raman spectroscopy to 

detect the presence of HAP, and AFM to measure the extent to which acid 

etched enamel pits are in filled by calcium silicate.  

Chapter 4 shows a simple new development of a nucleation and 

growth measurement system which is shown to be particularly effective in 

probing the nucleation and growth of calcium carbonate. It investigates the 

selective nucleation of calcium carbonate within a nanopipette using 

electrochemistry to trigger nucleation. This is industrially important in the 

development of cleaning products that can both clean surfaces of calcium 

carbonate, in the form of limescale, and prevent the nucleation of new 

particles. An ion current is used to control the mixing of calcium and 

carbonate ions which are driven together to cause crystal nucleation in a 

nanopipette. The use of inhibitors used to prevent formation are 

investigated and the crystal formed is confirmed using Raman 

spectroscopy. The method measures time taken for a tip blocking event to 

occur by monitoring current transients. Because of the controlled 
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reversibility of the reaction, many controlled repeats were possible to give 

highly statistically significant results. The kinetics of the system are 

validated using a FEM model to account for the migration and diffusion of 

ions in the system. 

Chapter 4 also investigates effect of varying blocking and 

unblocking biases, electrolyte concentration and the effect of an inhibitor, in 

the model case maleic acid, which was introduced in trace amounts the 

effect was to increase substantially the blocking time of the transients.  

In the various cases, the microscopic techniques selected are used 

to their strengths to measure the surface process for which that method is 

best suited. It is this combination of methods that allows a clear picture of 

the surface being studied to be formed, and thus, better understood, 

whether that is for gaining quantitative information or a greater 

understanding of the polymorphs formed. The valuable contribution of 

these multi-microscopy methods are combined effectively with FEM models 

throughout to further extend the understanding of these systems effectively. 
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2 Combinatorial Localized Dissolution 

Analysis: Application to Acid-induced 

Dissolution of Dental Enamel and the 

Effect of Surface Treatments 

2.1 Abstract 

A combination of scanning electrochemical cell microscopy 

(SECCM) and atomic force microscopy (AFM) is used to quantitatively 

study the acid-induced dissolution of dental enamel. A micron-scale liquid 

meniscus formed at the end of a dual barrelled pipette, which constitutes 

the SECCM probe, is brought into contact with the enamel surface for a 

defined period. Dissolution occurs at the interface of the meniscus and the 

enamel surface, under conditions of well-defined mass transport, creating 

etch pits that are then analysed via AFM. This technique is applied to 

bovine dental enamel, and the effect of various treatments of the enamel 

surface on acid dissolution (1 mM HNO3) is studied. The treatments 

investigated are zinc ions, fluoride ions and the two combined. A finite 

element method (FEM) simulation of SECCM mass transport and interfacial 

reactivity, allows the intrinsic rate constant for acid-induced dissolution to 

be quantitatively determined. The dissolution of enamel, in terms of Ca2+ 
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flux (𝑗𝐶𝑎2+), is first order with respect to the interfacial proton concentration 

and given by the following rate law:  𝑗𝐶𝑎2+ = 𝑘0 [𝐻
+], with 𝑘0= 0.099 ±0.008 

cm.s-1. Treating the enamel with either fluoride or zinc slows the dissolution 

rate, although in this model system the partly protective barrier only 

extends around 10-20 nm into the enamel surface, so that after a period of 

a few seconds dissolution of modified surfaces tends towards that of native 

enamel. A combination of both treatments exhibits the greatest protection 

to the enamel surface, but the effect is again transient.   

2.2 Introduction  

The dissolution of solid materials is an area of significant 

interest (243) across many fields, including the earth sciences (244, 

245), corrosion science (240), and the life sciences (246), as well as 

in chemistry.(247-253) Studies of the mechanism and kinetics of 

dissolution processes are important for both fundamental 

understanding and for various technical applications. This area 

requires methodologies that can probe dissolution under conditions of 

high and well-defined mass transport (254), so that surface kinetics 

can be extracted free from convolution from mass transport.(254, 255) 

This means that dissolution experiments must deliver sufficiently high 

and well-defined mass transport rates that surface kinetics are 

manifest in the measurement.  
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This paper describes a powerful combinatorial approach for 

dissolution studies, in which a large number of micron scale 

measurements are made rapidly on a small area of a single sample 

surface, for which different portions have been treated in different 

ways. The focus is on the acid-induced dissolution of dental enamel 

as an exemplar system, and one which is also of significant interest. 

Enamel is the hardest mineral found in the human body (10), forming 

the outer protective layer of teeth. Its main component is calcium 

hydroxyapatite (HAP, Ca10(PO4)6(OH)2)  which makes up more than 

95% of enamel by weight,(5) with the remainder comprised of a matrix 

of organic molecules, macromolecules and water.(13) Dental enamel 

is constructed from rods or prisms, each containing a tightly packed 

mass of HAP nanocrystallites in a highly orientated and organised 

structure.(14) Once formed, enamel has no vascular or nerve system, 

and can only regenerate minerals through remineralisation processes 

in the oral cavity.(11) Conversely, the enamel layer can be affected 

adversely through acid-induced dissolution processes associated with 

dental caries or erosion from the modern diet.(12, 20, 256)  

Acid attack of HAP is reasonably described by the following 

reaction:(32) 

Ca10(PO4)6(OH)2 (S) + 8H+
(aq) ⇌ 10 Ca2+

(aq) + 6HPO4
2-

(aq) +2 H2O (1) 
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This is the primary process of tooth demineralization: protons 

react with HAP, which releases Ca2+ and HPO4
2- ions into the solution 

(10, 257, 258), coupled with further solution processes (vide infra). 

As highlighted above, to understand the relative contribution of 

surface processes and mass transport to demineralisation rates, 

experiments need to be carried out under controlled, calculable, and 

sufficiently high mass transport conditions.(32, 254, 255, 259) The 

main approach, with well-defined mass transport, used in studies of 

enamel and HAP dissolution is the rotating disk (RD) method.(29, 37-

39, 260-262) However, the RD method is often restricted to bulk 

solution measurements, which places severe limitations on the time 

and spatial resolution of the technique.(254) This is particularly 

detrimental for the investigation of surface treatments that have a 

transient (temporary) effect, which may be short lived. To elucidate 

such effects requires methods with high time resolution. In terms of 

spatial resolution, a number of studies have used high resolution 

microscopy to study enamel dissolution at the nanoscale.(12, 40, 42, 

44-46, 263-265) However, with the exception of SECM (44), the 

approaches often have rather low mass transport rates and all require 

the sample to be exposed to solution for long periods, making it 

difficult to monitor transient effects on dissolution, such as those 

imparted by surface treatments.  
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Several treatments have been used to protect enamel from 

acid dissolution (266, 267), most significantly, the treatment of enamel 

with fluoride results in a surface layer of fluoridated hydroxyapatite 

and fluorapatite (23, 24, 54, 268) which resists acid attack better than 

natural enamel (34, 269), thus inhibiting demineralization.(34, 270) 

Zn2+ treatment of enamel also produces a protective layer. The 

binding of Zn2+ is proposed to lead to the precipitation of an apatite-

like phase, and the formation of a zinc complex at the surface of 

enamel has been suggested.(54, 271-274)  

The work presented here employs a new approach for the 

study of dissolution processes, coupling localized measurements with 

high and controlled mass transport through the use of SECCM 

combined with AFM.(210, 234, 275-277)  The aim is to demonstrate 

the methodology and to gain a better understanding of the acid 

induced dissolution process on enamel surfaces as well as the effect 

of treating the enamel surface with zinc and fluoride ions. Localized 

dissolution is achieved by confining the experiment to the meniscus of 

a pipette with a diameter ca.1 µm, and making a series of such 

measurements, with different exposure times, across the surface. 

Migration and diffusion of ions in the probe geometry allows fast 

surface kinetics can be investigated.(275) In essence SECCM is used 

as a tool to allow very fine control of the delivery of acid to the enamel 

surfaces resulting in localized etch pits. Nitric acid was used because 

it removed complexity in the system as the nitrate counter ion was 
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consistent with the background electrolyte These dissolution etch pits 

are then analysed using AFM and, using a finite element method 

(FEM) simulation, the intrinsic rate for proton induced dissolution 

(Ca2+ release) is extracted. We have presented preliminary data using 

this method as part of a multi-technique approach to elucidate a new 

treatment for enamel erosion that was presented in a special 

issue.(278) Here, we apply the technique in much more detail to 

common treatments of dental enamel, highlighting the spatial 

resolution of the approach and developing a full theoretical model to 

quantitatively analyse data. 

2.3 Experimental details 

2.3.1 Solutions 

All solutions were prepared using resistivity 18.2 MΩ cm 

(25°C) water (Purite). Etching solutions (50 mM KNO3 and 1 mM 

HNO3 (Sigma-Aldrich)) were prepared daily (pH 3.3, Denver 

Instruments UB-10 pH meter). Zinc salt solutions used for enamel 

pretreatment were made using 1000 ppm of Zn2+ from ZnCl2 (Sigma-

Aldrich). Fluoride solutions for enamel pretreatment were 1000 ppm of 

F- using NaF (Sigma-Aldrich). 1000 ppm was used as it is consistent 

with that of commonly used oral care products in the mouth. 



70 

 

2.3.2 Enamel Sample Preparation  

Bovine enamel samples were received from Unilever plc. already 

saw cut into 6x6x2 mm blocks. These were then polished using a custom 

made polishing grip shown in Figure 17 before being finished by hand. This 

was achieved using a silk polishing pad (Buehler) and aqueous diamond 

suspension starting with particle size 20 µm and working down 10 µm, 8 

µm, 5 µm, 2 µm, 1 µm, 0.5 µm and 0.05 µm sequentially until an RMS of 

<20 nm measured over 20x20 µm by AFM was achieved using a Bruker 

Nano Enviroscope AFM with a Nanoscope IV controller in tapping mode. 

 

Figure 17 diagram of polishing set up 
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Three different treatments were applied to each enamel block, 

one treatment per section, with rinsing of the sample in Purite water 

between treatments. To selectively treat a particular section, a low 

tack polyester tape (3M) was used to protect all but the area of 

interest, before submerging the sample in the treatment solution for 2 

minutes (see Figure 18). The treatments used were 1000 ppm F-, 

1000 ppm Zn2+, and a sector of the enamel was also subjected to a 

combined treatment with F- and Zn2+, applied sequentially as depicted 

in Figure 18.  

 

Figure 18 Representation of the localized treatments applied to an 
enamel block: a) Enamel block polished before any treatment applied; 
b) Half the sample masked off with polyester tape; c) Zn2+ treatment 
applied to sample; d) Polyester mask removed; e) Mask reapplied at 
90° rotation; f) F- treatment applied to sample; g) Mask removed; h) 
the final surface studied by SECCM 
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2.3.3 SECCM method 

The SECCM tips used were fabricated from 1.5 mm diameter 

borosilicate theta capillaries (Harvard Apparatus) that were pulled to a 

sharp point using a P-2000 laser puller (Sutter Instruments Co.). After 

pulling, the tip of the resulting pipette was oval and approximately 800 

nm across the main axis. A representative tip is pictured in Figure 

19(a). Each pipette was filled with the etching solution and a quasi-

reference counter electrode (QRCE) comprising an AgCl-coated Ag 

wire was inserted into each barrel.  
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Figure 19 (a) SEM image of a pipette tip. (b) Representation of the 
experimental setup used. The approach-hold-withdraw cycle and 
probe path used in SECCM experiments. (i) Probe approaches enamel 
surface. (ii) Meniscus makes contact with the surface and is held for a 
set time. (iii) The probe is withdrawn and meniscus removed from the 
surface. (c) The path the probe takes during the whole array used. 
Red line represents tip path. Meniscus contact in each spot is 1 
second longer than the previous spot 

The SECCM technique was set up as recently described.(277) 

The pipette was positioned close to the enamel surface using a 

manual micrometer (M-461 series, Newport) aided by a digital camera 

(Pixelink). Fine positioning of the pipette was achieved using a 

piezoelectric positioner system with a range of 38 µm normal to the 
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substrate, in the z-axis (P-753.3CD positioner, Physik Instrumente) 

and 300 µm parallel to the substrate in the x- and y-axes (Nano-

Bio300, Mad City Labs). A potential of 0.25 V was applied between 

the QRCEs in the barrels of the theta pipette using a home-built 

instrument controlled via LabVIEW 2011 and a field programmable 

gate array card (PCI-783R, National Instruments). An oscillation of 80 

nm amplitude was applied to the z-position of the tip, with a frequency 

of 233.5 Hz, using an external lock-in amplifier (SR830DSP, Stanford 

Research Systems), and the resulting alternating current (AC) 

magnitude at the driving frequency was measured and used to inform 

on the meniscus condition. An approach-hold-withdraw method, as 

illustrated in Figure 19(b), was used to carry out local dissolution at 

the enamel surface with different solution contact times. First, as 

shown in Figure 19(b)(i), the z-piezo was used to move the pipette 

towards the surface and the approach was stopped when the 

meniscus made contact with the surface (without the pipette itself 

making contact) as evidenced by a sudden change in the AC value. 

Typically, a threshold value was used that was one order of 

magnitude higher than the background AC measured when the tip 

was in air.(279) The meniscus was held in contact with the surface for 

a precise period of time (Figure 19 (b)(ii)), after which the pipette was 

rapidly withdrawn from the surface (20 µm s-1), breaking meniscus 

contact (Figure 19(b)(iii)). The pipette was then moved laterally to the 

next approach location at a velocity of 1 µm s-1 (taking 5 seconds). In 
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this time, the solution in the meniscus retuned to its initial conditions 

(equilibrium reached in << 1 sec).(277) This procedure was used to 

prepare an array of local etch features, following the pattern described 

in Figure 19(c), which also shows the path of the pipette. The array 

created in this experiment started with a 1 s meniscus hold time on 

the surface, and this was increased by 1 s for each subsequent 

position, up to a total of 16 s. Six arrays were created in each 

treatment section of an enamel surface and a total of four bovine 

enamel samples were studied, meaning that 24 separate arrays were 

created for the four different surfaces. Optical images showing an 

experiment in progress and an example of the resultant pit arrays are 

provided in Figure 20. 

 

Figure 20 Optical images of: a) an experiment in progress; b) close up 
image of arrays of dissolution pits formed on a surface 
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2.3.4 Atomic Force Microscopy 

The SECCM etch pits were characterized using a Bruker Nano 

Enviroscope AFM with a Nanoscope IV controller in tapping mode. We did 

not see any evidence of residues from the etching process or of solution 

being left behind after breaking meniscus contact. Tips used were 0.01-

0.025 Ω-cm Sb doped Si cantilevers (Veeco). The resultant images were 

analysed using SPIP 6.0.10 software. 

2.4 Theory and Simulations 

A 3D finite element method (FEM) model was used to extract the 

acid induced dissolution rate of enamel. The theta pipette presents a 

symmetry plane perpendicular to the pipette septum such that it was 

possible to model only half a pipette, for computational efficiency, as 

illustrated in Figure 21.  Values for the parameters used to describe the 

theta pipette geometry were typical values obtained from SEM images of 

the pipette: the major pipette radius perpendicular to the septum (mpr = 440 

nm); the minor pipette tip radius parallel to the septum (mptr = 260 nm); 

septum width (tw = 74 nm), pipette semi-angle (semi-ang = 2.4°). The 

values used in Table 2 are the aqueous reference values as some of the 

species involved are transient and only exist in extremely low 

concentrations in the experimental conditions and thus are difficult to 

measure experimentally. 
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Table 2 Diffusion coefficients of key solution species.(280) 

 

species 
diffusion coefficient (D) 

(cm2 s-1) 
Charge (z) 

Ca2+ 0.792x10-5 2 

HPO4
2- 0.759x10-5 -2 

H2PO4
- 0.959 x10-5 -1 

H3PO4 0.882 x10-5 0 

H+ 9.311 x10-5 1 
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Figure 21 the pipette geometry used. (a) 2D representation of the 3D 
simulations. (b) 2D representation of the end of the pipette. (c) The 
simulation geometry used zoomed into the region of the meniscus. (d) 
3D representation of a pipette probe in meniscus contact with a 
substrate showing the FEM grid used in experiments 

For simplicity the simulation assumed a planar enamel surface due 

to the relatively shallow pits formed after etching, especially at the short 

times.  However, the meniscus contact width (mw) that is shown in Figure 

21(a) was adjusted for each experimental time simulated, as informed from 

AFM data of etch pits.  The meniscus height (mh = 300 nm), and the 
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fraction of the potential that falls across the simulation boundaries (𝐸𝑓) were 

determined by matching the ionic conductance current in the simulation 

(with an inert substrate surface) to the experimental barrel current of an 

approach to an inert silicon oxide wafer substrate.(275) The pipette height 

(ph = 100 µm), which is the height of the tip domain that was simulated, was 

chosen to be sufficiently large so not to influence the results of the 

simulation.(277)  All simulations were carried out using the FEM simulation 

software, Comsol Multiphysics (v4.3, Comsol AB) with LiveLink for Matlab 

(R2011a, Mathworks). 

The Nernst-Planck equation (eq. 2) coupled with the 

electroneutrality condition (eq. 3) was solved to determine ionic 

concentration distributions in the pipette and meniscus domains: 

∇. (−𝐷𝑖∇c𝑖 − 𝑧𝑖𝑢𝑖𝐹𝑐𝑖∇𝑉)  =  𝑅𝑖 (2) 

∑ 𝑧𝑖𝑖 𝑐𝑖 = 0. (3) 

where 𝑐𝑖  is concentration, 𝐷𝑖  is diffusion coefficient,(275) 𝑧𝑖 is 

charge, 𝑢𝑖  is ionic mobility (calculated based on the Einstein equation) of 

species i, F is the Faraday constant, and 𝑉 is the electric field (between the 

2 QRCEs), 𝑅𝑖  indicates reactions leading to the formation or loss of 

species i within the field. Species in the solution were always kept at 

equilibrium, described by the following equations.  

{
H3PO4 ⇌ H

+ + H2PO4
−             𝐾𝑎1

∗ = 
[H2PO4

−][H+]

[H3PO4]
 

H2PO4
− ⇌ H+ + HPO4

2−            𝐾𝑎2
∗ = 

[HPO4
2−][H+]

[H2PO4
−]

 
 (4) 
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where 𝐾1𝑎
∗  and 𝐾2𝑎

∗  are acid dissociation constants for H3PO4 and 

H2PO4
-, respectively, corrected for the ion activity coefficients using 

MINEQL+ (Chemical Equilibrium Modelling System v4.6). In this simulation, 

convection from the electroosmotic flow was reasonably assumed to be 

negligible and so was not included because diffusion and migration play a 

much larger role under the experimental conditions.(234)  As the 

experimental contact times (1-16 s) were much longer than the time 

needed to reach steady-state in the pipette, it was reasonable to assume 

steady-state dissolution for the simulation.(275) 

The initial concentrations for Ca2+, HPO4
2-, H2PO4

-, and H3PO4 were 

assigned to zero in the simulated domain. The bulk concentrations, (i) were 

maintained at boundaries 2 and 3 (Figure 21(a)) with the following 

equation: 

𝑐𝑖 = 𝑐𝑖 ∗  (5) 

is initial concentration of species i. To simulate the bias, 0 𝑉  was 

applied to surface 3 (one barrel), and 𝐸𝑓 was applied to surface 2 (the other 

barrel).(275) 

At the interface between the meniscus and the enamel surface, 

represented in 2D (Figure 21(a)) with surface 1 as enamel (yellow), a flux 

relation was applied to represent the dissolution process:  
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{
 
 

 
 −𝑛.𝑁Ca2+                     =               𝑘0. [H

+]. (
10

8
)

−𝑛.𝑁H2PO42−                  =                 𝑘0. [H
+]. (

6

8
)

−𝑛.𝑁H+                         =                   −  𝑘0. [H
+]

 

(6) 

where n is the inward unit vector and 𝑁𝑖 is flux vector of 

species i, The intrinsic rate constant for dissolution is 𝐾0.  

The fractions (
10

8
) and (

6

8
) represents the stoichiometry 

coefficients of the acid dissolution reaction (eq. 1). All other 

boundaries, pipette walls and meniscus sides, were considered to be 

electrically insulating and have no flux (normal). 

2.5 Results and Discussion  

2.5.1 Etch Pit analysis 

Six arrays (each comprising 16 etch pits) were generated on each 

of the four enamel samples for each treatment using the 1 mm HNO3 

etching solution. This resulted in 384 etch pits for each of the four treatment 

conditions, all of which were analysed using AFM. A representative AFM 

image of an array is shown in Figure 22. There is a noticeable trend 

towards deeper and wider dissolution pits with increased time. It can also 

be seen that SECCM dissolution results in highly localised dissolution at 

the position of meniscus contact with the enamel surface. The volume of 

the pits for each hold time was averaged across all the arrays and samples 
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to produce Figure 23(a), which shows pit volume against meniscus contact 

time for untreated enamel, F- treated enamel, Zn2+ treated enamel and the 

combined treatment. These data highlight that the etch pit volume 

increases with time for all surface types, but the extent of dissolution is 

greatest for untreated enamel. Treatment of the surfaces inhibits the extent 

of dissolution, although the difference from the untreated samples was 

most noticeable at short times. This trend is also evident in the plot of pit 

depth vs. time (Figure 23(b)), with the treated surfaces showing much 

smaller pit depths overall, and for all surfaces the pit depth increasing with 

time.  
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Figure 22 Typical array of untreated enamel etch pits formed using 
SECCM, with the times of meniscus contact noted. Black line marks 
point of the profile at the bottom of the AFM image. The first point 
only makes momentary contact (mc), used for orientation of the 
sample, acid dissolution at each position is for an increased time 
period 
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Figure 23 Plots of: (a) average etch pit volume, (b) average pit depth, 
(c) average pit diameter, (d) average Ca2+ flux as a function of time. 
Error bars show standard error of the mean, n=24. Curves through the 
points are to guide the eye 

In order to elucidate quantitative dissolution rates, it was necessary 

to know the pit diameter (Figure 23(c)), which relates to the area of 

meniscus contact. The change in diameter, and thus the area of contact 

between the meniscus and the surface, was taken into account and 

inputted into the simulations used to analyse the data i.e. a time dependent 

meniscus area was considered to ensure that surface fluxes were 

determined with high accuracy (vide infra, e.g. Figure 23). 

Overall, the treatments appear to show F- treatment providing more 

protection of the enamel surface to acid attack than Zn2+ treatment, with the 

combined treatment providing the greatest protection. However, at longer 
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times, the treatments are less effective. This is because the treatments in 

Figure 23 only effect the surface layer of the enamel. The treatment does 

not penetrate substantially into the sample and protect the subsurface; this 

indicates these surface treatments are suitable if applied regularly. 

The flux of Ca2+ (mol cm-2 s-1) was determined using the time-

dependent pit volume and area (calculated using SPIP 6.0.10 software) to 

calculate the molar amount of enamel removed (density of enamel is 3.16 g 

cm-3, molar mass is 502 g mol-1).(5, 10, 11, 13, 14, 281) The average flux 

for each contact time for the different enamel substrates is shown in Figure 

23(d).  

Table 3 Calculated intrinsic rate constants for the different enamel 
substrates. Error is standard error of the mean (n=384). 

 

 

 

 

 

 

Sample 
Intrinsic rate constant (k0) for  Ca2+ 

release (cm s-1) 

Enamel 0.099 ±0.008 

Zinc treated 0.058 ±0.007 

Fluoride treated 0.033 ±0.008 

Combined treated 0.025 ±0.005 

All values are statistically different (p < 0.01) analysed by ANOVA and 
Tukey-Kramer analysis. 
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2.5.2 Simulations  

The model described earlier was implemented to calculate Ca2+ 

fluxes as a function of 𝑘0 which was varied in the simulations between 

1x10-3 cm s-1 and 7x10-5 cm s-1. The ratio of the diameter of contact area 

(obtained from AFM images of the pits, as described) to the diameter of the 

pipette was varied between 0.5 and 3. Figure 24 shows example 

concentration profiles for the key species involved in the acid attack and 

dissolution process for a rate constant, 𝑘0=0.08 cm s-1, which is at the 

upper end of those measured experimentally (vide infra). It can be seen 

that protons are significantly consumed at the enamel surface (interfacial 

concentration ca. 0.1 mM) but that, even with this rate constant, there is 

some contribution from surface kinetics, which can be determined. The 

profiles also show that there is some asymmetry in the transport of ions to 

and from the surface due to the electric field between the 2 QRCEs in the 

pipette.(275) 
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Figure 24 The concentration profiles of simulated species and electric 
potential at the end of the tip using an intrinsic rate constant, k0, of 
0.08 cm s-1. 

2.5.3 Determination of dissolution kinetics 

A 3-D working plot showing the interfacial calcium ion flux from the 

enamel surface as a function of the dissolution (acid attack) rate constant 

and ratio of meniscus radius to pipette radius ratio is shown in Figure 25. 

The experimental data yield jCa
2+, as described above, along with the area 

of meniscus contact, leaving the kinetic term, k0, which can then easily be 

determined. This calibration surface was used to derive the rate constant 

using the experimental results for all four treatment conditions and over all 

times. The average rate constant for each treatment is shown in Table 3. 

The result for the untreated enamel substrate is comparable to that of our 
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previous work,  (0.1 ±0.05 cm s-1) using a different technique giving great 

confidence in the technique.(39) In particular, it proves that there are no 

deleterious issues, for example, from solution that could have been left 

behind. As described above, it can be seen that F- treatment is more 

effective than Zn2+, and that the two combined gives the best barrier to acid 

attack of enamel. The variation between the rates constants for different 

treatments was proven to have statistical significance by using one-way 

analysis of variance (ANOVA) (p = 2.9x10-9, 99%). 

 

Figure 25 Simulated results showing Ca2+ flux (mol m-2 s-1) vs. intrinsic 
rate constant of dissolution (m s-1) vs. meniscus to tip ratio 
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2.6 Conclusions 

This study has presented a new method of combinatorial localized 

dissolution analysis highlighting the ability of SECCM to make multiple, 

rapid, localized, and independent dissolution features on a surface, under 

conditions of highly defined and fast mass transport. Combined with AFM 

analysis of the resulting etched features, this provides a powerful platform 

to investigate surface processes. In the present study, by following the 

dissolution reaction with time, it has been possible to elucidate the efficacy 

of surface treatments on enamel dissolution, and how this changes during 

etching. With the additional information provided by FEM modelling, 

quantitative kinetic information about the surface reaction has been 

extracted.  

 

  

This method has proven to be particularly powerful for the 

investigation of dental enamel surfaces, which may show some inter-

sample variability. With this approach herein, a single sample can be 

subjected to multiple treatments in different locations and their relative 

efficacy assessed, removing inter-sample effects. A particularly powerful 

aspect of the technique is that dissolution can be monitored for very short 

times, which is very beneficial as surface treatments often provide only a 

thin, transient coating, as shown herein. We expect that this approach 
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could have myriad applications in the future for examining surface coatings 

and treatments. Although not exploited in this study, it should also be 

pointed out that dissolution can be monitored via the ion-conductance 

current during meniscus contact(277) which further enhances the 

capabilities of this technique. 

For the systems studied, it has been found that both zinc and 

fluoride act initially to protect enamel from acid-induced dissolution, with 

fluoride having the greatest effect, whilst a combination of both treatments 

provided the optimum protection. This study demonstrates that the method 

outlined can be used to test treatments in a high throughput, automated 

approach to test single and multiple (combination) treatments of a surface 

quickly and effectively. 

 





92 

 

3 Measurement of the efficacy of 

calcium silicate for the protection and 

repair of dental enamel 

3.1 Abstract  

3.1.1 Objectives:  

To investigate the formation of hydroxyapatite (HAP) from calcium 

silicate and the deposition of calcium silicate onto sound and acid eroded 

enamel surfaces in order to investigate its repair and protective properties. 

3.1.2 Methods:  

Calcium silicate was mixed with phosphate buffer for seven days 

and the resulting solids analysed for crystalline phases by Raman 

spectroscopy. Deposition studies were conducted on bovine enamel 

surfaces. Acid etched regions were produced on the enamel surfaces using 

scanning electrochemical cell microscopy (SECCM) with acid filled pipettes 

and varying contact times. Following treatment with calcium silicate, the 

deposition was visualised with FE-SEM and etch pit volumes were 

measured by AFM. A second set of bovine enamel specimens were pre-

treated with calcium silicate and fluoride, before acid exposure with the 
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SECCM. The volumes of the resultant acid etched pits were measured 

using AFM and the intrinsic rate constant for calcium loss was calculated. 

3.1.3 Results:  

Raman spectroscopy confirmed that HAP was formed from calcium 

silicate. Deposition studies demonstrated greater delivery of calcium silicate 

to acid eroded than sound enamel and that the volume of acid etched 

enamel pits was significantly reduced following one treatment (p<0.05). In 

the protection study, the intrinsic rate constant for calcium loss from enamel 

was 0.092±0.008 cm/s. This was significantly reduced, 0.056±0.005 cm/s, 

for the calcium silicate treatments (p<0.0001).  

3.1.4 Conclusions:  

Calcium silicate can transform into HAP and can be deposited on 

acid eroded and sound enamel surfaces. Calcium silicate can provide 

significant protection of sound enamel from acid challenges. 

3.1.5 Clinical Significance 

Calcium silicate is a material that has potential for a new approach 

to the repair of demineralised enamel and the protection of enamel from 

acid attacks, leading to significant dental hard tissue benefits. 
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3.2 Introduction. 

Although the prevalence of dental caries has declined over the last 

four decades, due to the increasingly widespread use of fluoride 

toothpastes and improvements in oral hygiene practices, this painful and 

debilitating condition is still of major importance.(282) Likewise, the need for 

teeth to last longer due to increases in life expectancy, and the detrimental 

effects of increases in the consumption of acidic drinks, has increased 

concerns about tooth wear, particularly acid erosion. 

While both caries and erosion are the results of mineral loss due to 

acids, their aetiologies are very different. Caries is the result of plaque 

bacteria metabolising fermentable sugars to produce acids which 

progressively remove mineral beneath the relatively intact tooth surface, so 

that a lesion develops and grows within the tooth enamel. Conversely, 

erosion is caused by direct contact between dietary acids and the tooth 

surface, so mineral is initially lost from the surface, but further loss 

continues over time from the newly exposed mineral as the old surface 

dissolves. The acids responsible for erosion can also come from the 

stomach, where the patient suffers from, for example, an eating disorder or 

an illness that causes regurgitation, or occasionally from the environment, 

such as the occupational exposure for swimmers.(15) 

The ability of fluoride to reduce dental caries is long established 

where fluoride has been shown to both provide some protection from acid 
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challenges and to repair demineralised enamel.(26, 50, 283-285) 

Toothpaste manufacturers have sought to improve the efficacy of their 

products by enhancing fluoride delivery or adding other therapeutic agents. 

Increased erosion protection has been reported for stannous fluorides that 

are claimed to form a barrier layer on top of enamel, which protects it from 

acid challenge (286), but the efficiency of remineralisation (287) in the 

presence of such a barrier is unclear. Remineralisation is a naturally 

occurring process in the mouth, in which the saliva provides a source of 

phosphate and calcium ions needed for the formation of HAP.(27)  

The addition of calcium-containing minerals to fluoride containing 

toothpaste is another approach to enhancing the remineralisation and 

protection benefits.(27, 284) These minerals can elevate the level of 

calcium in both plaque and saliva, which may reduce the chance of caries 

and contribute to reducing the rate of enamel demineralisation, while 

promoting enamel remineralisation. Elevated calcium levels have been 

shown to increase fluoride levels in plaque and saliva (288), which can also 

have a beneficial effect.(289) Furthermore, the retention of calcium 

minerals in the mouth after brushing can provide some pH buffering, and 

confer a degree of protection against subsequent acid challenges.(27) 

Calcium-containing materials that have previously been used 

include hydroxyapatite (290, 291) and calcium sodium phosphosilicate 

bioglasses.(292) Bioglasses were first developed to repair bone injuries 

suffered by US servicemen during the Vietnam War (293), and have since 
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been used in toothpastes to reduce hypersensitivity (294) via the formation 

of a hydroxycarbonate apatite layer.(295) More recently, calcium silicate 

minerals were shown to be an active ingredient for both remineralisation 

(53) and the prevention of demineralisation.(296)  

A new oral health technology has been developed based on the 

combination of calcium silicate, sodium phosphate salts and fluoride. The 

technology is proposed to augment the natural mineralisation processes of 

saliva by nucleation of HAP and the formation of tooth enamel minerals. 

The proposed mechanism can help to repair acid-softened enamel and to 

protect sound enamel from acid challenges, giving overall enamel health 

benefits. 

Studies of acid induced enamel dissolution follow the process either 

by surface or bulk solution analysis.(30, 35) These studies have identified 

some of the key factors in enamel dissolution, namely that the rate is 

directly linked to the solution pH, with the rate of HAP dissolution typically 

inversely proportional to the proton concentration. The presence of calcium 

and phosphate ions can cause slower dissolution of enamel due to a lower 

degree of undersaturation.(47, 297) It has been demonstrated that the rate 

and extent of acid dissolution of enamel is strongly dependent on the 

diffusion of species towards and away from the surface, so that diffusion at 

the surface being investigated is controlled.(29, 30, 32, 35, 37, 298) More 

recently, several different microscopy techniques have been used to 

investigate localized acid-induced dissolution of enamel (41, 44, 211, 
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212) including atomic force microscopy (AFM) (42, 45), transmission 

electron microscopy (TEM) (263), profilometry (12), field emission-scanning 

electron microscopy (FE-SEM) (264, 299), and nano-indentation.(40) These 

have provided detailed views of the surface structural changes that 

accompany dissolution. 

The aims of the current study are several fold. First, the calcium 

release profiles of calcium silicate were investigated and its transformation 

into HAP under different pH conditions was elucidated. Then the treatment 

of sound and eroded enamel surfaces with calcium silicate was studied to 

demonstrate protection and repair using a range of techniques, including 

with a scanning electrochemical cell microscope (SECCM).(210) This novel 

technique confines the area of acid attack within a single moveable droplet 

of acid, which can be positioned on the enamel surface with precise time 

and spatial control and allows multiple measurements to be made across a 

surface.(210, 234) The etch pits produced from the acid attack can be 

measured by AFM. This method also allows the quantitative analysis of the 

dissolution kinetics due to the controlled mass transport within the probe 

geometry (241), which can be described with a finite element method 

(FEM) model.(235, 277) The effect of treating the surface of the enamel 

before dissolution with both fluoride and calcium silicate is investigated and 

the effect on the rate of dissolution observed. The ability of calcium silicate 

to repair acid damaged enamel is shown via AFM analysis after treatment 

with calcium silicate in combination with a phosphate buffer. The 

hypotheses to be tested are (1) HAP is formed from calcium silicate; (2) 
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calcium silicate can be deposited onto acid eroded enamel to provide 

potential repair, and (3) calcium silicate can provide protection of sound 

enamel from acid challenge. 

3.3 Materials and Methods 

3.3.1  Calcium release from calcium silicate 

Calcium silicate (1 mg/ml) was slurried in phosphate free buffer 

solutions (2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane sulfonic acid 

(HEPES), potassium hydrogen phthalate, sodium tetraborate, and adjusted 

at the desired pH (pH 4, 7 and 10) using sodium hydroxide (n=5). The 

release of calcium was measured in situ using a calibrated calcium ion 

selective electrode (Ca-ISE,) at one minute intervals for up to 10 minutes 

and ex situ using inductively coupled plasma optical emission spectrometry 

(ICP-OES) (Perkin-Elmer Optima 5300 DV) after 10 minutes only (n=5). 

3.3.2 HAP formation from calcium silicate 

A set of calcium silicate slurries were prepared by mixing 1 mg/ml 

calcium silicate with phosphate buffers 0.1 M at pH 4, 7 and 10. After seven 

days, the slurries were filtered and washed to remove any residual 

phosphate salt, dried on filter paper and compacted using a pill press. The 

pH of each solution was monitored using a pH probe (Denver instruments 

UB-10) to confirm stable pH values were maintained over the seven days. 
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Untreated calcium silicate was also compressed into a pill as a control 

sample. Micro-Raman spectra were collected from the compressed pill 

samples using a Raman microscope (Renishaw, UK) fitted with a Charge 

Coupled Device (CCD) detector and a 633 nm HeNe laser using 5% 

attenuation and a spot size of 3 pm. A 50X lens was employed.  

3.3.3 Scanning electrochemical cell microscopy 

(SECCM) 

Enamel repair and protection were investigated using SECCM. The 

SECCM used was a custom-built machine controlled by a custom LabVIEW 

2011 program (National Instruments).(210, 234, 235, 241, 277) The tip 

position was controlled using piezoelectric positioners with a movement 

range of 38 μm in the z-axis (P-753.3CD positioner, Physik Instrumente, 

Germany) and 300 μm in the x- and y-axes (Nano-Bio300, Mad City Labs, 

USA). Potentials were applied using a custom built potentiostat controlled 

by the LabVIEW 2011 program through a field programmable gate array 

(FPGA) card (PCI-783R, National Instruments, UK). 

Dual-barrel (theta) capillaries (diameter 1.5 mm) made of 

borosilicate glass (Harvard Apparatus, UK) were pulled to a sharp taper 

using a P-2000 IntraCel laser puller (Sutter Instruments Co., USA), 

producing two closely identical (mirrored) pipettes. One pipette was 

employed for SECCM experiments and the other was imaged by a FE-SEM 
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to ascertain the diameters at the tip apex (approximate 4 μm diameter). In 

other experiments pipettes of different sizes were used as discussed below. 

An oscillation (233.5 Hz frequency, 80 nm peak-to-peak amplitude) 

was applied to the z position onto which the pipette was mounted, using a 

lock-in amplifier (SR830DSP, Stanford Research System, USA). To aid 

positioning of the tip close to the surface of the enamel specimens, a 

mechanical winder was employed aided by visualisation with a 

camera.(277) 

All experiments used 50 mM KNO3 and 1 mM HNO3 (pH 3) in each 

barrel of the pipette. An Ag/AgCl quasi-reference counter electrode 

(QRCE), made by chloridising a 0.25 mm silver wire (MaTecK, Germany) in 

saturated KCl (Sigma-Aldrich, UK) solution was employed in each barrel to 

form the electrochemical cell. A bias of 0.25 V was applied between the two 

electrodes to introduce an ion current flow. The final approach of the pipette 

to the surface was made with the z piezo positioner, which stopped 

approximately when the generated alternating current changed by an order 

of magnitude from the value in air.(277) The system allows a constant 

distance between the tip and the sample surface to be maintained.(210, 

234, 235, 241, 277) 

The acid droplet was held in contact with the enamel surface for a 

set period of time before being withdrawn using the SECCM controller. An 

example FE-SEM image (end on view) of the type of tip used is shown in 

Figure 26a. Figure 26b shows a simple diagram of part of the experimental 
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set-up used. An approach-hold-withdraw cycle was conducted for each pit 

created with a varying hold time of the meniscus on the surface, typically 

starting at 1 s, after a prior momentary contact for array alignment in 

subsequent visualisation, followed by increments of 1 s at each later point 

up to a total of 16 s. Figure 26c shows a representation of a grid used to 

generate an array of etched pits on an enamel surface. The grids were 

repeated 4 times on each enamel sample. 
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Figure 26 (a) FE-SEM showing 2 barrel pipette geometry. (b) 
Experimental set up used showing an acid filled pipette in contact 
with an enamel surface. (c) Representative pit array created in SECCM 
experiments. Arrows show probe path. Droplet is held in contact with 
each spot for defined time periods of 1 s – 16 s (1 s increments). For 
the very first spot there is only momentary meniscus contact for 
orientation of the array 

3.3.4 Deposition of calcium silicate onto sound and 

eroded enamel surfaces 

Bovine enamel blocks (6×6 mm) were polished to a 3.0 μm root 

mean squared (RMS) roughness, as confirmed by AFM. These were further 

polished on polishing pads with diamond lapping particles starting with 6 

μm and progressing to 50 nm particles (Buehler, Germany), resulting in a 

final surface roughness of 1.5±0.6 nm RMS. The enamel was mounted on 

an AFM puck for ease of handling. An area of each enamel block was acid 

eroded using the SECCM technique as previously described, using a tip 

with a 200 μm diameter and containing 50 mM KNO3 and 1 mM HNO3 for 

120 s. This generated an acid eroded surface on the enamel with a 



103 

 

diameter of approximately 200 μm, leaving significant sound enamel areas 

to act as an internal control for each specimen. Calcium silicate was 

applied to the enamel blocks (n=4) by gently rubbing the enamel surface in 

circular motions with the calcium silicate slurry, in phosphate buffer 0.1 M at 

pH 7, on a Microcloth polishing pad (Buehler, Germany) for 2 minutes. 

Following water rinsing, the specimens were dried and prepared for FE-

SEM analysis. 

3.3.5 Deposition of calcium silicate to eroded enamel 

pits 

Calcium silicate deposition to eroded enamel pits was explored 

using polished bovine enamel blocks as previously prepared. An array of 

acid eroded pits was etched onto the surface of the enamel using SECCM 

as described above with a contact time that varied from 1–9 s, with 1 s 

intervals. A 1 μm diameter pipette was used to create the pits in this 

instance. Topographical imaging of the eroded enamel pits was carried out 

using tapping mode AFM (Bruker Nano Enviroscope AFM with a 

Nanoscope IV controller, UK). The tips used were 0.01-0.025 Ω-cm Sb 

doped Si cantilevers (Veeco, USA). The etch pit volumes were measured 

using SPIP 6.0.10 software. Enamel specimens were then treated with a 

slurry of calcium silicate (1 mg/ml) in phosphate buffer (pH 7) for 2 minutes 

with agitation followed by water rinsing. 
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The volume of the treated etch pits was again measured by AFM. 

The percentage change in etch pit volume was calculated using the 

following equation: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 =  
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 − 𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒
  𝑋100 

 

3.3.6 Protection of enamel by calcium silicate and 

fluoride 

Two sets of polished bovine enamel blocks were prepared as 

described in section 2.3, 4 blocks per set. For each enamel block the 

surface was half-masked using low tack polyester tape (3 M, UK). Both sets 

of blocks were immersed in a solution of sodium fluoride (1000 ppm F-) for 

2 minutes before rinsing in deionised water. The mask was removed and 

then one set of blocks was treated with a calcium silicate slurry (1 mg/ml) in 

phosphate buffer (pH 7) for 2 minutes as described in section 2.3. The 

second set of blocks received no further treatment. The preparation 

procedure is schematically shown in Figure 27. Thus, a set of enamel 

specimens were prepared in which the surfaces were either untreated, 

treated with fluoride alone, treated with calcium silicate alone or treated 

with both fluoride and calcium silicate (n=4). Arrays of acid etch pits were 

then generated on the enamel specimens using the SECCM as previously 

described, with contact time between 1 and 16 s, with a 1 s interval. For 

http://www.jodjournal.com/article/S0300-5712(14)50004-8/fulltext#s0025
http://www.jodjournal.com/article/S0300-5712(14)50004-8/fulltext#s0025
http://www.jodjournal.com/cms/attachment/2015552104/2036674293/gr2.jpg
http://www.jodjournal.com/cms/attachment/2015552104/2036674293/gr2.jpg
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each untreated and various treated areas, four arrays were produced. The 

volume and contact area of the etch pits were measured using AFM from 

which the flux of enamel dissolved was calculated. A set of detailed 

simulations, 44 was carried out using the experimental data to obtain the 

intrinsic rate constant of calcium loss. 
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Figure 27 The preparation steps used to prepare an enamel sample for 
the protection experiments. (a) A polished enamel sample was used. 
(b) Half the sample was masked off. (c) The sample was treated with 
1000 ppm F- for 2 minutes. (d) The mask was removed. (e) The whole 
sample was treated with calcium silicate slurry. (f) The sample was 
used in SECCM experiments. 

3.4 Results 

3.4.1 Calcium release from calcium silicate 

Calcium release profiles measured by Ca-ISE at differing pH values 

are shown in Figure 28. The initial release of calcium is rapid within the first 

minute. Maximum release is approached after 5 minutes with little further 

change in calcium concentration up to 10 minutes. ICP-OES analysis 

confirms the amount of Ca2+ released after 10 minutes; the data are 

http://www.jodjournal.com/cms/attachment/2015552104/2036674292/gr3.jpg
http://www.jodjournal.com/cms/attachment/2015552104/2036674292/gr3.jpg
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summarised in Table 4 Comparison of Ca2+ release concentration via ICP-

OES and ISE (n = 5). The data show a small pH dependence of the release 

process with higher calcium release at low pH. 

 

Figure 28 Calcium release profile of 1 mg/ml calcium silicate in 
phosphate free buffers at pH 4, 7 and 10 using Ca2+ ISE 

  

http://www.jodjournal.com/article/S0300-5712(14)50004-8/fulltext#title-footnote-t0005
http://www.jodjournal.com/article/S0300-5712(14)50004-8/fulltext#title-footnote-t0005
http://www.jodjournal.com/article/S0300-5712(14)50004-8/fulltext#title-footnote-t0005
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Table 4 Comparison of Ca2+ release concentration via ICP-OES and 
ISE (n = 5) 

 

3.4.2 HAP formation from calcium silicate 

Figure 29a shows the Raman spectrum of the calcium silicate 

control. The material is mostly amorphous calcium silicate and as expected 

the spectrum does not present any characteristic features. Figure 

29b shows spectra of the calcium silicate treated with phosphate buffers at 

different pH values. All spectra show similar features. The position of the 

peaks are characteristic for the vibration, bending and stretching of 

phosphate groups and the position of these peaks is attributable to either 

HAP or β-tricalcium phosphate (TCP). In order to distinguish between the 

two compounds, more detailed analysis of the spectra is necessary. Figure 

29c shows the spectra of a polished enamel block, a TCP pill and a calcium 

silicate pill after treatment at pH 7. TCP and enamel (HAP) produce similar 

Raman spectra, dominated by the PO4
3− internal modes. However, their 

different crystallographic structure gives rise to significant differences in the 

 Ca2+ release ppm 

pH4 pH 7 pH10 

ICP-OES  22.5 ±0.15 23.6±0.15 18.3 ±0.6 

ISE 24.4 ±1.8 21.0 ±1.1 21.9 ±0.5 
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shifts and splittings of the V1, V2, V3 and V4 bands.(219, 238) In the case of 

enamel, the V1 and V2 bands are noticeably narrower and have a larger 

separation than for TCP (ca. 120 cm−1 vs. ca. 50 cm−1, respectively).(219, 

238) For HAP, V1 is a singlet with a shoulder and V2 appears as a doublet-

doublet while for TCP V1 appears as a doublet with shoulder and V2 as a 

multiplet. For HAP the V3 peak appears as a singlet, while for TCP it 

appears as a singlet with a shoulder. V4 is broader for HAP with a lower 

frequency Raman shift. The spectrum of the calcium silicate after treatment 

shows all of these features and direct comparison with the spectra collected 

from freshly polished enamel (and TCP) shows a convincing similarity, 

proving conclusively the formation of HAP on the calcium silicate pill after 

treatment in pH 7 phosphate buffer. 
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Figure 29 Raman spectra of (a) calcium silicate untreated (b) calcium 
silicate treated in phosphate buffers pH 4, 7 and 10 and (c) a 
comparison of calcium silicate treated in phosphate buffer pH 7, 
enamel and TCP 
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3.4.3 Deposition of calcium silicate onto sound and 

eroded enamel surfaces 

Figure 30 shows typical FE-SEM images of (a) polished and (b) acid 

etched surfaces after treatment with calcium silicate. These show that the 

distribution of particles over the surface is random. However, the main 

difference between the samples is that the acid etched sample had a much 

higher coverage than the polished sample. 

 

Figure 30 FE-SEM imaging of the deposit morphology of calcium 
silicate on (a) polished and (b) etched enamel. Scale bars are 20 µm 

3.4.4 Deposition of calcium silicate to eroded enamel 

pits 

Figure 31 shows an AFM image of a typical array of pits etched into 

polished enamel using SECCM. The pit volumes, as a function of time, 

before and after treatments with calcium silicate are shown in graphical 

form in Figure 32. Small pits, generated by acid exposure times of less than 

three seconds, were excluded from this analysis as pit volume 

determination is more accurate for well-defined pits at longer exposure 

http://www.jodjournal.com/cms/attachment/2015552104/2036674289/gr5.jpg
http://www.jodjournal.com/cms/attachment/2015552104/2036674289/gr5.jpg
http://www.jodjournal.com/cms/attachment/2015552104/2036674287/gr7.jpg
http://www.jodjournal.com/cms/attachment/2015552104/2036674287/gr7.jpg
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times. Table 5 Percentage change of repair at each contact time after 

treatment with calcium silicate. The error is calculated as standard error of 

the mean (n=4). summarises the percentage change at each contact time 

and shows clearly the reduction in pit volume after treatment. The 

reductions in pit volume are significant, with an average pit volume 

reduction of 77±12% observed over the whole data set. 

 

Figure 31 AFM of an SECCM produced array using 1 µm diameter 
pipette with 1 mmol HNO3 solution (a) before and (b) after treatment 
with calcium silicate. Lines across the images show approximate 
locations of the profiles. Pits produced for contact times of 1 s -9 s (1 
s intervals) plus momentary first contact for alignment 

 

http://www.jodjournal.com/article/S0300-5712(14)50004-8/fulltext#title-footnote-t0010
http://www.jodjournal.com/article/S0300-5712(14)50004-8/fulltext#title-footnote-t0010
http://www.jodjournal.com/article/S0300-5712(14)50004-8/fulltext#title-footnote-t0010
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Figure 32 Pit volume at given contact time before and after treatment 
with calcium silicate. The error bars are calculated as standard error 
of the mean (n=4) 
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Table 5 Percentage change of repair at each contact time after 
treatment with calcium silicate. The error is calculated as standard 
error of the mean (n=4). 

 

 

3.4.5 Protection of enamel by calcium silicate and 

fluoride 

The volume of the pits produced using SECCM on different 

prepared enamel with treatments were measured using the AFM. The 

Contact time (s) % change after 
treatment 

3 90 ± 10 

4 83 ± 15 

5 68 ± 7 

6 78 ± 10 

7 62 ± 9 

8 65 ± 11 

9 89 ± 6 
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volume of material loss was used to calculate the flux of enamel dissolution 

at the interface between the enamel surface and the etching solution for 

each contact time. Figure 33 shows the enamel flux for untreated enamel 

compared to the three treatments – calcium silicate, fluoride, calcium 

silicate plus fluoride. Each data point is the average over 16 pits (4 blocks 

and 4 arrays per treatment), the outliers have been excluded (minimum 

number of data averaged per time point is 14). Figure 33 shows a clear 

decrease of surface flux for each of the treated samples corroborating that 

all treatments provide some protection against acid erosion. While the flux 

gives a clear indication of protection from the treatment, in order to obtain 

the intrinsic rate constant and decouple the effect of mass transport the 

FEM model was used to determine the intrinsic acid etch rate from which 

the calcium flux from the enamel surface was defined. The intrinsic rate 

constant, k, for the different treatments are summarised in Table 6. The flux 

of calcium from the enamel surface is the product of the near-interface 

proton concentration and heterogeneous rate constant, taking into account 

the stoichiometry of the reaction in which 8 protons react to release 10 

Ca2+ ions.(297) It is clear the 3 different treatments provide different 

degrees of protection. The average rate constants are calculated over the 

first 10 s. At long exposure times (contact time >10 s, data not reported) the 

benefit is no longer apparent, the rate constant of all treated samples 

converge closer to the untreated samples suggesting, in this model and 

under these experimental conditions, that the protection arises from a 

http://www.jodjournal.com/cms/attachment/2015552104/2036674286/gr8.jpg
http://www.jodjournal.com/cms/attachment/2015552104/2036674286/gr8.jpg
http://www.jodjournal.com/cms/attachment/2015552104/2036674286/gr8.jpg
http://www.jodjournal.com/cms/attachment/2015552104/2036674286/gr8.jpg
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surface effect and that once the surface has been breached, erosion 

proceeds in the normal manner. 

 

Figure 33 Flux of enamel at the enamel/aqueous interface at a given 
contact time. The error bars are calculated as standard error of the 
mean (n=16) 

Table 6 The calculated intrinsic rate constants of calcium loss for 
each treatment. The error is standard error of the mean (n=10) 
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3.5 Discussion 

The Raman spectra obtained from calcium silicate following 

treatment with phosphate buffers at pH 4, 7 and 10 all showed 

characteristic peaks unequivocally attributable to the formation of HAP after 

7 days. The HAP formed had a similar spectrum to an enamel specimen 

and the comparison with the TCP spectrum was consistent with a literature 

study.(238) It is interesting to observe that HAP formation occurred at all 

bulk pH values examined and was not limited to pH>5.5 as might have 

been expected due to the dissolution that takes place in acidic 

conditions.(300) It is postulated that the rapid release of Ca2+ from calcium 

silicate is the result of an ion exchange process of the type postulated in 

the bone growth literature. This suggests a mechanism involving templating 

Sample Intrinsic rate constant (cm/s) 

Enamel 0.092 ± 0.008a 

Fluoride 0.026 ± 0.004b 

Calcium silicate 0.056 ± 0.005c 

Calcium silicate and Fluoride 0.0063 ± 0.0002d 

* Values with different letters are statistically different (p < 0.05): 
letters denotes statistical comparison for different treatments by 

ANOVA and Tukey-Kramer analysis. 
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by SiO groups with a local pH and geometry that favours the nucleation and 

formation of HAP even when the bulk pH is as low as pH 4. 

Similar studies using Fourier transform infrared spectroscopy (FTIR) 

measurements have also demonstrated the formation of calcium phosphate 

crystalline phases from calcium silicate dispersed in phosphate solutions 

for 3 hours.(301) In addition, other in vitro and in situ experiments using 

transmission electron microscopy and selected area electron diffraction 

techniques have identified HAP formation on enamel surfaces following 

their brushing with a calcium silicate containing toothpaste 

formulation.(301) Thus, there is a strong body of evidence for the formation 

of HAP from calcium silicate. 

The deposition and retention of calcium silicate particles onto 

enamel surfaces has been demonstrated from the FE-SEM data. In 

particular, more calcium silicate was deposited onto the acid eroded 

enamel areas than on sound enamel areas. Similarly, using the SECCM 

and AFM techniques, the volume of acid etched enamel pits was 

significantly reduced following one treatment with the calcium silicate slurry. 

This enhanced deposition onto eroded enamel is clearly beneficial in terms 

of possible repair mechanisms of eroded enamel by calcium silicate. 

Indeed, formulations containing calcium silicate, sodium phosphate salts 

and fluoride have been shown to more effectively remineralise eroded 

enamel compared to fluoride control formulations in vitro.(28) 
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The ability of calcium silicate to protect enamel from an acid 

challenge has also been demonstrated using the SECCM and AFM 

techniques. The deposition of calcium silicate particles after a single 

treatment is sufficient to reduce the intrinsic rate constant of calcium loss 

from the enamel surface by approximately 39% when compared to a non-

treated control enamel surface. The intrinsic rate constant for the non-

treated enamel is similar to that reported by McGeouch et al.(44) Under the 

current experimental conditions and methods, a sequential treatment of 

fluoride followed by calcium silicate gave a further reduction in the intrinsic 

rate constant of calcium loss. For the combination treatments, this was an 

order of magnitude lower than the non-treated control enamel surface and 

was significantly lower than the fluoride treatment alone. Thus, the potential 

for calcium silicate to give enamel protective benefits has been 

demonstrated using the current experimental set up. It is postulated that the 

protective properties of calcium silicate may be due to a combination of its 

calcium release profile, pH buffering capability and the formation of 

sacrificial HAP. In addition, a toothpaste formulation containing calcium 

silicate, sodium phosphate salts and fluoride has been shown to reduce the 

enamel demineralisation potential of acids over control formulations in a 

series of in vitro studies.(28)  
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3.6 Conclusions 

The SECCM technique described here is a new method designed 

for the study of ionic crystal dissolution kinetics which clearly has 

considerable scope to study dental materials.(277) A key feature of the 

technique is that the sample is only exposed to the solution where the 

meniscus makes contact, and that measurements can be made with 

millisecond time resolution, opening up the possibility of studying materials 

with a wide range of solubilities and particularly highly soluble crystals. A 

further strength of the technique is that, in combination with FEM 

simulations, it is amenable to a high level quantitative description of mass 

transport and surface kinetics, as evident from the studies herein where 

comparisons made to the results from literature show good agreement. 

The formation of HAP from calcium silicate dispersed in phosphate 

buffers at pH 4, 7 and 10 has been unequivocally demonstrated by Raman 

spectroscopic analysis of the resulting solids. Calcium silicate was shown 

by FE-SEM to deposit more on acid etched than sound enamel surfaces 

and has the ability to reduce the volume of acid etched pits in enamel 

surfaces, as determined by SECCM and AFM techniques. The enamel 

protective role of calcium silicate towards acid challenge was 

demonstrated, again using the SECCM and AFM techniques. Thus, we can 

formally accept the three hypotheses: (1) HAP is formed from calcium 

silicate; (2) calcium silicate can be deposited onto acid eroded enamel to 
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provide potential repair, and (3) calcium silicate can provide protection of 

sound enamel from acid challenge. 
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4 Controlled Crystallization in a 

Nanopipette 

4.1 Abstract 

Nanopipettes are becoming increasingly versatile tools for a diverse 

range of sequencing, sizing and imaging applications. Herein, the use of 

nanopipettes to induce and monitor crystallization and dissolution in real 

time is considered, using the precipitation of CaCO3 in aqueous solutions 

as an exemplar system. The approach is to use the bias between a quasi-

reference counter electrode (QRCE) in a nanopipette filled with solution 

containing sodium bicarbonate and a QRCE in a bulk solution containing 

calcium chloride to mix the two solutions locally by ion migration and drive 

either growth or dissolution depending on the polarity of the applied bias. 

Furthermore, Raman spectroscopy applied simultaneously allows for the 

identification of specific polymorphs formed at the end of the nanopipette. 

The technique is supported with a robust finite element method (FEM) 

model that allows for the extraction of time-dependent saturation levels, 

mixing characteristics and growth rates from the experimental current-time 

transients. Finally, the technique shows great promise as a tool for 

screening growth additives and inhibitors. In particular, it is demonstrated 

that the dicarboxylate dianion, maleate, has a significant impact on growth 

rates of calcium carbonate. 
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4.2 Introduction 

Crystallization processes underpin a wide range of natural and 

technological phenomena from the formation of bones and shells,(302, 

303) to the production of pharmaceuticals(304) to scale formation in 

pipes.(305) Studies of the formation of crystals and minerals from 

supersaturated solutions has a long history, driven by the desire to improve 

fundamental knowledge and advance practical applications. 

One of the most studied and important minerals in natural and 

industrial systems is calcium carbonate, CaCO3, is one of the most 

abundant and important minerals present on Earth.(68) It is key as a 

biomineral used by organisms in the formation of eggshells, seashells and 

snail shells as well as skeletal matter.(306, 307) It is also found as 

limestone deposits, which are used widely in the construction industry, is a 

significant component of coral reefs(308) and serves as a repository for 

carbon dioxide.  There is also great interest in the formation of CaCO3 as 

limescale(69) where solid CaCO3 precipitates from dissolved calcium ions 

and carbon dioxide present in water sources. The prevention and removal 

of limescale is an important task as a build-up can lead to blockage and 

damage of water pipes on both a domestic and industrial scale. (70-72) 

Despite the long history of study, major new aspects to 

crystallization continue to be revealed, such as the identification of new 

crystalline precursors and the proposition of new modes of growth including 
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oriented attachment of crystalline particles on lattice matched crystal 

faces,(309) growth via mesocrystals(169, 310) and the growth of CaCO3 

from nanoparticles.(311) There is still much ongoing study into the role of 

additives and also the role of both confinement and growth substrates on 

crystallization events.(193, 312, 313) Advancements to the study of crystals 

is forwarded by the development and application of novel techniques for 

studying crystal systems such as CaCO3.  

Techniques for measuring growth and dissolution events on the 

nanoscale include the use of scanning probe microscopy, most notably 

atomic force microscopy (AFM) to probe nanoscale changes in surface 

morphology during dissolution and growth.(314-316) AFM allows for the 

identification of heterogeneously active sites on a crystal surface with high 

precision and boasts resolution approaching the sub-nm level.(317) 

Information can also be obtained from in-situ electron microscopy with 

regard to the crystal surface and mode of transformation.(176, 318) In 

terms of probing the structure of the formed crystal and identifying the 

composition of mineral samples, Raman spectroscopy(164, 319-321) and 

x-ray diffraction(322) can also help to identify the crystal interactions and 

lattice structure. Microfluidic based techniques have also been used for 

both driving crystallization events as well as for studying the effects of 

additives on crystal growth and dissolution rates.(195) 

New techniques for studying crystals have provided insights into the 

mechanism of CaCO3 formation from solution and there is growing 
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evidence, including from computational and cryo transmission electron 

microscopy (TEM) techniques that before the formation of aragonite, 

vaterite or calcite, the three distinct polymorphs of CaCO3, an amorphous 

cluster phase first forms which follow the formation of prenucleation 

nanoclusters.(140, 182, 323-325) TEM of samples that have been plunge-

freeze vitrification during the nucleation phase, have revealed the presence 

of these prenucleation clusters, amorphous phases and the subsequent 

transformation to vaterite and finally to calcite.(323, 324) 

In this work we consider the use of nanopipettes, already powerful 

tools for a host of analytical applications, (326-329) for the study CaCO3 

growth and dissolution, in a combinatorial approach together with in situ 

Raman spectroscopy and backed up with finite element method (FEM) 

simulations to provide a complete understanding. Herein, controlled growth 

and dissolution of CaCO3 is achieved through filling a nanopipette with 

sodium bicarbonate solution and a quasi reference counter electrode 

(QRCE) and applying a bias between this QRCE and another QRCE 

placed in a bulk solution of calcium chloride. Through changing the 

magnitude and polarity of the bias applied, control over the local mixing of 

Ca2+ and CO3
2- ions at the end of the nanopipette and growth or dissolution 

of CaCO3 can be driven and monitored through observing changes in the 

ionic current through the end of the nanopipette. This builds upon recent 

work which considered the crystallization of zinc phosphate in a 

nanopipette where oscillations in the ionic current were attributed to 

periodic blocking and unblocking due to crystal growth and dissolution 
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resulting in changes in the pipette resistance.(117) Our work develops on 

this previous work, using a higher data acquisition rate for a more thorough 

analysis of growth and dissolution transients and the use of FEM modelling, 

allows for a more complete understanding of the mixing processes 

occurring at the end of the nanopipette and analysis of the experimental 

growth and dissolution rates observed. It also becomes possible to quantify 

the saturation levels at the end of the nanopipette where crystallization 

events occur in this regime. Furthermore the combination with Raman 

spectroscopy allows for the identification of the specific polymorph of 

CaCO3, which forms in the end of the nanopipette and also hints at the 

formation of an amorphous phase before transformation to calcite. 

There is much interest in the role of additives on the growth and 

dissolution of crystal systems and how they incorporate into crystal 

structures to affect the properties.(305, 330-335) A key strength of this 

approach is it allows for the inclusion of additives and thus provides a 

platform to screen and observe the effects of additives, which can serve to 

reduce or enhance the rates of crystal formation or dissolution. In this 

contribution, maleic acid, a known inhibitor for CaCO3 growth,(336) is seen 

to result in an increase in an increase in the time taken for CaCO3  to block 

the nanopipette, validating the technique as a tool for screening additives in 

a fast and robust manner. Applications of this could be in screening new 

chemicals for the prevention of scale build-ups in industrial systems. The 

combination of nanopipette voltammetric measurements, with FEM 

simulations and Raman spectroscopy provide a robust platform for the 
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study of the growth and dissolution of crystal systems on the nanoscale and 

could find great application in a wide range of systems. 
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4.3 MATERIALS AND METHODS 

4.3.1 Solutions.  

All solutions were made up using 18.2 MΩ cm water (Millipore Inc.). 

All chemicals used were purchased from Sigma Aldrich. The nanopipette 

contained 125 mM NaHCO3 electrolyte solution for all experiments and the 

bath contained 25 mM CaCl2 unless stated for individual experiments. For 

inhibitor studies maleic acid was added to the bath solution at 

concentrations ranging from 0.5 mM to 8 mM. For each experiment, all 

solutions were buffered to pH 9.2 using NaOH solution. 

4.3.2 Nanopipettes.  

Nanopipettes were fabricated using quartz glass capillaries with 

filaments (outer diameter 1.0 mm, inner diameter 0.5 mm, custom 

manufactured, Friedrich and Dimmock) using a laser puller (P-2000, Sutter 

Instruments; parameters of: Line 1: Heat 750, Fill 4, Vel  30, Del 150, Pull 

80; Line 2: Heat 650, Fil 3, Vel 40, Del 135, Pull 150) to give a tip opening 

diameter of approximately 40-60 nm (determined accurately).(337) A typical 

tip is shown in Figure 34 at a range of magnifications.  
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4.3.3 Pipette Characterization 

The pipettes used for these experiments were characterized using 

transmission electron microscopy (TEM), Optical microscopy and field 

emission - scanning electron microscopy (FE-SEM) as shown in Figure 34. 

These reveal tips with an open diameter of ~40-60 nm. It can be noted that 

the SEM revealed the filament present in the original glass capillary this is 

there to aid in the back filling of the pipette.  

 

Figure 34 Micrographs of typical nanopipettes used in this 
investigation obtained using: (a) and (b) Transmission Electron 
Microscopy, (C) Optical microscopy and (d) Field Emission Scanning 
Electron Microscopy. 

4.3.4 Instrumentation.  

The electrometer and current-voltage converter used were home 

built, while the user control of voltage output and data collection was via 

custom made programs in LabVIEW (2013, National Instruments) through 

an FPGA card (7852R, National Instruments). 



130 

 

4.3.5 Bias Driven Crystallization Experiments. 

Typical crystallization experiments involved filling the nanopipette 

with NaHCO3 solution, to serve as both supporting electrolyte and a source 

of CO3
2- ions, along with a chloridized silver wire, which serves as a QRCE. 

The nanopipette was immersed in a solution of CaCl2 containing a second 

Ag/AgCl QRCE. To drive crystallization, a negative bias was applied to the 

nanopipette QRCE relative to the bulk electrode. This typically resulted in a 

blockage to the nanopipette, and a resulting drop of the ionic current as 

observed in Figure 35. To unblock the nanopipette for subsequent 

experiments a positive bias (4 V) was instead applied to drive the 

constituent ions apart.  
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Figure 35 Schematic of the principles of precipitation in a nanopipette 
with growth occurring with negative tip bias, (a), and dissolution when 
the polarity is reversed, (b). c) Typical experimental blocking and 
unblocking events with blockages occurring with a tip bias of -0.25 V 
and unblocking at 4 V. d) Typical blocking transient with a blocking 

time 0.5 of 400 ms. e) Variation of the extracted blocking time, 0.5, 
over an experimental run of 25 events. f) Raman spectra performed at 
different times after a blocking event with the green line showing the 
simulated spectra of calcite for comparison, the black line shows the 
spectra of the nanopipette with solution before the polarity was 
switched to be negative and the blocking event occurs. The red 
spectrum was collected over 5 minutes from when the blocking 
occurred and suggests at the presence of amorphous calcium 
carbonate. The final spectra (blue) shows the presence of calcite. 
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The effect of driving bias was explored with biases ranging from 0 V 

to -1.2 V used.  The effect of varying the concentration of Ca2+ in the bath 

was observed as shown in Figure 36 along with reversing the species in the 

pipette and bath as shown in Figure 37. The effect of additives was also 

explored by performing subsequent runs with the same nanopipette with 

increasing maleic acid concentrations from 0 mM to 8 mM present in the 

bath electrolyte. Each experimental run consisted of 25 blocking and 

unblocking events and all quoted blocking times, 0.5, referred to herein, are 

measured from the time of the voltage switch to the time the current 

dropped below half its maximum value. 

4.3.6 Variation of Ca2+ concentration in the bath 

solution 

An experiment was carried out with 125mM HNaCO3 in the pipette 

and varying CaCl2 in the bath solution. This shows the strong correlation 

between bath concentration and 0.5 time. Experimentally the remaining 

experiments used 25 mM in the bath as the time taken was measurable 

and allowed for observation of both longer and shorter times when 

adjusting other parameters.  
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Figure 36 Effect of increasing Ca2+ concentration on the time taken for 
calcium carbonate to block the nanopipette. 

4.3.7 Effect of inverting the tip and bath species whilst 

varying of CO3
2- concentration in the bath 

solution 

Experiments were performed with 125mM CaCl2 in the pipette and 

varying HNaCO3 concentrations in the bath solution. The effect of varying 

HNaCO3 concentration on the blocking time is shown in Figure 37 and it 

can be seen that increasing concentrations of the carbonate ion in solution 

result in a faster blocking time. It should be noted that in these experiments 

the driving potentials applied were reversed in order to get the blocking to 

take place.  
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Figure 37 Effect of increasing CO3
2- concentration on the time taken 

for calcium carbonate to block the nanopipette 

4.3.8 FEM Simulations.  

A 2D axisymmetric model of the nanopipette in bulk solution was 

constructed in Comsol Multiphysics (v. 5.2) with the Transport of Diluted 

Species and Electrostatics modules. A schematic of the simulation domain 

and boundary conditions is presented in Figure 40. The dimensions of the 

nanopipette were extracted from TEM images of nanopipettes and these 

were faithfully reproduced in the model so that the experimental geometry 

was mimicked precisely.(337) All simulations accounted for the speciation 

of calcium carbonate, with reaction constants and equations presented in 

Table 7. 
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Finite element method (FEM) simulations outlined above were all 

performed, incorporating the speciation of calcium carbonate in aqueous 

solutions with the equilibria parameters outlined in Table 7.(338)  

Table 7 Equilibria parameters describing the speciation of calcium 
carbonate in aqueous solution 

Eq Reaction pK 

S1  1.466 

S2   6.351 

S3   10.33 

S4 

  

1.015 

S5   3.2 

S6   13.997 
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To study the mixing timescales of experiments, a steady state 

simulation was first run with a positive applied tip bias (2 V). A time 

dependent simulation was then run at negative tip bias (normally -0.25 V) to 

explore how the saturation level in the nanopipette changes with time. 

Simulations at positive tip bias were then performed to study the timescales 

over which the saturation levels reduced upon unblocking. 

 

Steady state simulations were also performed with varying tip bias 

between 2 V and -1.2 V in order to explore how the saturation levels varied 

with driving force to facilitate the understanding of experiments. Finally 

growth rates for blocking events were studied by matching the proportion of 

blocked currents in experiments to FEM simulations of spheres of different 

radii present in the nanopipette domain.   

4.3.9 Raman Spectroscopy. 

In-situ micro-Raman spectra were collected from the final 10 µm of 

a nanopipette that had undergone a blocking event, using a Raman 

microscope (Renishaw, UK) fitted with a Charge Coupled Device (CCD) 

detector and a 514.5 nm Ar+ laser. A 20X lens was employed as shown in 

Figure 38. 
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Figure 38 showing In-situ micro-Raman experimental set up 

4.4 RESULTS AND DISCUSSION 

4.4.1 Initial Experiments  

The work initially looked at the possibility of using calcium 

phosphate as the crystal being studied. The nanopipette was filled with 125 

mM Na3PO4 and placed in a bath of 25 mM CaCl2 (solutions buffered above 

pH 9) whilst the bias was oscillated between 4 V and -0.25 V at the QRCE 

in the nanopipette with respect to one in bulk solution. Unfortunately, as 

can be seen in Figure 39 this system did not produce reproducible 

transients to study. It might be that the resulting crystal was particularly 

insoluble or did not grow in a way that consistently blocked the tip such as 

being needle shaped.  
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Figure 39 Showing the current vs. time transient when studying 
calcium phosphate crystals 

4.4.2 Growth of Calcium Carbonate in a Nanopipette 

The principles of using a single barreled nanopipette for the study of 

calcium carbonate nucleation and growth are depicted in Figure 35a and b. 

The nanopipette was filled with 125 mM NaHCO3 and placed in a bath of 25 

mM CaCl2 (solutions buffered to pH 9.2) whilst applying a bias of 4 V to a 

QRCE in the nanopipette with respect to one in bulk solution. In this state a 

steady current is observed corresponding to an unblocked nanopipette. 

Upon switching the bias to -0.25 V, a decay is observed in the ionic current 

to nearly 0 A, as seen in Figure 35c and d. This drop in the ionic current is 

attributed to the formation of solid CaCO3 at the end of the nanopipette. 
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When a negative tip bias is applied Ca2+ ions are driven to the nanopipette 

orifice and CO3
2- ions are transported in the opposite direction. Where they 

meet at the end of the nanopipette, CaCO3 forms and begins to grow, 

resulting in a blockage of the ionic current. Upon switching the polarity of 

the bias, the nanopipette can be seen to return to its open state, as seen in 

Figure 35c.  

Through switching the applied bias, the nanopipette can become 

blocked and subsequently unblocked, making this a powerful technique for 

the study of growth kinetics of CaCO3 in a controlled manor. It is important 

to note that the unblocked current remains constant, as depicted in Figure 

35c. Figure 35d shows a typical blocking event in closer detail and it is 

seen the blockage is characterized by a slower initial drop off in the ionic 

current before a sharp rise at the end to around 0. The shape of this curve 

and the associated growth rates will be explored later with the aid of FEM 

simulations. Figure 35e depicts how, throughout a run of 25 experiments, 

the time taken for a 50 % blockage from the open state, 0.5 varies. It can 

be seen that there is some variation, of around 400 ms, in the time taken 

but that there is no overall trend and an average blocking time of around 

600 ms is observed. The variation in blockage times observed is most likely 

due to slight changes in the height at which the nucleation event occurs, 

which would affect the size to which a crystal particle could grow, as the 

dimensions of the nanopipette varies. 
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Raman spectroscopy, performed on the lowest 10 m portion of a 

nanopipette, allowed for the analysis of what was forming at the end of the 

nanopipette during a typical experiment. Figure 35f shows typical Raman 

spectra obtained during and after a growth event. The black lines shows 

the signal obtained whilst the nanopipette is maintained at a positive bias 

with respect to the bulk solution. It can be seen that no signal is observed in 

this case.  

Upon switching the bias, a second Raman spectrum with an 

acquisition time of 5 minutes was obtained and revealed the presence of 

two peaks, one at 1085 cm-1 and one at around 1000 cm-1. The noticeable 

absence of peak at 711 cm-1  with the presence of one at 1085 cm-1 

suggests the presence of amorphous calcium carbonate (ACC).(201) It is 

possible that the peak at 1000 cm-1 can be attributed to one of the 

metastable ACC polymorphs.(61) The blue spectrum, collected 30 minutes 

after the initial blockage, shows the presence of calcite near the end of the 

nanopipette due to the characteristic peaks V1 at 1085, V4 at 711 and lattice 

peaks at 282 and 155, agreeing with Raman spectra of known calcite 

sample,(60) as depicted by the green line of Figure 35f. These results 

indicate that the initial blockage of the nanopipette may result from ACC but 

that this transforms to the more stable calcite polymorph of CaCO3, in 

accordance with known sequence of CaCO3 crystallization and 

transformation events.(176) The time resolution of the Raman was 

insufficient to track this in more detail in order to provide more conclusive 

evidence. 
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4.4.3 Mixing of CaCO3 in a Nanopipette 

To aid understanding of the mixing and growth phenomena 

occurring in this system, FEM simulations were performed using conditions 

similar to that used experimentally, with 125 mM NaHCO3 present in the 

nanopipette domain and 25 mM CaCl2 representing the bath solution. 

Initially a steady state simulation was performed with a bias of 2 V applied 

to the upper boundary of the nanopipette domain. In experiments 4 V was 

applied in order to maximize the rate of unblocking and thus maximise 

experimental efficiency. Using the steady state solution with positive tip 

bias as the initial conditions, a time dependent simulation was then run, 

applying a tip bias of -0.25 V. Figure 40a-d depict the subsequent change 

in the saturation levels of CaCO3 defined as: 

𝐾𝑠 = 
√[𝐶𝑎]2+𝑋 [𝐶𝑂3

2−]

𝑆
 1) 

where [Ca2+] and [CO3
2-] are the concentrations of calcium and 

carbonate ions respectively and S is the solubility of calcium carbonate in 

water, known to be around 0.13 mM. At the start of the simulation, the 

highest value for KS  was calculated to be 0.05. After 10 ms, a region at the 

end of the nanopipette with a higher saturation of CaCO3 begins to be 

distinguishable with values of up to 0.3. By 100 ms of mixing the saturation 

level increases above 1 (which would promote growth) and the solution is 

supersaturated. After 1000 ms of mixing, a supersaturation of around 5 is 

achieved. Figure 41a shows how the maximum value of KS across the 
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simulation domain varies with time from these simulations, with the gradient 

decreasing with time. As typical blocking events lasted between 400 ms 

and 800 ms under these conditions, the supersaturation levels achieved 

could be in the range of 3  5. Steady state simulations under these 

conditions revealed a maximum KS value of around 18 but this is unlikely to 

be achieved experimentally as the nanopipette becomes blocked, hindering 

mixing. It is interesting to note that whilst supersaturation levels change 

throughout the initial 1000 ms of mixing, the ionic current remains constant, 

after the first 0.1 ms, as shown in 3b when nothing is growing in the end of 

the nanopipette. Simulations also helped to estimate the position at which 

growth is most likely to occur. Figure 41c shows how the height of the 

maximum value of KS above the nanopipette opening varies with time. At 

the time when the solution first becomes supersaturated, (~40 ms), this 

position is seen to be around 5 m, making this the most likely position for 

initial nucleation and growth to occur. Up to around 300 ms, this position 

increases to as high as 12 m before then decreasing back to around 6 

m. This is validated by the above-discussed Raman data, presented in 

Figure 35f, which was performed on the lowest 10 m portion of the 

nanopipette and revealed the presence of formed calcite in this region. 
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Figure 40 Simulated estimations for the saturation level of calcium 
carbonate in solution at times ranging from 0 ms to 1000 ms, (a-d). 
The saturation level starts to increase after around 10 ms and reaches 
a value of around 5 by 1000 ms. The most saturated region of the 
nanopipette can be seen to move up the length of the nanopipette 
initially 
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Figure 41 a) The rate of increase in maximum saturation across the 
whole simulation domain can be seen to increase over the whole first 
second with the rate of increase seen to decrease with time. b) The 
predicted ionic current can be seen to stabilize within 0.25 ms after 
switching the potential, inset shown with zoom in. c). The position of 
the maximum saturation from the nanopipette can be seen to vary 

with time initially increasing to 12 m within 200 ms before decreasing 

to 6 m. Upon switching the tip bias to be 2 V, after 600 ms of mixing 
at -0.25 V, the saturation can be seen to decrease to under 1 within 5 
seconds, (d) 

Simulations also helped justify the time required to allow sufficient 

unmixing of solutions for subsequent growth events. Figure 41d represents 

how the maximum value of saturation decreases when a bias of 2 V was 

applied after 600 ms of initial mixing. These results evidence a time of 
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around 4 s for the saturation level to drop back below 1. This would be 

expected to be quicker with a higher applied bias as used experimentally.  

4.4.4 Quantifying Growth Rates in a Nanopipette 

FEM simulations performed above predicted a position of around 5 

m above the nanopipette opening for the growth of calcium carbonate at 

the end of the nanopipette. Further FEM simulations help extract how the 

size of the growth product varies with time through modeling the precipitate 

as a spherical particle, which has been observed in other work. (61) These 

simulations are used to analyze the experimental growth transient, 

presented in Figure 42a. Simulations were performed with increasing 

particle size and the corresponding effect on the ionic current is observed in 

Figure 42b. It can be seen that the initial growth of the particle results in a 

small but measurable blockage of the ionic current. As the particle gets 

closer to the walls of the nanopipette, the resistance increases rapidly and 

there is a sharp drop off in the current that can pass the growing sphere. 

This helps to explain the shape of the experimental transient, which 

typically presents a slower initial decay of the current before a sharp 

decrease to 0.  

Through combining the data of Figure 42a and b, a plot of expected 

particle radius with time can be obtained and is presented in Figure 42c. It 

can be seen that there is an initially high rate of growth with the radius 

changing at a rate approaching 12 nm/ms until the particle size reaches a 
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radius of around 300 nm and then the growth rate levels off. This is most 

likely due to a hindered migration of material to the region of the particle, 

closest to the nanopipette wall, which is where the most observable change 

in resistance would be seen. It is important to note that the times presented 

in Figure 42 are from the point of greatest current and do not include the 

time (~50 ms) after jumping the potential during which the saturation levels 

are likely to have reached 1 based on the above simulations. In order to 

determine whether the observed blocking times are reasonable, based on 

diffusion, an analytical calculation was performed based on the flux of 

material to an isolated growing spherical CaCO3 particle. For a spherical 

particle growing due to a flux, j, the change in volume dV, with a change in 

time, dt, is defined by: 

 
𝑑𝑉

𝑑𝑡
= 4𝜋𝑟2

𝑑𝑟

𝑑𝑡
= 𝑗

4𝜋𝑟2

𝜌
 2) 

where r is the radius of the particle and  is the molar density of 

CaCO3.  

For a flux controlled by diffusion: 

 

 𝑗 =
𝐷(𝐶∗−𝐶𝑠𝑎𝑡)

𝑟
  3) 

where D is the diffusion coefficient of the species here assumed to 

be the Ca2+ CO3
2- ion pair, C* is the bulk concentration, taken to be the 
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maximum saturation concentration taken from FEM simulations in the most 

saturated region of the nanopipette and Csat is the concentration at the 

growing spherical particle, taken to be the solubility of calcium carbonate in 

water. Combining equations 2 and 3 and integrating gives an expression for 

a growing spherical particle with time as: 

 

 𝑟2 =
4𝐷(𝐶∗−𝐶𝑠𝑎𝑡)

𝜌
𝑡  4) 

Using a value for D of 8.525  10-6 cm2/s,  as 0.0271 mol cm-3 and 

Csat as 

1.3  10-7 mol cm-3 together with values for C* obtained from Figure 

41a, predicts a particle of radius 180 nm by a time of 600 ms. This is a 

similar magnitude to the growth rates extracted from the above analysis. 

Precise quantification is a difficult task owing to the fact that the precise 

position the crystal nuclei forming being unknown. Consequently the radius 

of the nanopipette at this location and hence the maximum size to which 

the particle could grow is not precise. This analysis does however show 

that the growth rates obtained above are reasonable based on the levels of 

saturation predicted from FEM simulations. 
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Figure 42 (a) Experimental blocking event showing the proportion of 
current decreasing with time to 0 in about 400 ms. (b) FEM simulation 
of a growing sphere in a nanopipette showing the drop off in current 
as the size of the sphere approaches the walls of the nanopipette. 
Most of the drop off is seen to occur when the sphere reaches a 
radius of around 320 nm. Through combining the simulation in (b) 
with the experimental data of (a), the radius of the growing particle in 
a blocking event, with time can be estimated, (c) 
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4.4.5 The Effect of Applied Bias on Blocking Rates 

The formation of CaCO3 explored above has all been driven through 

the application of a bias of -0.25 V to the nanopipette QRCE with respect to 

bulk. The effect of changing this applied bias is now explored. Experiments 

were performed with varying tip bias between -1.2 V and -0.001 V. 

Presented in Figure 43a, it is seen that increasing the magnitude of the 

applied bias from -0.001 V to -0.4 V, resulted in faster growth rates and 

hence smaller values for 0.5. However further increases to the applied bias 

did not result in significantly different blockage times. There is a limit to the 

rate at which the calcium carbonate can be formed at the end of the 

nanopipette through simply increasing the bias magnitude.   
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Figure 43 Experimental effect of varying tip bias on the blocking time 
shows a decrease in blocking time with higher magnitude bias, (a). As 
the bias is decreased below -600 mV, the effect of further decreases 
are less significant. b) Steady state FEM simulations reveal a similar 
trend with the maximum saturation level Ks initially increasing rapidly 
as the magnitude increases but levelling off at higher magnitude 
negative biases. At positive tip bias, saturation levels lower than one 
are predicted, validating the tip blocking and unblocking approach 

Simulations performed at similar tip biases reveal that the steady 

state saturation level follows a similar trend to the experimental blocking 

times. Increasing the applied bias, initially results in higher saturation levels 

at the end of the nanopipette, as shown in Figure 43b. However increasing 
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the bias beyond -0.4 V results in negligible further increases in the 

saturation level, helping to explain why the blockage times do not decrease 

further.  Note that when a positive tip bias is applied, the maximum values 

of KS are below 1, validating why growth of CaCO3 and blockages of the 

nanopipette are not observed under these conditions.  

4.4.6 Inhibitor Studies Using a Nanopipette 

Thus far, using a nanopipette has been seen to be robust for the 

study of growth kinetics for calcium carbonate in a confined geometry. It is 

now demonstrated whether the capabilities of the technique can be used 

for the study of additives. The formation of CaCO3 scales is a great problem 

in industry and there is much work on the study of reducing CaCO3 build-

ups in pipes and other systems.  Maleic acid, shown in Figure 44 is one 

such growth inhibitor that has been studied with application to preventing 

the formation of solid CaCO3. The mechanism of maleic acid in the 

inhibition of CaCO3 growth has been debated, with one hypothesis being 

that it acts as a chelating agent, binding to Ca2+ ions to prevent their 

involvement in CaCO3 growth from solution. The alternative mode of action 

suggested is that the maleic acid instead acts on the surface of solid 

CaCO3 inhibiting the addition of more material to the surface. Experimental 

runs of 25 blocking and unblocking events, as outlined above were now 

performed but with varying concentration of maleic acid present in the bath 

solution. After each run of experiments the concentration of maleic acid 

was increased to explore its effect.  
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Maleic acid was used as a test inhibitor to CaCO3 growth in this 

investigation is structure is shown below in Figure 44.  

 

 

Figure 44 Molecular structure of maleic acid 
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Figure 45a shows typical transients overlaid with different 

concentrations of maleic acid present in the bath solution. It can be seen 

that increasing the concentration of maleic acid in solution results in 

significantly longer times required for a full blockage of the nanopipette to 

be observed with blocking times spanning nearly two orders of magnitude 

seen. It is important to note that these changes in blocking times are 

significantly larger than the variation observed in one experimental run, 

shown in Figure 35e. Figure 45b suggests an almost linear relationship 

between the maleic acid concentration present in the bath solution and the 

mean value of 0.5 observed over the experimental run. This approach can 

also provide some information about the mechanism of action for maleic 

acid on calcium carbonate growth. Were maleic acid solely acting as a 

chelating agent, it would be expected that the effect of adding 8 mM maleic 

acid on the blocking time, would equate to 8 mM of Ca2+ ions leaving 

solution as each molecule would chelate one Ca2+ ion. An experimental run 

was also performed with 17 mM CaCl2 present in the bath solution, using 

the same nanopipette as used for Figure 45a and b. This experiment 

yielded a value for 0.5 of 2.1 ± 0.14 s. This should be compared to the 

value of 0.5 observed with 8 mM maleic acid in the bath solution, which was 

seen to be around 16 seconds. Consequently it is hypothesized that the 

maleic acid does not act solely as a chelating agent, and has some surface 

effect as well, which inhibits the formation of solid CaCO3 in the 

nanopipette. 
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Figure 45 Increasing maleic acid concentrations are seen to result in 
an increased blocking time with typical transients shown in (a) and 
the trend shown in (b) 

 

4.5 CONCLUSIONS 

Building on previous work, it has been demonstrated herein that 

nanopipettes can provide a powerful and robust platform for the 
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consideration of crystal and particle growth events in a nanopipette in a 

controlled manner. Through tuning the bias applied between a QRCE in a 

nanopipette and outside in a bath solution, crystal formation can be driven 

at the end of the nanopipette, and can be used to extract growth kinetics. 

These crystals can be subsequently removed through reversing the polarity 

of the applied bias. The power of this technique is increased further through 

combination with other techniques, most notably Raman spectroscopy, 

which can provide diagnostic information about the formed product in the 

nanopipette and has helped postulate about the possible amorphous 

precursor to calcite formation. 

This approach is backed up by a FEM model, which helps provide 

information about the mixing times needed for product formation as well as 

the supersaturation levels achievable in this experimental approach. 

Furthermore the effects of applied bias have been explored through 

combining experimental and simulation results and revealed the limits to 

which this technique can drive crystallization events.  

Finally the power of this technique in the study of additives has 

been highlighted using the maleic acid inhibition on CaCO3 growth as an 

example system. Through increasing the maleic acid concentration, the 

subsequent effects on crystal growth and blockage time have been 

observed and allowed us to elucidate some information about the 

mechanism behind the action of maleic acid in reducing CaCO3 growth. 
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The technique presented herein is extremely versatile and, whilst 

has been applied in this work for the study of CaCO3, could find great 

application for the study of other growth and dissolution systems as well as 

for additive studies and screening to determine efficacy in a controlled and 

precise regime.  
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5 Conclusions  

Within this thesis a new approach for studying highly localised acid-

induced dissolution has been described which can quantitatively show the 

kinetics involved in Chapter 2. The use of SECCM etching allowed multiple 

dissolution measurements on a single sample, without the effect of 

surrounding solution effects which allowed multiple surface treatments on 

the single sample to eliminate the effect of differing samples. 

The resultant etch pits were characterised using AFM which allowed 

the calculation of removed enamel volume and pit diameter. This 

information was used in conjunction with a FEM model to calculate the 

intrinsic rate constant for proton induced dissolution of Ca2+ release which 

gave an average of 0.099 ± 0.008 cm s-1.  

It was also shown that this value decreased significantly with the 

use of surface treatments Zn2+ and F- with F- proving most successful. 

However the combination of both proved to be most effective decreasing to 

0.025 ± 0.005 cm s-1. 

It was also shown, due to the ability to follow the dissolution in time, 

that the effect of the surface treatments is transitory and only extends to the 

initial 20 nm of enamel.  

In chapter 3 this method was again utilised as part of a full 

investigation into the effect of calcium silicate as an additive to toothpaste 
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to both protect enamel but also promote its remineralisation and thus 

repair. Once again the intrinsic rate constant for Ca2+ release was 

calculated, this time as 0.092 ± 0.008 cm s-1 however this time the 

combination of both calcium silicate and fluoride proved to be most 

effective lowering the rate to 0.0063 ± 0.0002 cm s-1.  

The investigation also showed that in a phosphate free solution of 

calcium phosphate over 23 ppm of Ca2+ was released at pH 7 when 

measured using an ion selective electrode. This was continued by proving 

the formation of HAP when the product of a solution containing calcium 

silicate and phosphate was analysed using micro-Raman spectroscopy. 

This showed that at pH 7 HAP was produced.  

It was also shown using FE-SEM that the calcium silicate particles 

preferred to adhere to rough acid etched samples and the effect of repair 

show by treating the SECCM etched samples with calcium silicate showing 

an average pit reduction of 77± 12%  

The secondary aim of this thesis was dealt with in chapter 4 with the 

aim of investigating crystal growth and nucleation using a defined geometry 

technique which allowed for the study of the initial stages of nucleation and 

growth via nanoprecipitation within a nanopipette. This method utilised a 

strong ion current applied in alternating polarities to either drive substituent 

molecules together of apart. This allowed for the selective formation of 

calcium carbonate crystals at the nanopipette opening. The monitoring of 

the ion current through the nanopipette allowed for the early monitoring of 
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the early stages of nucleation. This process was rationalised through the 

use of FEM simulation to account for the system kinetics and calculate the 

rates of reaction. The polymorphs of the crystal formed was elucidated via 

the used of micro-Raman which gave an indication of the formation of ACC 

before undergoing transformation into calcite. The work also shows the 

effect of maleic acid as an inhibitor species which significantly slowed the 

rate of growth at trace levels. The obvious extension to this work would be 

to screen a series of candidate molecules for inhibition to compare them to 

the known maleic acid effect.  

An interesting future development of this work may be to address 

further why as has been shown why some molecules supress early growth 

whilst others promote it and provide further evidence to the extent of this 

phenomenon. The method presented here is particularly suited to this issue 

as the method allows for accurate comparison of differences at the early 

stages of nucleation and growth.  

There has been an emphasis throughout this thesis on systems 

which have strong industrial applications. The multi-microscopic analysis 

presented throughout has been critical in the outcomes of the work. In the 

two cases studied this has been the development of toothpastes and 

development of ways of inhibiting the growth of limescale. To this end a 

toothpaste product, Regenerate™, has been launched which incorporated 

calcium silicate as its active ingredient and we have presented a robust 
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method which can be used to test potential additives to prevent the growth 

of limescale.  
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