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Abstract

The present thesis concerns the exploration of novel amorphous calcium phosphate
nanocomplexes stabilised by food grade additives. The concept is to generate a
formulation to prevent dental caries through enamel remineralisation, supplementing
the calcium and phosphate concentrations by delivery from an adhesive dental film

dosage form.

A formulation containing calcium chloride, dibasic sodium phosphate and stabiliser
in hydrochloric acid solution at a pH of 5 was complexed by pH adjustment to 7 in
the presence of fractioned hydrolysed casein or negatively charged peptides. This
allowed the formation of stabilised amorphous calcium phosphate nanocomplexes.
An alternative method in which carboxymethyl cellulose with short chain length with
measured molecular weight and degree of substitution, produced by acid hydrolysis,
was similarly able to stabilise the amorphous calcium phosphate nanocomplex. The
prepared amorphous calcium phosphate nanocomplexes were suitable for

formulation into dental film dosage forms.

The prepared nanocomplexes were formulated into dental films based on hydroxy
propyl methyl cellulose (HPMC) of various grades which formed hydrogels with
good adhesive properties. The physical properties of the prepared films were
characterised by texture analysis, tensile strength and structure and the calcium
release was measured using film strips in a specially designed dissolution cell. The
formulated dental films containing a mixture of 2% w/v E10M and 1% w/v F4M
hydroxy propyl methylcellulose, loaded with 2 % w/v 4 hours acidic hydrolysed
carboxy methylcellulose and hydrolysed casein, had a suitable release of calcium.
The release pattern of the calcium was characterised using different diffusion/erosion
models and was best described by a Higuchi mode with Fickian, non-Fickian and
super case Il transport Kinetics depending on the type of ACP and the grade of
HPMC used.

The effect of a biofilm generated on the tooth surface to make the substrate more
hydrophobic was examined. The adhesion of 15% (w/v) HPMC-E10M hydrogel to

enamel slabs was studied, and was found to be highly variable. The effect of ACP on
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the culture of the biofilm using confocal laser scanning microscopy was investigated

and a substantial inhibitory effect was obtained with 8% w/v ACP.

The remineralisation effect of preparations containing 2% w/v NGP-ACP, HC-ACP
and acid hydrolysed CMC-ACP loaded into films formulated with a mixture of 2%
w/v E10M and 1% w/v FAM hydroxy propyl methylcellulose was investigated. The
method employed used scanning electron probe microanalysis to determine the
elemental deposition of the calcium and phosphorus up to a depth of 400pm in
enamel samples. Both 2% w/v 4h ahCMC-ACP and 2% w/v HC-ACP containing
dental films showed an uptake of calcium and phosphate with uniform and constant

deposition of the elements to a depth of 400um into the enamel samples.
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Chapter 1. Introduction
1.1 Cariology

1.1.1 Human adult dentition

Man has primary (deciduous) and secondary (permanent) dentitions. The first
deciduous tooth erupts at about 6 months and the rest will have erupted by the end of
the 3rd year of maturity. The first permanent tooth appears at six years old. the
deciduous teeth exfoliated between 6 to 12 and the permanent dentition is completed
when the 3rd molars appear at the age of 18-21 years. Twenty teeth, 5 in each jaw
quadrant complete deciduous dentition, and 32 teeth, eight in each jaw quadrant

complete permanent dentition.

There are three basic forms of tooth: the incisor, canine and the molars. They are
shaped to assist with specific functions. The incisor has a cutting edge, the canine has
cone end for tearing whilst the molar has a number of cusps for grinding
(Figure 1.1).

[ central incisor [] second premoar (bicuspid)

D Lateral incisor @ First molar
Cuspid (canine) - Second molar
First premolar (bncmpid)IZI Third molar

Figure 1.1: A permanent adult tooth forms in a 21-25 year old adult. From (Goforth,
2004).



The central pulp cavity of the tooth is surrounded by dentine with an opening, the
apical foreman at, or close to its tip. The pulp consists of connective tissue with
blood vessels to nourish the dentine and sensory nerves. The root is enveloped by the
periodontal ligament, which is attached to the alveolar bone. The root cementum is
thus separated from the osseous sachet by the connective tissue of periodontal
ligament (Gray and Standring, 2005) (Figure 1.2a). The tooth body is composed of
dentine, with up to a 2.5mm thickness cover of enamel (crown) with a very thin layer

over the root of yellowish bone-like cementum (Figure 1.2b).
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a - Canine tooth b - Longitudinal section of tooth

Figure 1.2: Tooth morphology and histology. From (Dentaire, 2011)



1.1.2 Enamel microstructure and biochemistry

Enamel is an extremely hard substance that coats the crown of the tooth. It is a
totally mineralized tissue, composed of 95-96% w/w crystalline apatite, sometimes
referred to as hydroxylapatite or hydroxyapatite. The organic materials, which
compose less than 1% by mass, include amelogenins, enamelins and tuftelins, which
are specific enamel proteins. The maximum thickness of enamel reaches 2.5 mm on
the cusps, thinning at the cervical margins. The enamel does not have the ability to
continue growing and it has a limited repair process, which occurs by
remineralisation (Gray and Standring, 2005). Enamel is a non-cellular tissue mainly
consisting of 80-90% v/v of carbonated calcium hydroxyapatite crystals and fluids as
well as the proteins, which form the minority of its content. The crystals are arranged
in a longitudinal array from the dentin to surface of the enamel. As shown in Figure
1.3-a and b, these crystals have intercrystalline spaces of hydration shell that reveals

the electrical charge of crystals.

Figure 1.3: Enamel crystals. a - TEM of cross-sectioned crystallites from the mid
portion of the maturation zone of rat incisor inner enamel. From (Warshawsky,
1989), b — SEM of tightly packed enamel crystals of smooth inter-rod enamel surface

revealed after removal of proteins. From Thylstrup and Fejerskov (1994) .



An enamel prism consists of approximately 1000 crystals arranged in a form of a
bundle which forms the basic unit of the structure. Cross section of these prisms
shows spaces with circular to keyhole — shaped patterns, which are known as Tomes'
processes pits. These are illustrated in Figure 1.4-a and b. At the surface of enamel,
prisms deviate forming more inter-crystalline space, which provides the diffusion
pathway. The density of the prisms determines the mineral content of the enamel, the
density decreasing from the surface towards the dentine tissue. The inter-crystalline
spaces and the mineral content determine the porosity of the enamel. The pores are
filled with fluid and organic materials in a fashion proportion inversely related to the

prism density. For example, a higher porosity with low mineral and high protein

content is present in fissure enamel, probably as a result of poor prismatic packaging
(Robinson et al., 2000).

ﬁ._‘ : “.".’ l_‘" -_I"AH . 1 E ,".dli."-f :. W' | .
Figure 1.4: Enamel prisms. a- SEM of cross section of triangle enamel prisms (From

(Fosse, 2002), b- SEM of a key-hole shape picture taken after removal of the
proteins. From Thylstrup and Fejerskov (1994).

The inter-crystalline spaces are considered as the diffusion pathways within the
enamel system. The exposure of enamel to the acids from plaque will dissolve or
remove minerals, which decreases the mean crystal size. Consequently, the inter-
crystalline spaces increase together with tissue porosity. Thus, quantitative
measurement of tissue porosity can be utilized as a marker of enamel mineralization.

Figure 1.4-b shows a single Tomes' processes pit at high magnification, showing the



variations in crystal packing. In the example, the crystal packing of the surface layer
appears less dense at the base or the 'smooth' inter-rod enamel. Figure 1.5-a and b
show the rows of Tomes' process pit of the enamel perikymata. Perikymata is the
enamel on the sides of teeth that has been previously investigated to estimate the age
of the tooth (Guatelli-Steinberg et al., 2007). Higher magnification shows Tomes'
processes pits as numerous openings in the enamel, the boundary of the additional
layers being smooth. Small fissure or splits are evident between overlapping smooth

layer and the Tomes' processes pits (Thylstrup and Fejerskov, 1994).

Figure 1.5: SEM- Perikymata and Tomes' processes pits. From Thylstrup and
Fejerskov (1994).

1.1.2.1 Hydroxyapatite

The main component of solid enamel is the hydroxyapatite (HA) crystal. The
empirical chemical formula of HA is Cajo(PO4)s(OH), and the acid dissolution
process involves a calcium substitution reaction. The stoichiometry of the HA crystal
is shown in Figure 1.6a and b. As can be seen it is composed of stacks of hexagonal
plates, and each hexagonal plate consists of central hydroxyl ion surrounded by a
triangle of three calcium ions and another one of three phosphate ions (Robinson et
al., 2000). However HA, rather like any other mineralized tissues, has a variety of
conformational structure showing missing ions, especially calcium and hydroxyl
ions. The expected ions are present at 25% less than the stoichiometric calculation of
HA. Magnesium, sodium, fluoride and carbonate ions are frequently present in

considerable quantities replacing the calcium and hydroxyl ions in the HA structure.



Thus, a more accurate stoichiometric HA would be (Ca)ig-xy (HPO4)y (HPO4)s.
x(CO3)w(OH)2-x.y, Where v+w=x (Robinson et al., 2000). The calculated average
components were Cag s Mo.1s8 Nag11 PO4s67 (CO3)0.45 (OH)154 (H20)0 46 according
to Hendricks and Hill (1942).

@ = @ : - _ hydroxyl column (screw axis)
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Figure 1.6: Hydroxyapatite planar hexagonal and crystal structure. From (Robinson
et al., 2000).

1.1.2.2 Proteins

One of the earlier quantitative analysis of the enamel components was reported in
1942 by Deakins who used pig teeth, examined during the calcification stage.
Deakins found that as the inorganic component increases, the water and organic
component decrease (Deakins, 1942). The results are summarised in Table 1-1. It
was found that protein made up around 20% of the whole weight of the human foetal
enamel. This protein is characterized by abnormal high concentration of the amino
acid proline that approximates 25% of the total residues as shown in Table 1-2. The
material contains the other amino acids that confirm its identity as a collagen.
However, the analysis excludes the material from the class of keratins due to unusual
high percentages of methionine and histidine (Eastoe, 1979). Eastoe first suggested
the descriptor of amelogenins in 1965 (Eggert et al., 1973). At the initial phase of
mineralisation, proline and histidine are the major components of amelogenins;

however, they are not conserved in mature enamel (Eastoe, 1979).



Lowest Calcification, Highest Calcification, Change In
Density = 1.45, Very Soft | Density = 2.76*, Very Hard | Volume
mg./mm.> || % | vol.** | mg./mm?] % | vol.**
Inorganic 0.54 37 0.16 2.62 95 0.82 +0.66
Organic 0.27 19 0.20 0.05 1.8 0.04 -0.12
Water 0.64 44 0.64 0.12 4.3 0.12 -0.52
Total 1.45 100 1.00 2.79* 101.1 | 0.98

* Value 2.76 obtained by flotation; 2.79 are the sum of the weights.

** The volume occupied by each constituent. This was found by assuming densities of
3.18 for inorganic and 1.31 for organic material.

Table 1-1: Enamel components during calcification in developing pig. From

(Deakins, 1942).

c e Mr = 21000 — Mr = 12000 — Mr = 5000 —
omponen 28000 fractions | 20000 fractions || 10000 fractions
Aspartic acid 35 38 64
Threonine 33 31 36
Serine 34 43 71
Glutamic acid 235 220 140
Proline 304 287 203
Glycine 23 40 114
Alanine 41 37 58
Valine 41 32 28
Isoleucine 34 33 31
Leucine 110 117 117
Tyrosine 6 14 33
Phenylalanine 18 26 32
Histidine 76 60 34
Lysine 7 10 15
Arginine 4 11 19
Organic P tr 0.20 0.64
Sialic acid 0.90 0.82 0.61
Galactosamine 0.17 0.26 0.40
Glucosamine 0.14 0.14 0.12
Total anthrone carbohydrate 8.2 8.6 19.2

Amino acids listed as

residues/1000 (cysteine,

methionine, tryptophan not

determined); other components listed as percentages per unit of protein; Mr=relative

molecular size; tr = trace.

Table 1-2 : Composition of 5 to 6 month foetal bovine amelogenins proteins isolated

after guanidine HCI gel filtration chromatography. From (Termine et al., 1980).




The second component of enamel proteins are termed enamelins and are found in the
mature enamel. These were identified as separate from the amelogenins (Eastoe,
1979),which are the remnants of proteinases in the full-grown enamel after the
completion of development (Smith, 1998). The percentage content of amelogenins
and enamelins was found to be reduced in a foetal bovine enamel matrix during
maturation. This reduction might be caused by an increase in proteolysis that
accompanies enamel mineralization. In addition, glycosylated proteins were
discovered in this enamel as shown by the composition of sialic, galactosamine and
glucosamine in enamelins (Table 1-3). This carbohydrate content differentiates

enamelins from the amelogenins (Termine et al., 1980).

a Mr = 42000 — 72000 Mr = 8000 — 30000
Component fracti .
ractions fractions

Aspartic acid 115 105
Threonine 67 62
Serine 77 136
Glutamic acid 150 144
Proline 166 176
Glycine 112 94
Alanine 56 32
Valine 33 16
Isoleucine 21 53
Leucine 23 15
Tyrosine 32 53
Phenylalanine 55 19
Histidine 25 16
Lysine 32 23
Arginine 36 48
Organic P 0.22 0.24
Sialic acid 4.71 2.82
Galactosamine 1.08 1.07
Glucosamine 3.24 2.58
Total anthrone carbohydrate 15.2 14.8
Amino acids listed as residues/1000 (cysteine, methionine, tryptophan not
determined); other components listed as percentages per unit of protein; tr =
trace.

Table 1-3: Composition of 5- to 6-month foetal bovine enamelin proteins isolated

after guanidine HC1 gel filtration chromatography. From (Termine et al., 1980).



1.1.3 Demineralisation and remineralisation

1.1.3.1 Demineralisation of enamel

Dissolution of dental enamel or formation of caries is predominantly caused by lactic
acid. The presence and involvement of other acids have been shown by
investigations performed using saliva and other oral contents. These acids are present
as mixtures in different ratios depending on inter-individual variation. Acids are
produced by the fermentation of food debris trapped around the tooth surface and
formation is influenced by diet. The resultant acidic medium with pH typically not
lower than pH 4.5 due to buffers of saliva, plaque and even carious substances which
have sufficient hydronium ions that are able to displace the cations from dental

enamel, causing the decalcification (Koulourides and Buonocore, 1961).

The second factor in enamel dissolution is the concentration of the free forms of
calcium, phosphate and fluoride. The ionic equilibrium between enamel and
surrounding aqueous phase with regards to both hydroxyapatite and fluorapatite is

illustrated as follows:
Cai(PO4)s(OH), &——=  10Ca”*" + 6PO, + 20H

Caw(PO4)F, &=——  10Ca*" + 6PO+ 2F

In normal circumstances, saliva (Larsen, 1975) is supersaturated with calcium,
phosphate and fluoride as compared to apatite and plaque fluid (Margolis, 1990),
which are responsible for enamel resistance and prevention of mineral loss. This is
assisted by promotion of crystal growth on the surface of enamel or the formation of
precipitates such as apatite, tri-calcium phosphate, octa-calcium phosphate and
brushite (CaHPQ4, 2H,0) (Thylstrup and Fejerskov, 1994) (Thylstrup et al., 1994)
(Thylstrup et al., 1994) (Thylstrup et al., 1994).

The solubility of hydroxyapatite in an acidic medium provides the main weakness of
dental enamel, in addition to its porosity. Lactic acid is a major metabolite of
bacterial digestion of polysaccharide. It is sufficiently dissociated to lower the pH

below 5.5 and consequently promote mineral dissolution beneath the bacterial



biofilm. The other source of acids comes from ingested soft drinks acidified with
phosphoric and citric acids, which can have a pH of about 2.5 - for example colas
(Barbour and Shellis, 2007).

The plaque fluid shows pH fluctuations due to the metabolic changes in the dental
biofilm. These fluctuations result in innumerable cycles of mineral dissolution and
deposition (Figure 1.7). The higher loss of minerals leads to increase in the pore size
that is clinically associated with white or opaque spots on the diseased enamel
(Fejerskov and Kidd, 2008) .

A pH [t e s i nakdial ot PpHSS

AnH Time ——=

Loss
PH S5 1 A, Timo —=

Figure 1.7: The cycles of mineral loss (upper) and gain (lower) in dental enamel
surface that caused by pH fluctuations of dental plaques. Dotted lines represent a
mineral loss characterised by clinically visible changes in enamel surface. From
(Fejerskov and Kidd, 2008) .
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Remineralisation of enamel

The enamel of a freshly erupted tooth is characterized by permeability down to
around a depth of 200um into the surface. The enamel is coated by a pellicle. Saliva
can form a saturated solution containing calcium, phosphate and fluoride which
results in the equilibration of tooth enamel via exchange between acid soluble
components and acid insoluble components. Thus, carbonate and hydroxide will be
replaced by fluoride, and in the presence of the minerals, a new fluoroapatite crystal
will form that makes a mature enamel with a reduced porosity and permeability. An
additional protection originates from a coating of a pellicle protein known as
statherin that resists acidity as well as cariogenic microorganisms. The high
concentration of calcium and phosphate in saliva, biofilms and artificial calcium
containing oral solutions have a negative effect on enamel remineralisation, since a
rapid precipitation of calcium phosphate on the enamel surface will block the pores.
Moreover, calcium phosphate has low solubility at neutral pH, precipitates, and

hence remineralisation is diminished (Garcia-Godoy and Hicks, 2008).

1.1.4 Dental Caries

Dental caries refers to a local destruction of the tooth surfaces as result of chemical
etching, arising underneath the dental pellicle, by acidic metabolites. Theoretically,
the carious lesion is present where a plaque grows. However, variation might be
caused by dissimilarity in the chemical constituents of the plaque. The developed
lesions can persist for a long time on the tooth surfaces that are protected from the
mechanical effect of brushing, the tongue and chewing, these surfaces, such as

fissure, grooves, contact area between adjacent teeth and gingival boundary
(Fejerskov and Kidd, 2008).

Dental caries is a totally avoidable disorder (Zero, 2006). It is considered as a
dynamic disease (Figure 1.8) of demineralisation caused by organic acids that come
from a fermentable food consumed by the patient in the presence of bacteria and
remineralisation that occurs by saliva throughout pH rising and elemental resourcing.

Meals that are rich in carbohydrate and sugar are described as the most cariogenic,

11



however the others might be show a degree of cariogenic activity (Zero et al., 2009).
The permanent teeth have thicker enamel than that in the deciduous teeth. In addition
permanent teeth have a more regular prismic macrostructure. Thus the permanent

teeth are more susceptible to the remineralisation process (Oliveira et al., 2010).

Saliva
+ - .
F[ugride Bactenai_ biofilms
Plaque control CaIboEydr ate
+ -
Dietary Modification Time
— ? —— —
——Cai 2 PO2F- —
Remineralisation Demineralisation

*

Figure 1.8: The dynamic processes of dental caries, demineralisation and

remineralisation. Data obtained from (Selwitz et al., 2007).

1.1.5 Treatment of caries

There are three strategies for dental caries treatment. The primary prevention
involves identification and alteration of the initiative factors for caries; the secondary
that considers preventive processes that arrest or reverse the caries processes and the
tertiary treatment restores tooth cavitation and provides pain management (Whitaker,
2006). Chen and colleague identified a number of therapeutics to treat or arrest the
dental enamel demineralization through inhibition of dental biofilm such as
antibacterial agents, vaccines, probiotics and sugar substitutes. In addition, they
identified agents that support the remineralisation process for examples, fluoride and
casein (Chen and Wang, 2010).

1.2 Casein phosphopeptide amorphous calcium phosphate

1.2.1 Studies on casein derivatives as remineralising agents

Casein is a phosphopeptide that is present at an amount of 2.4-2.9% w/v in cow’s

milk. It is present as micellar complex of calcium, citrate and phosphate ions with a

12



very high molecular weight. Casein forms a very stable colloidal dispersion as result
of its capability to form a stable negative charge at pH 6.6 in milk. The approximate

isoelectric point of casein is 4.6 (Southward, 2008).

1.2.2 Casein fractions

The well-known fractions of casein are as, B and k. as-casein is classified into the
forms designated as; and as; and as;jis further divided into forms asp and as;. They
differ in the number of serine-phosphate groups. The as and B caseins show a
decrease in enamel dissolution as a result of their high binding properties toward
hydroxyapatite. The binding action is directly proportional to the number of
phosphoserine groups in each fraction (Reynolds, 1987). The percentages of bovine
casein fractions (Figure 1.9) were measured recently by Bonizzi and colleagues.
They demonstrated that as; and B caseins were the major fractions (Figure 1.10 and
Figure 1.11) (Bonizzi et al., 2009).

Figure 1.9: Percentages of bovine casein fractions in milk. Data obtained from
(Bonizzi et al., 2009).
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1.2.3 Preparation
1.2.3.1 Casein

The production methods of casein from whole milk are summarized in

Figure 1.12. The method of casein production utilises different precipitation
processes. In the acid treatment method, a pH drop to 4.6 will fall to the isoelectric
point of casein. This will be responsible for destruction of casein micelles and
precipitation. In the alternative method, enzymatic digestion, destruction of the
micelle also occurs. However, the mechanism is slightly different, k-casein is
selectively cleaved, which results in the inability of the remaining casein to resist
micelle destruction (Southward, 2008).

Centrifugation
[

Skimmed milk
Enzyme (chymosin) Acidification (pH 4.6)

v

A

RENNET CASEIN CURED MINERAL ACID CASEIN CURED
+ +
RENNET CASEIN WHEY MINERAL ACID CASEIN WHEY
(PH 6.6) (PH 4.6)

WHEY

CASEIN CURED

| ‘Washing By Water |

| CASEIN CURED |

Figure 1.12: Flow diagram shows the production method of casein. Data obtained
from Southward (2008).
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1.2.3.2 Fractions of casein

Both basic techniques of casein production were utilized in the Reynolds studies to
prepare casein fractions. Some modification with regard to the degree of pH change
and type of enzymes resulted in the separation of fractions of casein. The first
procedure for isolation of casein fractions from bovine milk casein was completed
using a one hour enzymatic digestion by 1:50 ratio of trypsin to sodium caseinate in
20mM Tris-HCI and 2.5mM NaCl at pH 8.0 and 37" C. Separation of caseins were
carried out using FPLC system using a (Mono Q 5/5) column with an eluent based
on the solvent used in digestion. The extracts were washed and concentrated
followed by analysis of the amino acids content. The resultant fractions were defined
as T1 to T9 with their corresponding amino acids content and sequence as shown in
Table 1-4.

Code Amino acids content

Glu-Met- Glu -Ala-Glu-Pse-lle-Pse-Pse-Pse-Glu-Glu-lle-Val-Pro-Asn-Pse-

IR Val-Glu-GlIn-Lys.

Glu -Leu- Glu - Glu-Leu-Asn-Val-Pro-Gly-Glu-lle-Val-Glu-Pse-Leu-Pse-

T2 Pse-Pse-Glu-Glu-Ser-lle-Thr-Arg
Asn-Thr-Met-Glu-His-Val-Pse-Pse-Pse-Glu-Glu-Ser-lle-lle-Pse-GIn-Glu-
T3
Thr-Tyr-Lys.
T4 Asn-Ala-Asn-Glu-Glu-Glu-Tyr-Ser-lle-Gly-Pse-Pse-Pse-Glu-Glu-Pse-Ala-

Glu-Val-Ala-Thr-Glu-Glu-Val-Lys

T5 | Glu-GIn-Leu-Pse-Pth-Pse-Glu-Glu-Asn-Ser-Lys

T6 | Asp-lle-Gly-Pse-Glu-Pse-Thr-Glu-Asp-Glin-Ala-Met- Glu-Asp-lle-Lys

T7 | Val-Pro-GIn-Leu-GlIn-lle-Val-Pro-Asn-Pse-Ala-Glu-Glu-Arg

T8 | Thr-Val-Asp-Met-Glu-Pse-Thr-Glu-Val-Phe-Thr-Lys

T9 | Leu-Pth-Glu-Glu-Lys

Table 1-4: Amino acids content and sequence of casein fractions. From (Reynolds,
1991).

For the second procedure, a modified pH routine was utilised for selective extraction
of casein fractions from T1 to T5. Casein was digested in a similar to manner to that

described in first procedure. The resultant product was acidified to pH 4.6 by HCI;
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following this, 0.25% w/v BaCl, was added with precipitation with absolute ethanol
and removal of formed precipitate. The dried precipitate was treated with one tenth
by volume distilled water with alkali by adding NaOH for dissolution enhancement.
Hydrochloric acid solution (1M) was added to adjust the pH to 3.5 followed by
precipitation by means of the addition of an equal volume of acetone; the newly
formed precipitate was separated and dried. The dried product was re-dissolved in
water and acidified with HCI to pH 2 and the supernatant collected. The pH of the
resultant solution was raised to pH 3.5 by addition of NaOH and re-precipitated by
acetone. The precipitate was dissolved in water followed by an addition of H,SO,to
eliminate BaSO, as precipitate and supernatant isolated. The liquid extract was
dialysed and spray dried. The resultant extract was a mixture of T1, T2, T3, T4 and

T5 casein fractions (Reynolds, 1991).

1.2.4 Applications

1.2.4.1 Whole casein

Losee and colleagues examined the effects on casein of carious lesions (Losee et al.,
1957). The resultant weight difference of rat incisors, femurs and caries were used as
parameters to measure the effect of casein. The result revealed that the only
significant difference was seen in the caries lesion between control and test.
However, in the protocol the diet was not controlled. Another study confirmed that
casein could reduce caries in rat tooth enamel with scheduled feeding. A 2% wi/v
Sodium caseinate solution was as added into drinking water rather than being
incorporated into the solid diet (Reynolds and del Rio, 1984) . The next illustration
of anti-caries activity of casein was shown by a reduction of chocolate cariogenecity
in a test that lasted for 58 day on rats with programmed feeding on chocolates
contained 5.6 and 16.6%w/w casein (Reynolds and Black, 1987) (Reynolds et al.,
1987) (Reynolds et al., 1987) (Reynolds et al., 1987).

Reynolds and Black applied a more advanced technique to find and differentiate the

capability of asj-casein and a tryptic digest of asi-casein to reduce enamel

demineralization in bovine teeth. In this study, the intra oral appliance (Figure 1.13)
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was introduced in order to expose the samples under normal physiological
conditions. The sample slabs were prepared from enamel taken from a permanent
bovine incisor crown and set into the intraoral appliances; the left side was used as
control and the right side as test. Ten subjects wore the intra-oral appliances for ten
days in each of four protocols. The appliances were set aside throughout food and

drink intake.

Enamel
slabs

Figure 1.13:An intra-oral appliance showing buccal acrylic flanges with enamel slabs
inset. From (Reynolds, 1987)

The protocols utilized are as illustrated in Table 1-5. In protocol 1, the appliances
were incubated at 37° C in corresponding solutions to examine the ability of 2% w/v
sodium caseinate to counteract sugar enamel demineralization when it is combined
within sugar-salt solution. Protocols 2, 3 and 4 were used to show that twice-daily
exposure to caseins could counteract the effect of six times a day exposure to the

sugar-salt solution.
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Protocols

Left Side of Appliance

Right Side of Appliance

1*

Eight 20-minute exposures per
day to solution A?

Eight 20-minute exposures per day
to solution B§

2**

a. Six 20-minute exposures per
day to solution A

a. Six 20-minute exposures per day
to solution A

b. Two 20-minute exposures
per day to solution CII

b. Two 20-minute exposures per
day to solution DY

3**

a. Six 20-minute exposures per
day to solution A

a. Six 20-minute exposures per day
to solution A

b. Two 20-minute exposures
per day to solution C

b. Two 20-minute exposures per
day to solution Eco

4**

a. Six 20-minute exposures per
day to solution A

a. Six 20-minute exposures per day
to solution A

b. Two 20-minute exposures
per day to solution C

b. Two 20-minute exposures per
day to solution F¥

* The appliances were immersed in the respective solutions for 20 min, on the
hour, from 9 a.m. to 4 p.m.

** For protocols 2, 3, and 4, the first and fifth exposures were solutions C (on the
left) and D, E, or F (on the right), respectively.

8 Solution A: 3% (w/v) glucose, 3% sucrose, 20 mmol/L NaCl, 140 mmol/L KClI,
5 mmol/L CaCl,, pH 7.0.

8 Solution B: 2% (w/v) sodium caseinate, 3% glucose, 3% sucrose, 20 mmol/L
NaCl, 140 mmol/L KCI, 5 mmol/L CaCl,, pH 7.0.

Il Solution C: 20 mmol/L NaCl, 140 mmol/L KCI, 5mM CacCl,, pH 7.0.

{l Solution D: 2% (w/v) sodium caseinate, 20 mmol/L NaCl, 140 mmol/L KC1, 5
mmol/L CaC1,, pH 7.0.

o Solution E: 2% (w/v) as;-casein, 20 mmol/L NaCl, 140 mmol/L KCI, 5 mmol/L
CaC|2, pH 7.0.

¥ Solution F: 2% (w/v) TD-casein (tryptic digest), 20 mmol/L NaCl, 140 mmol/L
KCI, 5 mmol/L CaC1,, pH 7.0.

Table 1-5: Protocols for intra-oral appliance experiments. From (Reynolds, 1987).

The slabs on the left side showed caries lesions, but not the slabs on the right side.
The micro-hardness test reveals that the slabs on the right side were significantly
different from the slabs on the left side in all protocols, as shown in Table 1-6. The
plaque in the right side of the appliance has a significantly higher level of calcium
and phosphate as compare to that on the left, which validates the cario-protective
effect of asl-casein. Demineralization is terminated by tryptic casein digest and
casein as a result of the activity increasing the calcium and phosphate ions in the

plaque. In addition, they showed acid resistance of the buffering action of
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phosphoseryl, histidyl, glutamyl, and aspartyl residues and indirectly through plaque
bacteria catabolism.

Protocols Enamel Hardness*
Left Right
L 234 + 82(4)f 446 + 121(4)
2 229944 1 508 + 129(4)
3 175 + 93(5) § 486 + 151(5)
4 207+£97(4) 1 482 + 115(4)

* Knoop hardness number KHN (kg/mm2). Longitudinal plano-parallel sections
were taken from the centre of each enamel slab. The sections were divided into
ten segments, and each segment was hardness-tested at a depth of 70 um from the
surface. The values presented are means and standard deviations with number of
subjects in parentheses. KHN of control sections at 70 um was 484 + 123.

tSignificantly lower (p<0.05) than right-side value analysed using the t test for
paired comparisons.
1p<0.02.

§ p<0.0l.

Table 1-6: Enamel micro-hardness data. From (Reynolds, 1987).

In 1989, Reynolds and Black reported the effect of sodium caseinate on confection
cariogenecity. Rats were placed on a programmed feeding regimen for 52 days on a
confection containing sodium caseinate equal to 1.6% and 5.3% w/w which represent
the normal content of milky confection and the maximum palatable concentration,
respectively. The outcome was not significantly different between the two groups,
which indicated that casein had no anti-cariogenic effect at palatable dose (Reynolds
and Black, 1989).

1.2.4.2 Casein phosphopeptide (CPP)

Reynolds established the anticariogenic casein-phosphopeptide invention in 1991.
The patent mentions the methods of extraction and amino acid analysis of this
phosphopeptide. Furthermore, a planar chemical form of the main cluster that is
responsible for the anticariogenic effect was described, as shown in Figure 1.14. The
inventor confirmed the anticariogenic action for this phosphopeptides using four

different tests as illustrated in Table 1-7. In the exemplification of the patent, the
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inventor described a series of examples for application of T1. Most common types of
dentistry dosage forms were mentioned, as well as foods such as biscuits,
confections, breads, cakes and soft drinks. Furthermore, he stated that the

concentration of T1 in these preparations should range from 0.01 to 10 % w/w.

Type of test Results
1 Hydroxyapatite T1-T5* were showed 32% decrease in dissolution
dissolution and T6-T9 were showed a much less activity.

T1 (os;-casein) showed anticariogenic effect, acid
2| Intraoral caries test | buffer capacity and elevation of Ca and PO, ion in
plaque. (Reynolds, 1987).

Intra-oral Tlwas showed 57% return mineral loss compare
3 : - . :
remineralisation with 13% for saliva
4 Plaque pH fall T1 was showed to stable pH at 6.7

*

Casein phosphopeptides from table 1-4
Table 1-7: Tests applied on casein-phosphopeptides.
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Figure 1.14: Structural formula of Pse-Pse-Pse-Glu-Glu pentapeptide cluster. From
(Reynolds, 1991).

1.2.4.3 CPP stabilized amorphous calcium phosphate (CPP-ACP)

The interaction between casein phosphopeptide aSi-casein (59-79) and mineral ions

in amorphous calcium phosphate was analysed using NMR spectroscopy. The NMR
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spectrum analyses show that aS;-casein (59-79) has systemic coil skeleton of rounds
and circles with specific binding orientation toward minerals (Cross et al., 2005a).
An investigation was carried out to show that CPP-CP has anti-cariogenic effect on
the rat tooth and to evaluate its action against fluoride, non-phosphorylated tryptic-
casein and synthetic octapeptide contain the cluster (Figure 1.14) similar to that
present in asl casein and B-casein.100ulL of different solutions (Table 1-8) were
administered directly into the molar teeth of animals, two times a day for 50 days.

Group NUrlezs @ Treatment
animals
1 24 Milli-Q Water
2 12 0.1% w/v CPP®, 6.0 mmol/L CaCl,, 3.6 mmol/L sodium
phosphate, pH 7.0°
3 12 0.2% wi/v CPP, 12.0 mmol/L CaCl,, 7.2 mmol/L sodium
phosphate, pH 7.0
4 24 0.5% w/v CPP, 30.0 mmol/L CaCl,, 18.0 mmol/L
sodium phosphate, pH 7.0°
5 12 1.0% w/v CPP, 60.0 mmol/L CaCl,, 36.0 mmol/L
sodium phosphate, pH 7.0°
6 12 0.5% w/v CPP, 30 mmol/L CaCl,, 18.0 mmol/L sodium
phosphate, pH 7.0 plus 26.3 mmol/L sodium fluoride”
7 24 26.3 mmol/L sodium fluoride (500 ppm F)
8 12 0.5% w/v NPP®, pH 7.0
9 12 0.18% wi/v synthetic octapeptide®, 22.5 mmol/L CaCl,,
13.5 mmol/L sodium phosphate, pH 7.0
a-Each solution was applied to the molar teeth of the animals twice daily for the
experimental period.
b-These concentrations of calcium and phosphate at pH 7.0 are close to the maximum
level sequestered by the phosphopeptides at each respective concentration.
¢ -NPP indicates the non-phosphorylated peptide fraction of a tryptic digest of casein
defined in Table 2.
d-This molar concentration of the synthetic peptide [Ac-Glu-Ser(P)-lle-Ser(P)-
Ser(P)-Ser(P)-Glu-Glu-NHMe]corresponds to the molar concentration of 0.5% w/v
CPP.
e-CPP indicates the sodium salt of the casein phosphopeptides.

Table 1-8: Experimental groups. From Reynolds et al. (1995)
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The assessment of caries in smooth surfaces and fissures was used as an indicator for
the measurements of the effect of solutions on the animal; molar caries. The scoring
systems were those used by Keyes (1958) and Konig KG( 1958) for smooth surface
and fissure, respectively. The results obtained are as shown in Table 1-9. The CPP-
CP significantly reduces caries incidence in a dose-responsive fashion, with 1.0%
CPP-CP producing 55% and 46% reductions in smooth surface and fissure caries
incidence, respectively, similar to that of 500 ppm F. There were additive anti-
cariogenic effects of CPP-CP and F, since animals receiving 0.5% CPP-CP plus
500ppm F had significantly lower caries incidence than those animals receiving
either CPP-CP or fluoride alone. In addition, the outcomes indicated that the
synthetic octapeptide-calcium phosphate complex significantly reduced caries
activity. In contrast, the tryptic digest of casein with the selectively removed

phosphopeptides showed no anticariogenic incidence.

Caries score
Group treatment Smooth surface Fissure
E T B C
1 H20 33.9+3.0° 10.8 +1.2° 6.6+12% [[42+1.3°
2| o019%cpp-cP" | 29.2+1.4° 9.1+0.8 53+0.8" [29+1.1°
3] o0.2%cpp-cP | 26.3+1.6°° 7.7+1.2° 4.9+0.7°¢ | 2.3+ 0.9
4| 05%CPP-CP [ 19.1+2.4° 6.4+0.9%" 41+ 1.1% | 1.4+ 1.0°
5| 1.0%CPP-CP | 15.4+2.4° 5.8+1.0%¢ 3.9+1.0% | 1.1+0.9°
6 || 0.5% CPP-CP+F | 14.7+1.8° 46+1.2° 2.7+0.8° [|0.6+0.5°
7 F- 500 ppm 189+25d | 6.2+09% [ 3.7+0.9% [1.0+0.9°
8 0.5% NPP 31.9+3.2% 10.1 + 1.4%° 6.8+14% [[41+1.3°
9 | 018%Octa-CP' | 242+27°| 7.3+09° [ 48+11%[22+13"
a-f  Significantly different (p < 0.05) from all other values not similarly marked
in column. Mean = SD (n = 12 or 24).
h Casein-phosphopeptide calcium-phosphate complex.
i Synthetic-octapeptide calcium-phosphate complex.

Table 1-9: Caries data obtained. From Reynolds et al. (1995).
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The effects of different concentrations and pH of CPP-CP solutions on anti-
cariogenicity were investigated on enamel slabs prepared from human third molars
by Reynolds (Reynolds, 1997) . The slabs were demineralised by incubation in 40mL
of 0.1 mol/L lactic acid, 500mg/L hydroxyapatite, and 20g/L carbopol C907 at pH
4.8 and 37° C for 4 days. The samples were then remineralised for 2days in two sets
of CPP-CP solutions. The first set contained 0.1, 0.5 or 1.0% w/v CPP-CP at pH 7
and the second set 0.5%w/v CPP-CP at pH 7, 7.5, 8, 8.5 or 9. The first set was used
to discover the effect of the concentration of CPP-ACP administered on
remineralisation. The other was utilised to inspect the effect of increasing pH on
remineralisation, which decreased the concentrations of free calcium and phosphate
ions and increased the level of CPP-bound ACP. It was found that the highest levels
of minerals for bound and free phases were gained at pH 7 and 1% w/v CPP-CP

concentration.

The results, shown in Table 1-10 and Table 1-11 reveal that the extent and rate of
remineralisation were directly proportional to the concentration of CPP-CP. In
addition, the remineralisation was attributed to an increase in concentration of free
and bound calcium phosphate in the solutions. Moreover the solution of 0.5% CPP
pH 7.0 (RC) replaced mineral at a significantly faster rate than the other.

Remineralising solutions % Remineralisation Rate of Reminzeralisati_gn
moles HA/m‘/s x 10
0.1% CPP pH 7.0 (RB) 43.6 +18.9° 22+15°
0.5%CPP pH 7.0 (RC) 51.6 + 20.8 3516
1.0%CPP pH 7.0 (RA) 63.9 £ 20.1 3.9+0.8

a-Mean =+ standard deviation (n = 10).
b- Significantly different from other values in the column not similarly marked
(p <0.05).

Table 1-10: Effect of CPP-CP concentration on remineralisation of enamel

subsurface lesions. From (Reynolds, 1997).
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Remineralising solution % Remineralisation Rate of Remineralisation moles
HA/m?/s x 10°

0.5% CPP pH 7.0 (RC) 51.6 + 20.8*° 35+16°

0.5% CPP pH 7.5 (RD) 28.6 +8.0 27+1.0

0.5% CPP pH 8.0 (RE) 22.7+14.9 15+1.2

0.5% CPP pH 8.5 (RF) 19.0+11.8 2.2+0.8

0.5% CPP pH 9.0 (RG) 28.1+12.0 1.7+0.8

a Mean * standard deviation (n = 10).
b Significantly different from other values in the column not similarly marked.
¢ Significantly different to RE, RF, and RG (p < 0.05).

Table 1-11: Effect of CPP solution pH on remineralisation of enamel subsurface

lesion. From (Reynolds, 1997)

Kanekanian and colleagues studied the effect of calcium concentration on the
hydroxyapatite dissolution using calcium enriched CPP and calcium reduced CPP as
alternatives to CPP, in addition to tryptic casein and sodium caseinate (Kanekanian
et al., 2008). The effect of concentration is shown in Figure 1.15 and Figurel.16. The
profiles demonstrate that all the caseins had a protective action, which was directly
proportional to the concentration used. The lowest effect was found for the sodium

caseinate whilst CPP + Ca and CPP — Ca, produced similar to each other.

70+
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Figure 1.15: Inhibition of hydroxyapatite with unbound Ca solubilisation by acidic
buffer at pH 4.2. Calcium-saturated CPP, o—o; calcium-reduced CPP, e—e; tryptic

casein, O—0; sodium caseinate,m—m. From (Kanekanian et al., 2008).
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Figurel.16: Inhibition of hydroxyapatite free from unbound Ca solubilisation by
acidic buffer at pH 4.2. Calcium-saturated CPP, o—o; calcium-reduced CPP, e—e;

tryptic casein, 0—0; sodium caseinate, m—m. From (Kanekanian et al., 2008).

1.2.4.3.1 Sugar—free chewing gums

A report published in 2001 described a sugar-free chewing gum as carrier for the
CPP-ACP (casein phosphopeptide - amorphous calcium phosphate) and was
examined for in situ on human enamel remineralisation (Shen et al., 2001). Three
cohorts of 10 volunteers wore a palatal appliance holding enamel slabs and were
treated with four preparations containing CPP-ACP. The subjects chewed the
preparation for 20 minutes, 4 times a day for 14 days. The additives used were
sorbitol and xylitol. The remineralisation of the enamel was found to be dose-
dependent as shown in Figure 1.17 and independent on the type of additives used.
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Nil treatment Sugar-free gum
containing 10 mg CPP-ACP

Sugar-free gum Sugar-free gum
containing 18.8 mg CPP-ACP

U

Sugar-free gum Sugar-free gum
containing 0.19 mg CPP-ACP containing 56.4 mg CPP-ACP

Figure 1.17: Microradiographic image for the effect of CPP-ACP on enamel

subsurface lesions. From (Shen et al., 2001).

Recaldent” gums containing CPP-ACP produced the maximum level of enamel
subsurface lesion remineralisation as compared to those gums contained CaCO3 with
and without CaHPO, . Furthermore, the plaque alkali extract had 81% of total CPP
and the percentage residence was equal to 3.5 times greater than the baseline
(Reynolds et al., 2003). The enamel resistance to acid challege was studied by
exposing control and test enamel samples to acidic solution for 8 and 16h after sugar-
free gum chewing for 20min 4 times a day for 14 days. The sugar-free gum used in
the test contained 18.8mg CPP-ACP, against a placebo control. It was found that the
ability of CPP-ACP to produce remineralisation was approximately double that
produced by the control sugar-free gum. Demineralisation after 8 and 16h acid
exposure was 65.4-88% for control and 30.5-41.8% for CPP-ACP, respectively. It
was found that beneath the remineralised zone, for both control and test there
remineralised an narrow zone of demineralisation as shown in Figure 1.18 (lijima et
al., 2004).
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Figure 1.18: Microradiograph of enamel subsurface lesion before and after 8 and 16h

challenge. From (lijima et al., 2004).

The effect of acidity on the remineralisation action of sugar-free chewing gum with
and without citric acid has been further investigated by chewing for 20 minutes for
14 days, 4 times a day followed by 16 h acid treatment using Carbopol containing
buffers of lactic acid and calcium phosphate (White, 1987). The treatment was
carried out with three chewing gums. The first preparation contained 18.8mg CPP-
ACP and 20mg citric acid, the second contained only 20mg citric acid and the third
was a control containing neither ingredient. The data shown in Table 1-12 highlights
that the resistance to acid demineralisation was significantly greater (p<0.05) for a
chewing gum containing CPP-ACP (Cai et al., 2007).

Gum Type % Remir_1era|isation % Remi_neralisation Diffe_rence_in % of
before acid challenge || after acid challenge || remineralisation
Neutral 9.4+1.2° -2.8+1.9% -12+1.5
Citric acid 2.6+1.3° -11.7+1.6° -14.3+2.0°
CPP-ACP ang 13.042.2° 2.9+1.8° -10.141.2°
Citric acid

a — All values were significantly different from each other (p<0.05)
b — All values were significantly different from each other (p<0.01)

Table 1-12: Remineralisation data of sugar-free chewing gums. From (Cai et al.,

2007).
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A recent clinical trial examined the effect of sugar-free gum containing CPP-ACP
nanocomplex. This trial lasted for 2 years and enrolled more than 2500 subjects. The
result indicated that there is a significant difference between control and CPP-ACP

nanocomplex containing sugar-free gums (Morgan et al., 2008).

1.2.4.3.2 Sugar-free lozenges

The inclusion effect of CPP-ACP into sugar-free lozenges on the enamel
remineralisation was determined by measuring the percent remineralised sub-surface
enamel lesions after lozenge intake 4 times daily for 14 days. 10 subjects who
consumed 4 different types of lozenge in succession wore the palatal appliances
holding enamel slabs. The results obtained confirm that lozenges containing CPP-

ACP provide a dose dependent increase in remineralisation (Cai et al., 2003).

1.2.4.3.3 Solutions

A mouth rinse was applied to examine the action of CPP-ACP in solution dosage
forms in 2003. The mouth rinses used were deionised water, non-stabilized calcium
phosphate solution and 2 and 4 % Recaldent™ mouthrinse solutions. Rinsing was
carried out using 15mL for 30 seconds, 3 times a day for 4 days. The result shown in
Figure 1. demonstrate that the plaque calcium and phosphate levels were not
increased after exposure to non-stabilized calcium phosphate solution. In contrast,
significant rises in these two ions were seen after exposure to mouth rinse solutions
containing CPP-ACP, which were directly proportional to the concentration of CPP-
ACP in the preparation (Reynolds et al., 2003).
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Figure 1.19: Plaque Calcium and inorganic phosphate levels after rinsing with non-
stabilized calcium phosphate and CPP-ACP mouth rinse solutions. From (Reynolds
et al., 2003).

Powerade™ sport drink has been utilized as an in vitro challenge to determine the
reduction in demineralisation produced by CPP-ACP. Enamel slabs were incubated
in solutions for 30 minutes and the lesion depth measured. Solutions and erosion
lesion depth used are listed in Table 1-13. It was shown that the erosion lesion depth
decreased with an increase in CPP-ACP concentration. In addition, this study
suggested that 0.125%w/v was the maximum palatable concentration for oral
solution (Ramalingam et al., 2005).

Solutions Depth of erosion (kA) mean
(£SD), n=15
1 Powerade 38.70+£5.60*
2 Powerade + 0.063% CPP-ACP 17.98+3.05*
3 Powerade + 0.09% CPP-ACP 4.31+0.64**
4 Powerade + 0.125% CPP-ACP 3.35+1.65**
5 Powerade + 0.25% CPP-ACP 1.94+0.65**
6 Double deionised water 2.53+£0.67**
*Mean values, which differed with statistical significance.
** Mean values, which were not statistical significantly different.

Table 1-13: Lesion depth for test solutions and deionised water. From Ramalingam
et al. (2005).
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A second in vitro study was reported by Cochrane’s group (Cochrane et al., 2008).
This study examined the ionic effect of 2% w/v CPP-ACP and CPP-ACFP solutions
on enamel remineralisation. Two sets of enamel slabs were examined at six different
pH values: 4.5, 5, 5.5, 6, 6.5, and 7. Demineralised enamel slabs were suspended in
2mL of the prepared solutions at 37° C for 10 days with daily solution replacement.
The collected data are summarized in Table 1-14 and Table 1-15. CPP-ACFP
showed a remineralisation effect as shown in Table 1-14, which is confirmed by
images in Figure 1.20. In addition, the maximum remineralisation effect was
obtained at pH 5.5, at which the ratio of free to bound for Ca, PO, and F approached
unity, as shown in Table 1-15. The authors highlighted that CPP-ACFP has higher
remineralisation potential than CPP-ACP with a remineralisation rate equal twice
than achieved previously (Cochrane et al., 2008). The data for effect of pH on
remineralisation concur with results obtained previously by Reynolds (Reynolds,
1997).

Treatment || pH | % Remineralisation Rate (10"®) mole apatite/m?/s

4.5 10.3£3.3 1.4+0.9
5 18.4+9.2 24+1.1
55 41.848.5 5.7+1.4°

0 -
2% CPP-ACP 6 26.7+8.4 3.7+1.3
6.5 19.9+6.1 2.4+0.9
7 15.0£3.5 2.0+£0.6
4.5 29.2+10.0 3.4+1.2
5 40.0+11.2 4.4+1.7
55 57.7+8.4 7.3+15°

0 -
2% CPP-ACFP =5 30.728.7 4514
6.5 20.845.8 2.6+0.8
7 17.6+1.8 2.240.9

a-Significantly different to all other CPP-ACP values in the same column (p<0.05)
b-Significantly different to all other CPP-ACFP values in the same column (p<0.05)

Table 1-14: In vitro effect of pH on percentage and rate of enamel lesion
remineralisation with CPP-ACP and CPP-ACFP solutions. (Cochrane et al., 2008).
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Free CPP-bound
Treatment | pH mM mM mM mM mM mM
Calcium Phosphate Fluoride Calcium || Phosphate || Fluoride
45| 60.0+1.6° 35.7£0.1 45+1.9 4315
5 41.5+£1.5 26.5+0.1 23.0+1.8 13.4+1.5
2% CPP- 155 21.410.4 || 12.80.1 43111 || 27115
ACP* 6 J| 11.9+0.3 | 7.11+0.25 52.6+1.1 | 32.8+1.6
6.5 5.67+0.07 || 3.95x0.07 58.8+1.0 36.0£1.5
7 | 2.62+£0.04 || 2.41+0.04 61.9+1.0 37.5£1.5
45] 54.0+1.4 33.4+0.2 0.68+0.05 || 24.1+2.2 14.8+1.3 11.7+0.3
5 36.9+0.6 24.6+£03 1.16+0.09 || 41.2+1.8 23.6+1.3 11.3+0.3
2%CPP- 1551 185201 || 13.5+0.7 || 1.54+0.12 || 59.6+1.7 || 34.6+15 || 10.9+0.3
ACFP” 6 | 8.74+0.14 || 6.33x0.03 | 1.54+0.06 || 69.4+1.7 41.8+1.3 10.9+0.3
6.5 451+0.07 || 3.96+0.16 || 1.60+0.06 || 73.6+1.6 44.2+1.3 10.8+0.3
7 | 2.21+£0.04 || 2.61+£0.07 | 1.58+0.13 || 76.0+1.6 45.6+1.3 10.8+0.3
a-Total concentration Ca and PO, was 64.5+1.0 and 40.0+1.5 mmol/L, respectively.
b-Total concentration Ca, PO, and F was 78.1+1.6, 48.2+1.3 and 12.4+0.3mmol/L, respectively.
c-Mean £SD

Table 1-15: Effect of pH on free and CPP bound Ca, PO4 and F ions in CPP-ACP

and CPP-ACFP remineralisation solutions. From (Cochrane et al., 2008).

Figure 1.20: Representative images of enamel subsurface lesion treated with 2% w/v
CPP-ACFP solution at pH 5.5. From (Cochrane et al., 2008).
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1.2.4.3.4 Tooth paste

Kumar and colleagues have described a comparison of mousse and toothpaste
supernatants using similar experimental designs to those described previously. A
carious lesion with depth of 120-200um was generated on permanent teeth by
immersing in a demineralising solution. The samples were then allocated to groups
and exposed to 5 different types of treatment. The treatment schedule was immersing
for 3 times a day for 3 hours in demineralising solution, with an intermittent 2 hours
of twice daily exposure to remineralising solutions for 10 days. The samples were
treated with test treatments listed in Table 1-16 at each transfer.

Groups Treatment

Supernatant of fluoridated toothpaste 1100ppm as positive control for
60s.

Non-fluoridated toothpaste as negative control.

Supernatant of Tooth Mousse™ contained CPP-ACP used as toothpaste
for 60s.

Topical coating of Tooth Mousse™ contained CPP-ACP used for 3m.

Topical coating of Tooth Mousse™ contained CPP-ACP used for 3m
after treated for 60 s. with supernatant of fluoridated toothpaste.

Table 1-16: Test treatments. Data obtained from (Kumar et al., 2008).

m O] O ||

As shown in Figure 1.21, a significant reduction in lesion depth was demonstrated
for treatments A, C, D and E. However, the lesion was significantly increased in
treatment B. In addition, it was concluded that CPP-ACP containing Tooth
Mousse™ gave the maximum remineralising action when applied after brushing with
fluoridated toothpaste (Kumar et al., 2008).
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Figure 1.21: Means of percentages change in lesion depth (u) after five treatments.
According to data obtained from (Kumar et al., 2008).

1.3 Effect of various forms of calcium phosphate on remineralisation

Five treatments were compared to examine the effect of various forms of calcium
phosphate added to CPP-ACP on remineralisation of pre-lesion bovine enamel slabs.
4 treatment groups with 20min chewing four times a day for 14 days and a no-
treatment control were compared as listed in Tablel-17. There was no significant
difference among groups suggesting the use of chewing gums do not provide an
additional remineralisation benefit. In addition, the 4.4% gain of remineralisation
with chewing gum containing 0.7% CPP-ACP differ from previous results obtained
by Shen and colleagues (Shen et al., 2001). The possible reason suggested for the
difference in outcomes was the different slab location in the palatal appliances

(Schirrmeister et al., 2007).
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Compounds Gum type
Dicalcium  phosphate  3.9%, | Sugar substitutes, gum
Groun 1 Calcium gluconate 1.8%, || baseflavours,E422, hydrolysed milk
PL{ calcium lactate 0.45% and protein, water and phenylanalnine
sodium carbonate 0.45%
Dicalcium  phosphate  3.9%, || Sugar  substitutes, gum base,
Group 2 Calcium gluconate 1.8%, | flavours, E422, hydrolysed milk
P21 calcium lactate 0.45% and protein, water, phenylanalnine and
sodium carbonate 0.45% Zinc citrate.
CPP-ACP 0.7% and Calcium | Sugar substitutes, gum base,
Groun 3 carbonate flavours, E414, EA472, Sodium
P stearate,  E171, E903 and
phenylanalnine.
No Calcium Sugar  substitutes, gum  base,
Group 4 flavours, E414, E422, Sodium
P stearate, E171, E903 and
phenylanalnine.
Group 5 || No chewing gum
Control

Tablel-17: Gum types and compounds. From (Schirrmeister et al., 2007).
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1.4 Research objectives

The main objective of this thesis was to study the preparation and formulation of ACP
nanocomplexes stabilised by food grade additives into a suitable dental dosage form for
potential use in enamel remineralisation. To achieve this goal, the ACP stabilised by
tryptic digest of casein phosphopeptides had to be prepared and investigated for
mechanism of stabilisation. Following on from this initial work an alternative means of
stabilisation had to be investigated. The following specific aims were performed in

order to accomplish the stated objectives:

In the first instance extraction and peptide analysis of CPP and negatively charged
ionizable peptides (NGP) from sodium casein and hydrolysed casein were performed.
Following this ACP stabilised by CPP, NGP and unfractionated hydrolysed casein were

all prepared and characterised in Chapter 2 of this thesis.

Chapter 3 focuses on the cellulosic polymers that enable the stabilisation of ACP
nanocomplexes, via the presence of the negatively charged ionizable carboxyl group.
The preparation of ACP stabilised by polymer selected to be the most suitable is also
discussed. In addition to this, characterisation of the prepared ACP was carried out to

determine the amorphous state and the nano size range of the colloidal particles.

The next phase of the study looked at the pre-formulation analysis of the prepared ACP
for the calcium content and pH-solubility. In addition, a method of calcium
determination using a calcium ion selective electrode was validated. The final stage of
chapter 4 focuses on the formulation and characterisation of the adhesive dental film

dosage form containing ACP, in addition to investigating the calcium release analysis.

Chapter 5 describes the investigation of the inhibitory effect of the prepared ACP on the
orally relevant biofilm. The biofilm thickness was used as a marker of the effect of the

ACP and was determined using confocal microscopy.

The final part of the thesis describes the investigation of the remineralisation
performance of the dental films selected based on the results that had been obtained
from the previous studies. The remineralisation study was carried out on human dental

enamel blocks and the counts of calcium and phosphorus deposition on the cross-
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sectioned enamel surface were used as a marker of the depth of remineralisation and

determined using electron probe microanalysis.
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Chapter 2. Preparation of ACP nanocomplexes stabilised by
negatively charged ionisable peptides (NGP) in food-grade

hydrolysed casein and unfractionated hydrolysed casein.

2.1 Introduction

The formation of calcium phosphate in buffered electrolyte solutions occurs in a
sequence of three events: primary deposition of amorphous calcium phosphate
(ACP) followed by transformation to seed crystals and then enlargement of these
crystals (Termine and Posner, 1970). The time required to convert the amorphous
form into the crystal form is affected by solution conditions including pH,
temperature, ionic strength, the ratio of calcium to phosphate ions and the starting
concentrations. The stability of the amorphous state has been found to be enhanced
by the presence of poly L-glutamate, casein, phosvitin and polyacrylate as well as by
the addition of minute amount of electrolytes such as magnesium, pyrophosphate,
carbonate and fluoride (Termine et al, 1970). Casein phosphopeptides have been
used to stabilise the ACP at nanometre sizes from solutions with a low content of
salts, in the presence of B-(1—25) bovine casein at pH values rising from 5.5 to 6.7
with the addition of urea and urease. An analytical confirmation has been made to
determine the presence of ions and free peptide in dynamic exchange with
nanocomplexes (Holt et al., 1996). Core to shell modelling of the ACP stabilised by
B-casein (1—25) was characterised by Holt and colleagues (Holt et al., 1998) as
CaHPO4-2H,0 units of 2.30+0.05 nm in the core surrounded by 49 + 4 CPP chains

forming a shell with an outer radius of 4.04 + 0.15 nm as shown in Figure 2-1.
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Figure 2-1: A plot of ACP stabilised by B-casein (1-25) shows the dimensions of the
core of 355 molecules of CaHPO,. 2H,0 surrounded by a shell of 49 peptides.

The synthetic polymer polyethylene glycol mol wt 10,000 Daltons (PEG10000) has
been reported to stabilise ACP. A solution of calcium chloride (0.1M) and PEG in a
specific concentration ratio was prepared and left overnight followed by the addition
of tribasic sodium phosphate (0.133M) at 5° C with stirring for 30 minutes. The lack
of crystallinity of the prepared amorphous calcium phosphate was confirmed by X-
ray diffraction analysis (Li et al., 2003). Silcock and his colleagues studied the
enhancement of calcium loading of hydrolysed casein, which was carried out with a
partial cross linking of the glutamyl / lysyl residues of casein (4.5% w/w) treating the
preparation with the enzyme transglutamase for various time periods followed by
calcium and phosphate loading. The remineralisation efficiency of enamel by these

complexes was confirmed (Silcock et al., 2009).

2.1.1 Objectives:

The objective of the present study was to use negatively charged ionizable peptides
(NGP) and hydrolysed casein as alternatives to CPP to stabilise amorphous calcium
phosphate during the isolation and LC-MS analysis of CPP and NGP those extracted
from sodium casein and hydrolysed casein, respectively. The ACP nanocomplexes

prepared from NGP and unfractionated hydrolysed casein were then characterised.
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2.2 Materials and methods

2.2.1 Materials

Bovine casein sodium salt, trypsin from porcine pancreas (1,000-2,000 BAEE
units/mg solid, lot#039K013), tris (hydroxymethyl) aminomethane, calcium chloride
dihydrate, disodium hydrogen phosphate, hydrochloric acid, acetone and ethanol
were purchased from Sigma-Aldrich (UK). Enzymatically-hydrolysed casein-
CE90CPP (lot# 10461008) was kindly provided by DMV International (USA).

2.2.2 Preparation of casein phosphopeptides from sodium casein

The first attempt to prepare casein phosphopeptides in our laboratory followed the
same procedure employed by (Reynolds, 1991) and (Reynolds et al., 1994), as
shown in figure 2-2 with modifications using calcium chloride instead of barium
chloride. The precipitation step was completed in chilled acetone as an alternative to

sulphuric acid. The percent yield was recorded.
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*
P 1- Sodium caseinate solution 4% (w/v) in Tris —HCI pH 8 ]

[ Trypsin (80mg) 1:50 sodium casein for 2h at 37° C in shaking incubator ]

\ 4

[ P2-Digested casein |

| Decrease pH to 4.6 by 0.1M HCI at room temperature |

\ 2 /
ppt**| (P3-Supernatant]

l[Zng of CaCl,2H,0 |

ST

| Add equal volume of chilled absolute ethanol slowly |
A 4 ;
[ Supernatant ] _P5- ppt

[ Washing with 50% (v/v) ethanol ]

A 4

(_P6-ppt ]
l [ Freeze-drying ]
For further purification

P7 |

|  Dissolve in distilled water at pH 2 (IM HCI) |

[
([ ppt ][ P8-Supernatant |
[ Adjust pH to 3.5 (LM NaOH) |
A 4

P9- solution

[Add slowly equal volume of chilled acetone in ice bath ]

, 2
Supernatant| | P10-ppt |

[ Drying in hood overnight ]

A\ 4

[Pll-mixture of phosphopeptides]

* Product number
** Precipitate

Figure 2-2: Flow diagram illustrating the isolation procedure of casein
phosphopeptides from sodium caseinate using calcium chloride instead of barium
chloride. The precipitation step was completed in chilled acetone as an alternative to
sulphuric acid.
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In order to increase the product yield, further modification was made by increasing
the amount of trypsin and time of digestion to 18 hours. In addition, the amount of
calcium chloride was increased as a result of a calculation based on the molecular
weight of a and B casein fractions (25 kDa), rather than the whole molecule of casein
(520 kDa) as shown in equation 2.1. Furthermore, the product P6 was directly
transferred to the purification step without freeze-drying. The percent yield was
recorded and the sample was taken for analysis using LC-MS spectrophotometry.

A =20x (B/C) x mol weight of CaCl,.2H,0O - Equation 2.1

Where A is the amount required of calcium chloride in the preparation of P4, 20 as a
twenty-fold molar ratio that was used, while B is the weight of sodium casien and C
is the molecular weight of the used sodium caseinate (520 kDa) or casein fraction
(25kDa). Further modifications were applied to increase the yield as shown in results
section 2.3.1. The time of digestion was extended to 36 hours and acetone was used
instead of ethanol, with the final procedure as shown in figure 2-3. The percentage
yield was recorded and the samples were subjected to analysis using LC-MS

spectrophotometry.
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[P1- Sodium caseinate solution 4% (w/v) in Tris —HCI pH 8 ]
[ Trypsin 1.6g to 100mLof sodium casein solution for 36h at 37°C ]
\ 4

[ P2-Digested casein |

 Decrease pH to 4.6 by 1 M HCI at room temperature|

\ 2N /
ppt | ( P3-Supernatant |

| (0479 CaCl2.2H,0 ]

P ]
[ Add equal acetone slowly at room temperature. ]
\ 2. /
(P a)
| Dissolve in H20-HCI pH 2 in closed container with shaking for |

vV v
[ ppt ) [ P6-Supernatant

J ([ Adjust pH to 3.5 (IN NaOH) ]
y

[P
[Add slowly equal volume of acetone at room temperature.]
v v

Supernatan|(_ P10-ppt

"[ Drying in hood overnight and lyophilised ]

[ P11- mixture of phosphopeptides |

Figure 2-3: Flow diagram illustrating the isolation procedure of casein

phosphopeptides from sodium caseinate using the modified method

2.2.3 Extraction of NGP from hydrolysed casein (HC)

A 4 % (w/v) of HC in distilled water solution was used to isolate NGP with the
adapted procedure as shown in figure 2-4. The product obtained was weighed and

subjected to analysis using LC-MS spectrophotometry.
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[P1- HC solution (2g/50mL D.W) |
| 0.235g CaCl,.2H,0 |
Pz ]
[ Add equal acetone slowly at room temp. ]

+_—+

Supernatant P3- ppt

[ Dissolve in H,O-HCI pH 2 in closed container ]

v
[ ppt ][ P4-Supernatant ]

[ pH adjustment to 3.5(1N NaOH) ]
A 4

[ ]

[ Add slowly equal volume of acetone at room temp. ]
v v

Supernatant|(  P6-ppt |

[ Drying in hood for overnight and lyophilised ]

A 4
[ P15- mixture of phosphopeptides ]

Figure 2-4: Flow diagram illustrating the isolation procedure of NGP from HC

2.2.4 LC-MS Analysis of CPP and NGP products

A Finnigan LTQ iontrap mass spectrometer coupled with a Fourier transform-
Orbitrap (Thermo Electron Corporation) was connected to a HPLC System. The
HPLC unit was equipped with Finnigan Surveyor autosampler Plus and a Finnigan
Surveyor MS pump. A ZIC-HILIC® column (5um, 200 A, 150x4.6mm;
HICHROM, UK) was used. The flow rate used was 0.5mL.min? for
chromatographic separation and analysis of the isolated peptides. Samples of the
prepared CPP and NGP were prepared in Milli-Q water at concentration of 6mg/mL.
Gradient elution was used with solution A, which consisted of 0.1% v/v formic acid
in acetonitrile and solution B, 0.1% formic acid v/v in Milli-Q water were used. UV
monitoring at 214nm and 280nm were used for channel A and channel B

respectively according to the data obtained from the sample spectra for the UV scan.
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Gradient and isocratic elution procedures shown in table 2-1 were used for
optimisation, which was subsequently employed to analyse the prepared CPP and
NGP. The mass peaks obtained were then matched with their corresponding

peptides.
Method Concentrations of A | Time (min)
1 | Isocratic 90% 60
2 | Isocratic 85% 60
3 || Isocratic 80% 60
4 |l Isocratic 75% 60
5 | Isocratic 70% 60
6 | Isocratic 65% 60
7 | Gradient 90-60% | 60% 20 [ 20-60
8 | Gradient 90-60% 30
9 | Gradient 90-60% 40

Table 2-1: LC-MS elution methods

2.2.5 Preparation of CPP-ACP, NGP-ACP and HC-ACP

2.2.5.1 Preparation of CPP-ACP and NGP-ACP

The preparation method used was adapted from Cross and colleagues (Cross et al.,
2005b). The prepared CPP and NGP were dissolved at a concentration of 50mg/smL
in Milli-Q water. Calcium dichloride dihydrate and disodium hydrogen phosphate
dodecahydrate in molar ratio of 1.67 [1.25mL from each (0.5M CaCl,.2H,0 and
0.3M NayHPO,4.12H,0)] were added separately by syringe pump (WU-74900-05
Cole-Parmer UK) at a rate of 7.5mL h™ to the solutions adjusted to pH 9.0 with 0.5M
NaOH (figure 2-5). Samples of colloid were analysed for particle size determination.
Half of the ACP produced was then isolated by microfiltration through a 30,000
molecular weight cut off VIVASPIN 20 Sartorius filter and washed 3 times with 2
volumes of Milli-Q water to remove free calcium and phosphate ions. The purified
fraction and the remaining half were then freeze dried. The purified fraction
obtained from the isolation process was referred to as isolated ACP in the rest of this
thesis. The crude fraction, which did not go through the purification process, is

hereafter referred to as unpurified ACP.
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Figure 2-5: Preparation of ACP by the gradual addition of calcium chloride and
disodium hydrogen phosphate solutions into a solution containing the stabilising

agent.

2.2.5.2 Method modification of NGP-ACP preparation

In order to reduce the prolonged instrument use in the preparation of NGP-ACP, a
modification was performed by the addition of Na;HPO,4.12H,0 to the NGP solution
containing CaCl,.2H,0 at pH 5. The pH was raised gradually to 7 using 0.5M NaOH
to complex the calcium phosphate. The final isolated preparation and also the
unpurified NGP-ACP were then freeze-dried. These products were used later
(sections 2.3.3 and 4.3.2) to study the effect of the isolation step on the properties of
the prepared ACP.
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2.2.5.3 Preparation of HC-ACP (final modification).

Following the isolation of NGP from HC as detailed in 2.2.3, HC (1 g) was dissolved
in 10mL Milli-Q water and 2.125 mL of each of the stock solutions 0.5M
CaCl;,.2H,0 and 0.3M Na;HPO4.12H,0 were added.

2.2.6 Characterisation of the prepared ACP

2.2.6.1 Particle size analysis

Dynamic light scattering (DLS) using a Zetasizer (NanoZS, Malvern-UK) was used
for particle size measurement of the prepared colloids and freeze dried ACP. Freeze
dried ACP samples were prepared by the reconstitution of 10mg in 1 mL of Milli-Q
water. Samples were pooled into a 1.5 mL polystyrene semi-micro cuvette. Three

consecutive measurements were taken for each sample.

2.2.6.2 Solid state form analysis of NGP-ACP and HC-ACP

To confirm the lack of crystallinity, X-Ray powder diffraction analysis was carried
out on samples of the prepared NGP-ACP and HC-ACP samples that had been stored
for longer than one month. Samples were held in 0.7mm glass capillary tubes and the
source of radiation used was CuK alpha 1 on a Bruker D8 diffractometer. The data
were collected for a theta scale of 2-34.

2.2.6.3 Scanning and transmission electron microscopy imaging

Scanning electron microscopy (JEOL 6400 SEM-Japan) was used to image NGP-
ACP and HC-ACP. Powders were dusted on 10 mm aluminium stubs with double
sided copper tape and coated with gold using a sputter coating system (Polaron SC
515).

Transmission electron microscopy (Leo 912AB TEM-Germany) images were
obtained by methylamine vanadate (Nanovan®) negative staining of NGP-ACP and

HC-ACP colloidal samples on carbon-coated grids with a 300 mesh.
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2.2.6.4 Thermal stability study
Thermal gravimetric analysis (TGA) of the prepared NGP-ACP and HC-ACP was

carried out to identify temperature ranges that were suitable for differential scanning
calorimetry (DSC). Experiments were conducted using a Mettler Toledo TGA/SDTA
851e and Mettler Toledo DSC 8222e using STARSW 8.10 software. Samples of
approximately 2-5 mg were placed in an alumina or aluminium pans sealed with a
pinhole in the lid. The rate of heating used was 10 ° C min™ from 0 to 750 ° C in
TGA and from 0-300° C in DSC.

2.2.6.5 Dynamic vapour sorption (DVS) analysis

Samples of approximately 10-13 mg were subjected to two controlled cycles of
changing relative humidity using a DVS apparatus (SMS-UK), beginning with an
initial drying phase at 0% RH, followed by 2 cycles of increasing to 95% RH in 10%
steps, followed by desorption from 95 to 0% RH in same decrements at constant
temperature of 25° C. The records of sample mass change with correspond RH were
collected and transferred into profiles using DVS analysis suite for Microsoft Excel
2010.

2.2.7 Statistical analysis

The particle sizes of the prepared CPP-ACP, NGP-ACP and HC-ACP were
statistically analysed using one-way ANOVA on Minitab V.16 to find out the effect

of stabilising agents on the size of the produced nanocomplexes.
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2.3 Results

2.3.1 Preparation of CPP from sodium casein and NGP from hydrolysed

casein

The calculated theoretical content of CPP in sodium casein was equal to 12% (w/w).
The yield of products was found to increase with modification of the procedures and
percentages recovered from the calculated CPP were 1.3%, 15.16% and 69.16%
(w/w). However, the percentage yield of NGP from HC was 8.5% (w/w). The
prepared CPP from second and third attempts and NGP were subjected to peptide

content analysis.

2.3.2 LC-MS Analysis of CPP and NGP

The ZIC-HILIC® column employs hydrophilic interaction liquid chromatography
that is suggested to be a suitable technique to separate polar compounds especially
peptides. The collected peaks of MS with m/z +2 from the corresponding methods
used are listed in table 2-2, and method 4 was selected for content analysis of the

peptides because it resolved the highest number of peaks.

[Method [Method [m/z +2 Peaks
1 Isocratic 90% 1484 and 1177
2 Isocratic 85% 1484 and 1177
3 Isocratic 80% 1444, 1484, 1177
4 Isocratic 75% 1562, 1496, 1484, 1444, 1246, 1177, 1137 and 1079
5 Isocratic 70% 1496, 1484, 1444, 1246, 1177 and 1079
6 Isocratic 65% 1496, 1484, 1444, 1246, 1177, 1137 and 1079
7 [Gradient 90-60% (20) [1496, 1484, 1444, 1373, and 1177
8 ||Gradient 90-60% (30) [1496, 1484, 1444, 1373, and 1177
9  |Gradient 90-60% (40) |[1496, 1484, 1444, and 1177

Table 2-2: MS peaks with m/z +2 from the corresponding methods of 60 minutes

elution time.
Table 2-3 identifies the presence of m/z peaks for CPP produced from second and

third batches in addition to NGP. Figure 2-6 shows an example of HPLC and mass
peaks for B-casein (1-24)4P. The results obtained for the NGP did not reveal aS2
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casein (1-23) and aS1 casein (59-79) fractions. Furthermore, the presence of de-

monophosphorylated and de—diphosphorylated CPP and NGP indicates that the

trypsin contained alkaline phosphatase enzymes.

Peptides Observed | Calculated | m/z +2
B-casein (1-25)4P 3123.28 3123.26 1562.14
aS2 casein (1-23)4P 2990.16 2990.08 1496.07
B-casein (1-24)4P 2967.16 2967.16 1484.09
[-casein (1-24)3P 2887.22 2886.18 144411
B-casein (1-24)2P 2807.24 | 2805.24 1404.12
aS1 casein (59-79)5P 2721.92 2721.91 1361.46*
Not identified 2703.91 1352.95**
aS1 casein (59-79)4P 2641.96 2640.93 1321.48
aS2 casein (2-20)4P 2491.8 2491.82 1246.41
aS2 casein (2-20)3P 2411.86 2410.83 1206.43
aSlcasein (73-91)1P 2363.86 2364.10 1182.43
aSlcasein (33-52)2P 2353.88 2352.98 1177.44
aSlcasein (33-52)1P 2273.92 2273.00 1137.46
[-casein (32-47)1P 2061.84 2060.82 1031.42
aSlcasein (115-119)1P 671.24 671.23 671.24%**

*_in CPP
**_in NGP

*** (m/z+1)

Table 2-3: Peptides identified in CPP and NGP with Isocratic 75% for 60 minutes

elution time.

50



RT. 0.00-60.04 SM. TG

9.78 NL:
100 1.84E7
miz=
50 1452.90-
148559
&0 MS
; 0 Sample_NGPs
"
b= &0
£
F 50
H
£ 40
é 30
20
1281
10 1587 1778
3.56_ ~——— -~ 2157 2605 2377 3326 3712 4212 4406 47.78 53.31 55.30
D|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
g 10 15 20 25 30 kL 40 45 50 LS 80
Time {min}
1454.09082
=2
100 C41013C H1300 58 N2g Py
50
° an
=
H 70
=
FR 1485.59570
< 50 z=2
2
g 40
3 30 1479.58862
a0 z=?
5
o 1464.08949 1475.08728 148508240 150337548 yop gp75s 151538694
z=4 =2 z=2 z=4 o .
0 . i, i | . , [ i =5 . =2
R e e PR e e T e e
1450 1485 1470 1475 1480 1485 1490 1495 1500 1808 1510 1515

miz

Figure 2-6: HPLC (upper) and LC-MS (lower) chromatograms of isolated peptides in
CPP.

2.3.3 Characterisation of the prepared ACP

The prepared isolated NGP-ACP and HC-ACP had different appearances as shown
in figure 2-7, HC-ACP was characterised as a structure of shiny flakes whilst NGP-
ACP was light friable latex easy broken to a free-flowing powder with a spatula. In
contrast, the unpurified ACP showed a harder matrix structure, especially that

prepared from HC-ACP as shown in figure 2-8.
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Figure 2-7: Photographic images of the freeze dried isolated NGP-ACP (a) and HC-
ACP (b)

Figure 2-8: Photographic images of the freeze dried unpurified NGP-ACP (a) and
HC-ACP (b)

The production yield was studied by analysis of the effect of the isolation step on the
percent of yields obtained of NGP-ACP and HC-ACP. The total weight of ACP
produced was calculated (equation 2.2) based on the weight of stabilising agent used,
as demonstrated in figure 2-9. For example from 1g of NGP the product average
yield was 2.84¢g of unpurified NGP-ACP.

Weight of freeze dried ACP
Weight of protein used

Total weight of prepared ACP =

Equation 2.2
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3.50 1 Effect of isolation on product weight

3.00 - 2.84
80 2.50
\—’/
s
£ 2.00
= 150 1 1.18 1.19
3 1.00 *
f_,; 0.50 - 0.29
= 0.00

Isolated | Unpurified Isolated Unpurified
HC-ACP NGP-ACP

Figure 2-9: Total weight of ACP produced showing an effect of the isolation process
on the weight of NGP-ACP and HC-ACP produced, mean £SEM (n=3).

2.3.3.1 Particle size analysis

Particle distribution curves by % intensity, volume and number were plotted from the
particle size analysis of the prepared colloids. The CPP-ACP, NGP-ACP and HC-
ACP colloids showed polydispersity as shown in figure 2-10, figure 2-11 and
figure 2-12 respectively. Figure 2-13 shows averages of smallest particle size 228nm
in the prepared CPP-ACP, 40nm for NGP-ACP and 79nm for HC-ACP colloids.

Freeze dried ACP showed variable size measurements from batch to batch.
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Figure 2-10: Particle size distribution curves of CPP-ACP:

a-Intensity %, b-Volume % and c- Number %
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Figure 2-11: Particle size distribution curves of NGP-ACP: a-Intensity %, b-Volume
% and c- Number %

55



25
- 20
£
= 15
o
S 10
E
5
0+ L
0.1 1 10 100 1000 10000
Size (d.nm}
Record 1: Direct from HC (1gm/10ml+2.125CaP04) by M2 1
Record 2: Direct from HC (1gm/10mi+2.125CaP04) by M2 2
Record 3: Direct from HC (1gm/10mi+2.125CaP04) by M2 3
S
@
E
=
£
0.1 1 10 100 1000 10000
Size (d.nm}
Record 1: Direct from HC (1gm/1 0mk+2.125CaP04) by M2 1
Record 2; Direct from HC (1gmM 0mi+2.125CaP04) by M2 2|
Record 3; Direct from HC (1gmM 0mi+2.125CaP04) by M2 3|
BT o e e e e
g .........................................
o e N U s
0
E
3
Zoapdo e
1000 10000
Size (d.nm)
Record 1; Direct from HC {1gmM 0mi+2.125CaP04) by M2 1
Record 2: Direct from HC (1gmi10mi+2.125CaP04) by M2 2|
Record 3: Direct from HC {(1gm/1 Omk+-2.125CaP04) by M2 3

Figure 2-12: Particle size distribution curves of HC-ACP: a-Intensity %, b-Volume
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Figure 2-13: Mean particle size (xSEM) of of prepared ACP (n=3) based on %

number distribution.

2.3.3.2 Solid state form analysis
Figure 2-14 shows the X-ray diffraction chromatogram of the prepared NGP-ACP,

which confirmed the lack of sharp, distinct peaks of crystallinity in the prepared

forms of the ACP.

800 X-ray diffraction chromatograms
- 700
z
5 = = NGP-ACP
)
" — HC-ACP
£

0 + T T T T T
2 10 20 30

2-Theta - Scale

Figure 2-14: X-ray diffraction of the isolated freeze dried NGP-ACP and HC-ACP.

Both chromatograms demonstrate the normal characteristics of an amorphous

complex.
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2.3.3.3 Scanning and transmission electron microscopy imaging

The SEM images of freeze dried NGP-ACP prepared by the original method are
shown in figure 2-15 and figure 2-16. The figures show the effect of packing and
absence of crystals due to filtration in the isolation step, while figure 2-17 shows the
SEM images of the freeze-dried ACP prepared by the modified method, which

revealed large particles, possibly encapsulated ACP complexes.

R Mic HV Mag  Date HFW 1
2] - 6KV 4000x20/11/10, 11:06 9_400028.8 ym 2.9 pm —y——

Vi
.9 um 457.2 ym

R Mc HV Mag  Date  Sample
31 - 6KV.200x29/11/10, 11:03 9_200 |575, —— 100 ym——

Figure 2-15: SEM images of isolated NGP-ACP: a-200x and b-4000x
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- 6KV4000X 18/10/10, 10:55 2 (288 ym 229 pm — i

Figure 2-16: SEM images of unpurified freeze dried NGP-ACP: a-200x, b-4000x and
c-4000x. The images b and ¢ were captured at different positions on the field.

Figure 2-17: SEM images of isolated NGP-ACP prepared by the modified method
as outlined in section 2.2.5.2: a-4000x and b-10000x.
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Figure 2-18 and Figure 2-19 show the SEM images of unpurified and isolated HC-
ACP, respectively. During the isolation step, an obvious removal of crystals occurred
from the prepared ACP. There was no clear evidence of complexes in samples
although they might be embedded in the shell structure of the products.

fMc HV Mag  Date  Sample| HFW  VFW
3] - 6KV 200x01/12/10, 12:29 28_200(575.9 ym 457.2 ym|

Figure 2-18: SEM images of unpurified HC-ACP by the modified method: a-200x
and b-4000x.

=100 P

R pEsae N 2 T,
W VFW B Mic HV  Mag Date Sample HFW VFW
75.9 ym 457.2 pm e B3] - 6KV 4000x01/12/10, 12:26 27_4000_2 28.8 um 22.9 pm ——5um

Figure 2-19: SEM images of isolated HC-ACP by the modified method: a-200x and
b-4000x.
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The TEM images of NGP-ACP and HC-ACP colloids (figure 2-20) revealing the

particle size at nano-scale and the spherical shape of these complexes.

Figure 2-20: TEM images of colloids prepared by the modified method: a- NGP-
ACP and b-HC-ACP.

2.3.3.4 Thermal stability study

2.3.3.4.1 Thermal gravimetric analysis

TGA profiles of the isolated NGP-ACP and HC-ACP prepared by the modified
methods described in sections 2.2.5.2 and 2.2.5.3 shows the weight loss in
percentage and mass throughout water evaporation and decomposition phases
(figure 2-21). The weight loss was higher in the isolated HC-ACP than that in the
isolated NGP-ACP.
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Figure 2-21: Thermo gravimetric traces of isolated NGP-ACP and isolated HC-ACP

2.3.3.4.2 Differential scanning calorimetry

DSC profiles of isolated and unpurified NGP-ACP powder were relatively similar as
shown in figure 2-22. However, the crystals in the unpurified NGP-ACP as observed
in the SEM image may not be present in sufficient quantity to show a melting
endotherm in the DSC curve. The DSC trace of isolated and the unpurified HC-ACP
as shown in figure 2-23 illustrated a variance in the intensity of water evaporation
endotherm. In addition, the unpurified sample showed a broad melting endotherm,

which might be attributed to the remaining peptides.
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Figure 2-22: Differential scanning calorimetry of isolated and unpurified NGP-ACP

freeze dried powder.
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Figure 2-23: Differential scanning calorimetry of isolated and unpurified HC-ACP

freeze dried powder.
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2.3.3.5 Dynamic vapour sorption (DVS) analysis

The water vapour sorption effect on mass of isolated NGP-ACP and HC-ACP

powders was studied by subjecting the samples to an increase in relative humidity at

constant temperature as shown in figure 2-24 and figure 2-25.
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Figure 2-25: DVS kinetic of isolated HC-ACP powder showing the weight increment

upon cycling in relative humidity.

Figure 2-26 and figure 2-27 show the DVS isotherms of the isolated NGP-ACP and

HC-ACP powders respectively. These isotherms show the water vapour desorption

and sorption effect on the % mass change of powders.
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Figure 2-26: DVS isotherm plots of isolated NGP-ACP powder showing two cycles

of water sorption and desorption effects on mass change.
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Figure 2-27: DVS isotherm of isolated HC-ACP powder following one and two
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2.4 Discussion

2.4.1 Preparation of CPP and NGP

CPP was prepared as a control for the purpose of comparing the peptide contents of
NGP and the stabilizing efficiency on the amorphous calcium phosphate
nanocomplexes. The modification in the method of preparation of CPP from sodium
caseinate showed a significant increase in the percentages recovery of CPP. The
grade of used trypsin was about a one tenth less potent than that an alternative costly
one (13,000-20,000 BAEE units/mg protein) (Sigma, 2011). Therefore, 20 times
amount of enzyme was suggested to be used in the method of preparation. In
addition, the duration of digestion was extended to 36h and amount of CaCl,.2H,0
was increased up to 0.47g. These changes showed increased efficiency sufficient to
produce a 10-fold increase in the recovery of CPP. The final modification was
carried out using acetone instead of ethanol and combining precipitation and washing
processes in order to minimize the total duration of the preparation. This

modification exhibited a 4-times increase in the final weight of CPP.

2.4.2 LC-MS Analysis of CPP and NGP

LC-MS analysis of isolated peptides was performed according to the bottom —up
strategy of digested protein analysis (Manuilov et al., 2011; Miquel et al., 2005),
which determines the molecular weight of peptides generated from proteolysis. The
column has zwitterionic functional groups that enhanced the capability for separation

of peptides by hydrophilic partitioning is shown in figure 2-28.
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Figure 2-28: HILIC column stationary phase: shows the functional groups of the
column which include positively charged ammonium and negatively charged
sulphate groups. The zwitterionic characteristic of these functional groups facilitate
the partitioning of the hydrophilic peptides. Modified from (Merck SeQuant AB,
2009)

The LC-MS analysis revealed the peaks corresponding to the main fractions of CPP
in agreement to that stated by Cross and colleagues (Cross et al., 2005b) with the
exception of aS2-casein(46-70). The m/z peaks of aS1-casein (33-52), b B-casein
(1-24) and pB-casein (1-25) were close to (1177.44, 1484.1 and 1562.14) those
identified as casein phosphopeptides after simulated gastrointestinal digestion by

porcine pepsin, pancreatin and bile extract of whole casein (Miquel et al., 2006).

Dephosphorylation p-casein (1-24), aS2 casein (2-22) and aS1 casein (2-22) peaks
were observed in isolated CPP and NGP, which resemble those reported by Kjeldsen
and colleagues in a phosphorylate peptide analysis of extracted human asl-casein
from fresh milk of a healthy Caucasian woman in the eighth month of lactation
(Kjeldsen et al., 2007).
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2.4.3 Characterisation of the prepared ACP

The molar ratio of calcium to phosphate that was used in these preparations was
1.67, which was higher than that used by (Reynolds, 1991). Furthermore this ratio,
and a ratio of 1.5 were used to prepare hydroxyapatite and amorphous calcium
phosphate respectively by other groups (Sun et al., 2010), while the preparations of
ACP described here contain a third component: a stabilising agent (negatively
charged ionizable peptides containing phosphate and carboxylate) that is needed to
build the complex by ionic binding to calcium and in turn to phosphate. This
required that a higher molar ratio be used. The weight of the prepared ACP was
significantly (p < 0.05) influenced by the isolation step of the preparation following

the removal of the non-complexed mixture of electrolytes and peptides.

2.4.3.1 Particle size analysis

The Zetasizer nano ZS uses the dynamic light scattering technique to measure
particle diffusion under Brownian motion. This diffusion is converted into particle
size and size distribution curves using the Stokes-Einstein relation (equation 2.3).

The Stokes-Einstein relation in its classical form is given by:

KgT .
D=-—=2— Equation 2.3
amnR

Where D is the diffusion coefficient, Ky is the Boltzmann constant, T is the absolute
temperature «a is a constant, n is the viscosity of the solvent, and R is the
hydrodynamic radius of the particle diffusing in a solvent (Cappelezzo et al., 2007).
Size distribution curves by volume and number were calculated mathematically
using the Mie theory (Nobbmann et al., 2009).

Average particle size diameter of the prepared CPP-ACP was significantly different
from NGP-ACP and HC-ACP (p<0.05) as shown in Figure 2-13. A low content of
aS2 casein (1-23) and aS1 casein (59-79) in NGP might be responsible for this
effect. Freeze dried ACP did not show consistent measurements as a result of large

aggregates which formed upon drying.

69



2.4.3.2 Solid state form analysis of NGP-ACP and HC-ACP

An unstable ACP preparation is characterised by direct conversion to crystalline
apatite in a few hours (Eanes et al., 1973) and shows X- ray patterns characterised by
the presence of sharp 260 peaks typical of apatite crystals at 26 and 32 angles
(Boskey, 1997). The X-ray patterns of the prepared ACP did not show these peaks
and the diffraction patterns were similar to that prepared by Cross and colleagues
(Cross et al., 2005b). Accordingly, this suggests that the agents used were efficient

enough to hold the calcium phosphate in stable, amorphous form.

2.4.3.3 Scanning and transmission electron microscopy imaging

Scanning electron microscopy images of the prepared NGP-ACP display the shape
and size of complexes. There was evidence of aggregation into a core containing
larger complexes shielded by smaller aggregates. In addition, nanocomplexes of
NGP-ACP adhered to each other upon freeze-drying. This might be responsible for
lowering solubility and dissolution of calcium and phosphate as a result of
decreasing surface area. The isolation step of NGP-ACP was found to remove the
non-complexed electrolytes. However, isolation promoted the formation of a packed
complex of the prepared NGP-ACP, possibly showing a decrease in solubility.

Transmission electron microscopy images were employed by Cross and colleagues
as evidence that an amorphous form of CPP-ACP had been isolated (Cross et al.,
2005b). In our experiment, it was applied to show that the prepared ACP complexes

had diameters less than 25nm and revealed the lack of crystallinity.

2.4.3.4 Thermal stability study

TGA was used to study the effect of programmed increase in temperature on the
sample weight changes. The measurements indicate the solvent content and
degradation temperature (Cheremisinoff, 1996). The TGA trace of isolated NGP-
ACP and HC-ACP revealed a difference in moisture content and decomposition

weight loss, which might be caused by a low content of amorphous calcium
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phosphate in HC-ACP (i.e. the presence of a higher percentage of non complexed

peptides).

DSC analysis showed higher moisture content in the unpurified ACP that might be
caused by the presence of unbounded peptides, in addition to sodium chloride and
calcium phosphate precipitate that arose during the pH stabilisation process and
chemical reaction of non-complexed calcium chloride and disodium hydrogen
phosphate, respectively. Additionally, the unpurified HC-ACP showed a fluctuating
rapid decline in the decomposition phase within broad melting curves that might be

attributable to other protein in the complexes.

TGA and DSC analysis indicate that the isolated NGP-ACP and HC-ACP were

stable enough to be used in future studies of drug delivery dosage forms.

2.4.3.5 Dynamic vapour sorption (DVS) analysis

Dynamic vapour sorption analysis is widely used to study water uptake into
amorphous and crystalline material (Hunter et al., 2010). The results obtained
established that the HC-ACP needed 285 minutes for a steady state of mass change
while NGP-ACP needed 49.5 minutes. This suggests that HC-ACP had a higher
ability to hold moisture. In addition, the remaining moisture content after 2 cycles
did not show significant changes (1.42 and 1.92% of NGP-ACP and HC-ACP

respectively).

The isotherm plots were consistent and there was no appreciable mass per cent
variance at 60% RH. However, a massive difference was present above 70% RH.
NGP-ACP showed a high rate of water uptake with a maximum weight percentage of
247% at 95%RH, while HC-ACP showed only 35.2%.
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2.4.4 Stabilisation efficiency theory

The prepared ACP that were stabilised by NGP and HC reinforced the finding of the
capability of peptides containing free phosphate and carboxyl groups reported by
Termine and colleagues (Termine et al., 1970), mentioned in (section 2.1).

2.5 Conclusions

ACP complexes were successfully prepared from NGP and HC by a rapid and
simpler modified method of mixing all the components at pH 5 and complexing by
pH adjustment to pH 7. The isolation step successfully removed electrolyte, although
it was responsible for aggregate formation of prepared complex particles, especially
in NGP-ACP that might have a subsequent effect on the solubility and calcium

release.

The prepared complexes displayed nanoscale particle size as measured by the
Zetasizer NanoZS and TEM. In addition, SEM images demonstrated the shape and
particle size of NGP-ACP, although it did not yield good data for HC-ACP. The non-
crystalline form of the prepared isolated ACP was suggested by the X-ray powder
diffraction. TGA and DSC revealed that the isolated ACP had lower moisture
content than that in unpurified ACP. Furthermore, these complexes showed a less

than 20% weight of water uptake at relative humidity of 60% and below.

In conclusion, these studies suggest that stabilized complexes can be produced by
isolation of enriched casein fractions using methods adapted from the literature. The
technique remains lengthy and alternative templates might offer advantages in the
production of stable nanocomplexes. The work on this initiative is described in the

next chapter.
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Chapter 3. Stabilisation of amorphous calcium phosphate by acidic
hydrolysed carboxymethyl cellulose (ahCMC).

3.1 Introduction

3.1.1 The stabilising activity of casein phosphopeptides on amorphous calcium

phosphate

As mentioned in Chapter 2, isolated casein phosphopeptides are mainly composed of
B-casein (1-24) and aSl-casein (59—79), which are characterised by a unique
content of the Pse-Pse-Pse-Glu-Glu cluster motif. This residue has a key action for
stabilising of amorphous calcium phosphate at the nucleation stage of the
nanocomplex formation (Reynolds, 1999). Casein phosphopeptide-based amorphous
calcium phosphate (CPP-ACP) nanocomplexes have been shown to have a potential
effect on enamel remineralisation and CPP has been demonstrated to stabilize

amorphous calcium phosphate under alkaline conditions (pH 9) (Cross et al., 2005b).

With regard to the structural content of CPP it has been shown that there are
additional groups that might play a role in the stabilising activity as shown in
Figure 3.1. These are negatively charged groups that are ionisable in an alkaline
medium at pH 9. Linear polymers with carboxylic acid groups, for example pectin,
sodium alginate and sodium carboxymethyl cellulose are ionisable at this pH and
therefore might also contribute a stabilising action to Pse-Pse-Pse-Glu-Glu cluster

motif associated with the amorphous calcium phosphate nanocomplex.
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a H, PO3H;

H—Arg—Glu—Leu—Glu—Glu—Leu—Asn—Val—Pro—Gly—Glu—Ille—Val—Glu—Ser—Leu—Ser—Ser—Ser —Glu—Glu—Ser—lle—Thr—0OH

PO3H; PO;3H;

B

b POH,  PO;H,

H—Lys—GIn—Met—Glu—Ala—Glu—Ser—lle—Ser —Ser —Ser —Glu—Glu—Ille—Val—Pro—Asn—S8er—Glu—GIn—OH

POsH, POH, POsH,
. POH, PO3H, PO:H,

H— Asn—Thr —Met —Glu—His —Val—Ser——Ser —Ser —Glu—Glu—Ser —lle —lle—Ser —GIn-Glu-Thr—Tyr—OH

PO3H,

Figure 3.1: Chemical structure of CPP showing the carboxyl and phosphate groups in
Glu and Ser-PO3zH, that might also have an additional stabilising action to the Pse-
Pse-Pse-Glu-Glu cluster motif on ACP: a- B-casein (1—24) and b-aS1- casein
(59—79) c- aS2-casein (1—23)

3.1.2 Examples of linear polymers containing carboxyl groups and their

degree of substitution

At the outset, it was proposed that the solubility of stabilizing agent might play a
crucial role in the dissociation of the ACP complex and release of calcium and
phosphate ions in a manner or under conditions that prevented the precipitation of
calcium phosphate. Following this proposal, sodium alginate, pectin and sodium
carboxymethyl cellulose were selected to evaluate their stabilising efficiency on
amorphous calcium phosphate.

Polymer solubility is generally affected by the degree of methoxy substitution with a
lower degree of substitution yielding a cellulose polymer with a low water solubility
(Dow, 2002). The degree of substitution is the average of a specific group on the
polymer chain. The range of values is determined by number of possible sites of
substitution for example, from 0 to 3 in cellulose polymers because the modification

is usually generated through hydroxyl group reaction at positions 2, 3 and 6 of the
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saccharide unit as shown in Figure 3.2. A carboxymethyl cellulose with a maximum
DS (1.24) of carboxymethylation is obtained by 15% (w/v) NaOH for 5h reaction
period (Heinze et al., 1999). A non-uniform substitution is usually obtained in the

preparation of carboxymethyl cellulose (Merle et al., 1999).

cl)R R=H
R.. 6CH; o or
O] H CH_2 COONa
RO 5
3
H OR 'y

Figure 3.2: Substitution sites on the carboxymethyl cellulose unit.

3.1.2.1 Sodium alginate

Sodium alginate is a natural polymer with chemical structure of two basic units, -
(1—4)-D-mannosyluronic and o- (1—4)-L-gulosyluronic (Figure 3.3) and has a
molecular weight range of 20,000 to 240,000 daltons. It is slowly soluble in water
and has been therapeutically used as an anti-reflux agent, as it reacts in the stomach
to form a strong alginic acid raft (Washington et al., 1985). The compound is widely
employed in oral solid dosage forms as binder and disintegrant as well as thickening
agent in suspension and cream, furthermore it is used in the aqueous
microencapsulation of drugs (Rowe et al., 2009). It has been employed as a
component of plaque inhibitory mixture in mouthwash and dentifrice dental dosage
forms and was discovered to show excellent dentinal tubule occluding action. It

meets the requirements for a good tooth desensitising agent (Smetana et al., 1999).
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Figure 3.3: Structural units of sodium alginate

3.1.2.2 Pectin

Pectin is a complex polysaccharide polymer, which is soluble in water and mainly
composed of a- (1—4)-D-galacturonic acid as shown in figure 3.4. There are two
different types of pectin, which are classified according to their aqueous solubility.
The solubility in water is dependent on the molecular weight and the degree of
methoxy ester substitution of the carboxyl groups. The solubility is enhanced by
preventing the molecular association as a result of the steric effect of the methoxy
substituent (Thakur et al., 1997). Pectin has been used for the direct management of
diarrhoea, as well as a pharmaceutical excipient to assist gel formulation in modified
release oral dosage forms (Murata et al., 2004) and as the basis of a pH-dependent

colonic drug delivery system (Liu et al., 2003).

COOR
OH COOR
o _0 OH
- _0 e
.~ HO 0 o’

Figure 3.4: Structural unit of pectin. R=H or CH3
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3.1.2.3 Sodium carboxymethyl cellulose

Sodium carboxymethyl cellulose is a cellulose polymer presented as sodium carboxy
methyl ether, as shown in figure 3.5. It is white to off-white in colour, odourless and
biodegradable, powder. It is soluble in hot and cold water. At low concentrations,
solutions are characterised by high viscosity that makes them useful in
pharmaceutical applications, such as thickening, binding and as a stabilising agent
(Vais et al., 2002). The aqueous solubility depends on the degree of the substitution
(DS). It is dispersible in water forming clear colloids. In pharmaceutical applications,
it is employed in tablet coating, as a tablet binder, viscosity enhancing agent, wound
dressing (water absorbing agent) and disintegrant in capsule oral dosage forms
(Rowe et al., 2009). Commercially available grades of Walocel C™ have a DS range
of 0.7 - 0.9 (DowWolff, 2009).

B CH,COONa -

|
S~ 2 -0
o 2 HO . OH
HON\s o o
OH ?HZ (@)
H H H 0
I

CH,COONa _|n/2

Figure 3.5: Structural unit of sodium carboxymethyl cellulose with a DS equal t01.0.

3.1.3 Objectives:

The objective of this study was to identify a polymer containing suitable negatively
charged ionizable groups (carboxyl) that are able to stabilise amorphous calcium
phosphate in the amorphous form at colloidal dimensions. The polymer that showed
this stabilizing efficiency was then to be characterised for molecular weight and
degree of substitution. In addition, the prepared colloidal and freeze dried isolated
ACP was then to be characterised with regard to particle analysis and the physical

properties.
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3.2 Materials and methods
3.2.1 Materials

Sodium alginate [2% (w/w) solution of 250cps at 25° C], sodium carboxymethyl
cellulose (MW~90,000), calcium chloride dihydrate, disodium hydrogen phosphate,
NaOH, HCI 37% (v/v) and deuterium oxide were purchased from Sigma—Aldrich
(UK). Pectin GENU® (citrus) USP/100 was used as supplied from CP-Kelco (USA),
sodium carboxymethyl cellulose grades (Walocel®) were provided by Dow Wolff

Cellulosic (Germany).

3.2.2 Preparation of ACP stabilized by carboxyl containing polymers

Sodium alginate, pectin and sodium CMC (grade CRT 10,000 PA) (where CRT
refers to the viscosity grade of sodium carboxymethyl cellulose; P, refers to powder
granulometry and A as an indication of a purity better than 99.5%) were selected and
investigated for their ability to stabilise the ACP at a concentration of 10mg. mL™ in
Milli-Q water. The ACP colloids were prepared using the preparation method
described in section 2.2.5.1. The prepared products were subjected to particle size

characterisation.

3.2.3 Preparation of ACP stabilized by different grades of sodium CMC

Sodium CMC of different grades (molecular weight) as shown in Table 3-1 were
used in order to examine the effect of molecular weight or chain length on the
particle size of the prepared ACP.
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No. Grade
CRT 100 PA

CRT 1,000 PA

CRT 20,000 PA 7
CRT 30,000 PA

1
2
3 CRT 10,000 PA
4
5

Table 3-1: The grades of sodium CMC used in the preparation of CMC-ACP. The
number refers to the value of viscosity that relates to the molecular weight of the
CMC.

3.2.4 Preparation of ACP stabilized by ahCMC

3.2.4.1 Preparation of acidic hydrolysed CMC.

Acid- hydrolysed CMC with a low molecular weight was prepared using the method
described by Burns (Burns, 1977). A 2%w/v sodium CMC (CRT 100 PA) was
hydrolysed in 3N HCI solution at 40° C for 7h, with sampling at one hour intervals.
The collected samples were rapidly alkalinized using 3N NaOH solution to pH 9
followed by a gradual addition of chilled acetone to precipitate the sodium CMC.
Excess addition of acetone was avoided to prevent precipitation of sodium chloride.
The supernatant was then removed followed by filtration on an acetone pre-wetted
filter paper. The final products were left to dry in a fume hood overnight and

subsequently lyophilized.

3.2.4.2 Determination of the molecular weight of ahCMC

3.2.4.2.1 Zetasizer nanoZS method

Sodium CMC (CRT 100 PA) of concentrations 2, 3, 4 and 5 % (w/v) were prepared
in 0.5N NaOH solution. The Mark—Houwink equation (equation 3-1) previously used
by Eremeeva and colleagues (Eremeeva et al., 1998) was employed in the calculation

of the molecular weight of the CMC.
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ml=KM* e Equation 3-1

Where:
[n]= The intrinsic viscosity (100mL.gm™).

M= Average molecular weight of polymer.
K=5.37 x 10™*
a= which is equal to 0.73 at 0.5N NaOH solvent system.

3.2.4.2.2 Viscosity method

A technique based on viscosity measurement was utilized to estimate the average
molecular weight of the supplied CRT 100 PA. The relative viscosity, inherent
viscosity and reduced viscosity were calculated according to the following equations
(Martin, 1993):

t
Relative Viscosity (1 rel.) = —
e — Equation3-2

Where: t = Efflux time (seconds) of polymer solution.
t, = Efflux time (seconds) of solvent.

In m rel.

c []-k,[nPC e Equation 3-3

Inherent Viscosity (n inh.) =

Where: C = Concentration of polymer solution (% wi/v).

n rel. -

1 .
Reduced Viscosity (i red.) = =[n]+k,[7]’C ... Equation 3-4

The relative viscosity of CRT 100PA concentrations at 0.05, 0.075, 0.1, 0.125 and
0.15% (w/v) in 0.5N NaOH were measured using U-tube capillary viscometers
(Schott-Germany) size M2 as shown in Figure 3.6. Sodium CMC MW~90,000
(CMC-90kDa) was used as a control. Once the viscosity values determined, the

average molecular weight was calculated using Mark-Houwink equation.
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Figure 3.6: U-tube capillary viscometer showing: (A) is the starting efflux level of
sodium CMC solution, (B) is the end efflux level of sodium CMC solution and (C) is

the volume level required in the experiment.

3.2.5 Determination of degree of substitution (DS)

Proton magnetic resonance was used in the measurement of the degree of
substitution (DS) of sodium CMC as described by Ho and colleagues (Ho et al.,
1980). DS is calculated by measuring the integrated carboxymethyl signals at the
region of 4 - 4.5 (parameter ‘A’) and comparing this to the measured integration of
non-substituted protons of the glucose unit at the region of 3 - 4 (parameter ‘B’). The
DS is then calculated as 0.5A/0.133 B.

Three samples were prepared for DS measurement using ‘H NMR on Bruker
AV500. 30 mg mL™ of sodium CMC (CRT 100 PA) and 4h acidic hydrolysed CMC
and 60 mg mL™ of 7h acidic hydrolysed CMC. Deuterium oxide was used as the
solvent system. Sodium CMC of (90kDa) at 0.7 DS was used as a control.
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3.2.6 Preparation of ACP stabilized by acidic hydrolysed CMC

The same method as described under section 2.2.5.1 was used in the preparation of
ahCMC-ACP. Samples of acid-hydrolysed CMC at a concentration of 10 mg mL?in
Milli-Q water separated at 1, 2, 3, 4, 5, 6 and 7h were selected for particle size
measurement to identify the chain length of polymer that could be used to stabilize

the nanoparticle sized ACP.

3.2.7 Preparation of ACP stabilized by selected acidic hydrolysed CMC

Following the results obtained from the section 3.2.6, ACP colloid was prepared by a

modified method (section 2.2.5.2) using selectively acid- hydrolysed CMC.

3.2.8 Characterisation of prepared ahCMC-ACP

The prepared colloids and isolated ahCMC-ACP were characterised by particle size
analysis, solid-state analysis, scanning and transmission electro microscopy, thermal
stability and dynamic vapour sorption analysis using methods as described in
sections 2.2.6.1, 2.2.6.2, 2.2.6.3, 2.2.6.4 and 2.2.6.5.
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3.3  Results
3.3.1 ACP stabilized by carboxyl containing polymers

When calcium dichloride and disodium phosphate were added to sodium alginate,
gel masses were observed as shown in Figure 3.7. This suggested that sodium
alginate was unable to stabilise calcium phosphate. In comparison, when pectin was
used, a homogenous colloidal system was produced suggesting a potential
stabilisation ability of the ACP complex. Particle size analysis as shown in
Figure 3.8 revealed a size distribution of around 670nm for the prepared pectin-ACP

colloid.

e 4
k-

Figure 3.7: Gelled masses of sodium alginate on addition of calcium dichloride and

disodium hydrogen phosphate
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Size distribution by number
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Figure 3.8: Particle size distribution of ACP stabilised by pectin L/100 showing a
mono dispersed system of around 670nm particle size.

The particle size analysis of the prepared CRT (10,000 PA)-ACP colloid revealed a
poly-dispersed system with peak particle sizes of about 50, 160 and 1160nm
diameter (size distribution by number) while distribution by intensity showed peak
distributions with medians of 50, 192, 1809, and 4752nm as shown in Figure 3.9.

a - Size distribution by intensity
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Figure 3.9: Particle size distribution curves of ACP stabilised by CMC CRT (10,000
PA): a-Size distribution by intensity % and b-Size distribution by number %.
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3.3.2 ACP stabilized by sodium CMC grades

Figure 3.10 presents the data obtained relating the polymer chain length of sodium
CMC to the particle size of the prepared CMC-ACP. Since the grade with lowest
chain length did not approximate the 10nm diameter particle size, shorter chain
length sodium CMC prepared by acidic hydrolysis was used to reduce the size of

ACP nanocomplexes.
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Figure 3.10: Mean CMC-ACP particle size diameter (£SEM, n=3) of different grades
(molecular weight): a-Size distribution by intensity % and b-Size distribution by

number %. Numbers inside symbol are particles size diameters in nm.

3.3.3 Preparation of ACP stabilized by ahCMC

3.3.3.1 Preparation of ahCMC.

Seven acidic hydrolysed sodium CMC products were obtained which were subjected

to molecular weight determination and measurement of the degree of substitution.

3.3.3.2 Molecular weight determination

The accurate molecular weight of CRT 10,000 PA is not usually specified (Lavdas,
2010). Therefore, there was a need to identify the starting molecular weight of the
product to standardize the experiment. The molecular weight was measured using the
methods described in the sections that follow.
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3.3.3.2.1 Zetasizer Nanos method

Two studies were carried out to determine the molecular weight of sodium CMC
(CRT 100 PA) and the results obtained are tabulated in Table 3-2. The average
calculated molecular weights were 9.1+4.9 and 21.3+11.6 kDa. However, Debye

plots show a huge fluctuation in data as shown in Figure 3.11. These results indicate

that this method was not suitable to measure the molecular weight of the sodium
CMC (CRT 100 PA) polymer.

1* attempt 2" attempt

Conc. |Intensity| KC/RoP| Calculated Intensity KC/RoP | Calculated
g/L keps 1/kDa | MW, (kDa) keps 1/kDa MW, (kDa)

2 61.2 0.118 8.47 61.2 0.0503 19.88

3 93.9 10.0779 12.84 93.9 0.0333 30.03

4 112.8 | 0.0785 12.74 112.8 0.0336 29.76

5 53.2 0.427 2.34 53.2 0.183 5.46
Average 9.1+4.9 21.3+11.6

Table 3-2: Calculated molecular weight of sodium CMC (CRT 100 PA) by Zetasizer

nanoZS
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Figure 3.11: Debye Plots of CRT 100 PA produced by Zetasizer nanoZS. a-1%
measurement and b-2"% measurement. Inconsistent data were observed, suggesting

that the method was inappropriate for this type of sample.

3.3.3.2.2 Viscosity method

The regression correlation of inherent viscosity and reduced viscosity versus
concentrations for CMC-90kDa are as shown in Figure 3.12. The linear regression
coefficients were found to be 0.99 and 0.90 respectively, with intercepts of 2.01 and
2.1, which represent the respective intrinsic viscosities. From this relationship, the
calculated average molecular weight was estimated to be in range of 78.4 to 82.8
kDa. Thus, this method showed a measured molecular weight with 8 to 13 % lower

than that mentioned by the supplier. In addition, the regression correlation for the
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rheological data of CRT 100 PA provided linear regression coefficients of 0.97 and
0.93 respectively, with intercepts of 4.25 and 4.48 that estimated that the average
molecular weight was between 218.64 to 235.46 kDa. From this, it was calculated
that the true median molecular weight of CRT 100PA was in the range between
251.04 and 255.93 kDa.

a- CMC-90KDa

N
(8]
'
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Figure 3.12: Reduced or inherent viscosity versus concentration for CMC polymers
in 0.5N NaOH: a- CMC-90kDa and b - CRT 100 PA.
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3.3.3.3 DS determination

'H NMR spectrum of CRT 100 PA, 4h acidic hydrolysed CMC, 7h acidic hydrolysed
CMC and CMC-90kDa samples were integrated at regions 3.1-4.05 and 4.05-4.45
that represent the substituted and unsubstituted protons at Cl, C3 and C6
respectively, as shown in Figure 3.13. The calculated DS was 0.84 for CMC-90kDa,
which is a 0.14 higher than that mentioned by the supplier (0.7). In addition CRT 100
PA, 4h acidic hydrolysed CMC, 7h acidic hydrolysed CMC showed calculated DS of
0.86, 0.74 and 0.72 respectively. Therefore, 4h and 7h acidic hydrolysis reaction
caused a reduction in DS of 0.12 and 0.14 respectively.

Sodiu MC (CRT 100PA) 4h ahCMC
4.4 412 4',0 3'.5 3:5 1'.1 3.'2 3.'0 M 4-2 -1-0 3-3 3.6 3.4 3.2 3.0
—_— \ _ A .
& 8 - 5l
7h ahCMC CMC-90kDa
T T J --[_ T T T T T T
4.0 as 3.0 4.4 4.2 4.0 as 36 34 2 3.0
L I _ ——— —
15| = - 1§

Figure 3.13: 1H-NMR spectra of sodium CMC (CRT 100 PA), 4h ahCMC, 7h
ahCMC and CMC-90kDa.
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3.3.3.4 Preparation of ACP stabilized by ahCMC

Figure 3.14 shows the particle size analysis of the prepared CMC-ACP produced
from acidic hydrolysed CMC after 1, 2, 3, 4, 5, 6 and 7h treatment. With an
increased treatment, hydrolysis reached a maximum at 4h with precipitation in the 6

and 7h incubations.

680 A 503
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480 - Q
307
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280 - Q
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80 -

_20 - L L L L] L L L L]
0 1 2 3 4 5 6 7 8
Acidic hydrolysis time (h) of CMC CRT100 PA

Figure 3.14: Means ACP particle size (n=3) stabilized by acidic hydrolysed CMC.
Samples prepared at 6 and 7h were precipitated.

3.3.3.5 Preparation of ACP stabilized by selected hydrolysed CMC

The 4h acidic hydrolysed CMC (4h ahCMC) with measured molecular weight of
21,991 and 23,137g/mol (Figure 3.15) was selected for use to prepare ahCMC-ACP

using modified method of preparation (section 2.2.5.2).
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Figure 3.15: Reduced and inherent viscosity versus concentration for 4h hydrolysed

CMC polymers in 0.5N NaOH.

3.3.4 Characterisation of prepared ACP stabilised by 4h ahCMC

The freeze dried isolated ACP stabilised by 4h ahCMC was white in colour with
light fluffy friable needle structure (Figure 3.16-a). Unpurified freeze-dried ahCMC-

ACP showed similar structure with a crumply network texture, as shown in
Figure 3.16-b. The isolation process at 4h, showed that for each 1g CMC, 3.42 g of

unpurified and 1.28 g of isolated 4h ahCMC-ACP were produced.

Figure 3.16: Freeze-dried ACP stabilised by 4h ahCMC: a-Isolated ahCMC-ACP and

b- unpurified ahCMC-ACP.
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Effect of isolation product weight
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Figure 3.17: The total product weight of 4h ahCMC-ACP, shows the effect of

isolation process on the product weight, (n=3, £SEM).

3.3.4.1 Particle size analysis

The prepared ACP colloid stabilised by 4h acidic hydrolysed ahCMC showed
particle size of about 10nm diameter (particle size distribution by number) as shown
in Figure 3.18. However during the isolation step, the particles sizing did not show a
constant reading. The water removal from ACP during freeze-drying process leads to

agglomeration of nanoparticles into large sediments.
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Figure 3.18: The Zetasizer NanoZS particle size distribution curves (by number %)
of prepared 4h ahCMC-ACP colloid, shows the prepared ACP of particle size around

10nm diameter.
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3.3.4.2 Solid state form analysis
The X-ray diffraction analysis of the isolated 4h ahCMC-ACP confirmed the absence

of crystalline structure in the isolated ACP as shown in Figure 3.19.
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Figure 3.19: X-ray diffraction chromatogram of the prepared 4hr.ahCMC-ACP. No

crystalline structure was observed.

3.3.4.3 SEM and TEM imaging

Figure 3.20 shows the obtained SEM images of freeze dried 4h ahCMC-ACP. The
unpurified and isolated products had flake-like structure of light and hard dense
shells respectively. In addition, the higher magnification image (Figure 3.21) shows
that the inner structures of the nanocomplexes were packed to form aggregates.
Figure 3.22 shows the TEM images of the nanocomplexes in colloidal preparation of
4h ahCMC-ACP.
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Figure 3.20: SEM images (200X) of 4h ahCMC-ACP showing the effect of isolation
(centrifugation) on particles aggregation: a- isolated ACP and b- unpurified ACP
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Figure 3.21: SEM images (4000X) of 4h ahCMC-ACP showing the effect of
isolation (centrifugation) on the inner structure of the nanocomplexes, which were
packed to form aggregates: a- isolated ACP and b- unpurified ACP
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Figure 3.22: TEM image of 4h ahCMC-ACP colloid prepared by the modified
method. Unlike SEM, this imaging technique allows the visualisation of the

individual nanocomplexes.

3.3.4.4 Thermal stability study

Figure 3.23 represents plot of the isolated 4h ahCMC-ACP, which showed the water
evaporation and decomposition phases. The moisture content was found to be 7.79%
and weight loss of 21.46% on decomposition. The DSC thermogram showed that the
isolated 4h ahCMC-ACP had higher endothermic band of water evaporation phase
(Figure 3.24).
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Figure 3.23: TGA of the isolated 4h ahCMC-ACP, showing the water evaporation
and decomposition phases.
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Figure 3.24: DSC thermogram traces of unpurified and isolated 4h ahCMC-ACP
showed a difference in endotherm bands during the evaporation of water.

3.3.4.5 Dynamic vapour sorption (DVS) analysis

The dynamic vapour sorption chart (DVS) shown in Figure 3.25 illustrates the
weight change in the isolated 4h ahCMC-ACP sample as function of water sorption

and was analysed over two cycles of increment followed by decrement in the
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percentage relative humidity at constant temperature. Figure 3.26 shows the DVS

isotherm plot of freeze-dried isolated 4h ahCMC-ACP, illustrating the percentage

weight gain in the sample as a function of water sorption and desorption.
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Figure 3.25: DVS Kinetic of isolated 4h ahCMC-ACP powder showing the weight

gain following two cycle of relative humidity.
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Figure 3.26: DVS isotherm of isolated 4hahCMC-ACP powder showing the effect of

one and two cycles of water sorption and desorption on the sample weight.
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3.4  Discussion
3.4.1 ACP stabilized by carboxyl containing polymers

Sodium alginate gelled upon the addition of calcium dichloride and disodium
hydrogen phosphate. This might be caused by the crosslinking interaction between
the carboxyl group, which is directly attached to the rigid cyclohexose unit and the
calcium ions. The result agreed with that seen in sodium alginate formulation of
ofloxacin nanospheres described by (Sangeetha et al., 2010). Since the pectin-ACP
was complexed successfully, the chemical structure of pectin seems capable of
stabilising ACP. However, a large particle size was observed. On this basis, pectin

with a shorter chain length might be useful to minimise the particle size of ACP.

In addition CRT 10,000 PA-ACP complex of the poly-dispersed colloid was
produced and this appeared similar to that attained by NGP-ACP. The sodium CMC
has structural specificity that is valuable to stabilize a colloidal ACP. Furthermore,
sodium CMC with a lower molecular weight would be useful to minimize the
particle size to a nanometer dimensions, analogous to that achieved by the groups of
Zhao and by Luo in producing stabilising Fe-Pd nanoparticles, mean diameter 17.2
nm using sodium CMC with a molecular weight of 90kDa (Zhao et al., 2007; Luo et
al., 2011).

3.4.2 ACP stabilized by sodium CMC grades

All grades of sodium CMC investigated showed a capability in stabilising calcium
phosphate. This indicates sodium CMC is able to form a complex by bonding to a
divalent, positively charged ions in agreement with data obtained by (Keith, 1990).
In these studies, the sodium CMC was used as complexing agent with chlorhexidine
(divalent cationic) to change the liquid state into solid-state complex to minimise the
unpalatable properties of orally used chlorhexidine. In addition, sodium CMC was
used to selectively precipitate whey protein as demonstrated by Hidalgo and

colleagues (Hidalgo et al., 1971).

98



The solubility of sodium CMC might enhance the solubility of the complex and
affect calcium ion release. In addition, the sodium CMC-ACP complexes will be in a
dispersed form, which enhances the rate of dissolution and calcium release according
to that reported by the Lopez group who employed sodium CMC as a fluidised
polymer suspension rather than as a dry state powder in toothpaste formulation, to
prevent formation of lumps and enhancing the rate of polymer dissolution (Lopez et
al., 1999).

The particle size of the prepared ACP was found to decrease with the reduction of
the sodium CMC chain length; however the materials commercially available were
of too long a chain length to allow us to reach the requisite size of about 10 nm.
Therefore acidic hydrolysed sodium CMC with shorter chain length might enable the
generation of structures of a particle size necessary for this application of dental

enamel remineralisation.

3.4.3 Preparation of ACP stabilized by ahCMC

It was found that the accessibility of acid into cellulose during the course of acid
treatment was enhanced to a great degree by carboxy methyl substitution than that of
swelling. In addition, carboxymethylation improved the swelling property of
cellulose. As a result, this chemical modification exhibited a dual effect to increase

the performance of the acid- hydrolysis reaction (Borsa et al., 1990).

The prepared ahCMC showed a further decrease in the particle size of the prepared
ACP with decrease in the polymer chain length; however the 5, 6 and 7h ahCMC did
not generate colloids. However, 4h ahCMC produced a colloid stable for a few hours
transferring to gel containing lumps of aggregates. Therefore 4h ahCMC was
selected for trial preparation by a modified method of preparation. The 4h ahCMC
with measured molecular weight range of 21,991 to 23,137g/mol and 0.7415 degree
of substitution showed a stable poly dispersed colloid of about 10nm diameter (size
distribution by number). The calculated production yields were found to be 342%
and 128% wi/w for unpurified and isolated 4h ahCMC-ACP respectively.
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3.4.4 Characterisation of prepared ACP stabilised by 4h ahCMC

3.4.4.1 Solid state form analysis

Raynaud and colleagues reported that the X-ray diffraction analysis of calcium
phosphate apatites prepared with variable Ca/P ratio was showed the appearance of 26
peaks at 26, 31 and 32 angles (Raynaud et al., 2002) and the absence of the peaks in
the obtained X-ray diffraction chromatogram of freeze dried isolated 4h ahCMC-
ACP confirmed that the prepared ACP was stable amorphous form and free from
apatite. In addition, the trace served as evidence for the absence of unbound CMC,
characterised by the crystallinity band of 26 peak at 20 angle, as shown by Moosavi-

Nasab and workers (Moosavi-Nasab et al., 2010).

3.4.4.2 SEM and TEM imaging

The isolation step of 4h ahCMC-ACP preparation showed a similar effect that
occurred in NGP-ACP preparation (section 2.3.3.3) that led to the formation of large
aggregates of nanocomplexes.

The obtained TEM image of 4h ahCMC-ACP colloid provided evidence of ACP
nanocomplexes of about 10nm particle size. In addition, 4h ahCMC-ACP particles
had a spherical shape that agreed with that reported by (Abbona et al., 1996). The
authors describe TEM imaging of ACP prepared by mixing of equimolar
concentrations of calcium and phosphate, which shows a presence of the
hydroxyapatite flake-like structures within short blades. In contrast, the prepared 4h

ahCMC-ACP showed little evidence of a hydroxyapatite like structure.

3.4.4.3 Thermal stability study

TGA analysis of the 4h ahCMC-ACP showed percentages of weight loss during
water evaporation and decomposition similar to that recorded for NGP-ACP analysis
in section 2.3.3.4.2. This indicates there was a similarity in the amorphous form of
these complexes. This data is in contrast to the data obtained from the DSC analysis.
The isolated 4h ahCMC-ACP showed a higher endothermic band than that in the
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unpurified fraction. This indicates the amorphous form of isolated 4h ahCMC-ACP
is more stable that that of unpurified 4h ahCMC-ACP. This was the reverse of the
situation that was obtained in the NGP-ACP experiments.

3.4.4.4 Dynamic vapour sorption (DVS) analysis
The data from the DVS analysis of the isolated 4h ahCMC-ACP showed a

percentage of mass change with relative humidity. This is in agreement with that
observed in NGP-ACP which indicates a similarity in the amorphous 4h ahCMC-
ACP and NGP-ACP. The 4h ahCMC-ACP required 140minutes to reach a steady
state mass change at 0%RH, which indicates the CMC polymer can retain more
moisture in the prepared ACP. In addition, the DVS change in mass showed a
negative percentage of moisture was remained at the beginning and at the end of the
second cycle which indicates the 4h ahCMC-ACP was not completely dry at the start
of the first cycle. The DVS isotherm plot demonstrated a similarity in the profile to
that obtained for NGP-ACP, in which acceleration in mass gain was evident above
60%RH. This implies the behaviour of water uptake of 4h ahCMC-ACP and NGP-
ACP was similar.

3.4.5 Stabilisation efficiency theory

The efficiency of 4h ahCMC as well as sodium CMC grades and pectin to stabilise
ACP strengthen the Termine and co-workers, finding (section 2.1) of the capability
of the polymer containing free carboxyl group to enhance the stability of the ACP
(Termine et al., 1970).

3.5 Conclusions

Pectin and sodium CMC polymers showed a potential to stabilize ACP, while
sodium alginate did not. The particle size of the prepared ACP, stabilized by sodium
CMC, decreased with a reduction in molecular weight or chain length of the sodium
CMC polymer. CRT 100 PA showed a stabilizing efficiency on the particle size of
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the prepared ACP. The ahCMC stabilise the prepared ACP at lower particle size,
especially 4h ahCMC. The prepared ACP stabilized by 4h ahCMC had a nano
particle size of about 10nm diameter. The X-ray powder diffraction and TEM
imaging suggested the non-crystalline form of the prepared isolated 4h ahCMC-
ACP.

Further studies have to be directed to the formulation of the isolated 4h ahCMC-ACP
into dental film dosage forms with the evaluation of calcium release using a specially
designed dissolution cell and dental enamel remineralisation efficiency on a human

enamel blocks.
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Chapter 4. Formulation and characterisation of a dental film

containing ACP.

4.1 Introduction

The local release of therapeutic agents such as antibacterial, antifungal and
anesthetics are required to treat periodontal and dental diseases (Rathbone et al.,
2003). This includes preventive therapy, for example fluoride salts (Tayle, 1988). A
diverse range of dosage forms have been produced, including lozenges,
mouthwashes, aerosols, gels (Collins et al., 1989), chewing gum (Schirrmeister et
al., 2007), mucoadhesive tablets (Ishida et al., 1982), the Periochip® (Heasman et al.,
2001), microparticles (Rathbone et al., 2003) , a hollow fiber device (Tayle, 1988)
and gingival anesthetic patches such as DentiPatch® (Mantelle, 2008). This indicates
market interest in improving patient compliance (palatability) and a range of

therapeutic possibilities for the dental dosage forms.

Although most dental formulations are self-administered, more specific forms of
treatment employing oral local sustained release delivery, for example the
Periochip®, need a health care professional to administer and remove the exhausted
device. Other self-administered formulations, for example based on
microparticulates in a matrix, can be left in situ and do not need to be removed at the
end of the treatment. For the patient with poor dental hygiene, it is useful to treat
gum disease with a single device giving a sustained level of drug. Esposito and
colleagues described a formulation based on tetracycline microparticulates prepared
by a double emulsion technique employing different grades of poly-lactide and poly-
lactide-co-glycolide polymers. The systems gave a prolonged release profile in vitro
(Esposito et al., 1997).

In order to increase the residence time of the fluoride in the treatment of dental
caries, viscous bases such as polyurethane and other resins applied as a lacquer in
solvents have been used as a sustained release carrier for fluoride. Fluoride varnish,
Duraphat®, was firstly introduced in 1964 containing 5% sodium fluoride in a

viscous resin base. This was followed by the introduction of Fluo Protector® in 1975
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which contained 0.9% fluorsilane (0.1%fluoride), in a polyurethane base, as the
active ingredients.  Fluoride varnish has been considered as a standard
preventivedental care in most of Europe, Scandinavia, and Canada for more than 25
years (Hazelrigg et al., 2003).

To achieve localized anesthesia, a transmucosal gingival anesthetic patch
(DentiPatch®) first developed in 1990, was launched in 1996 by Noven
Pharmaceuticals. This was designed to deliver local anesthetics including lidocaine
or benzocaine, for pre-injection dental anesthesia (Mantelle, 2008). The DentiPatch®
systems, loaded with 20% lidocaine, gave a measured reduction of the pain of dental
injection and was superior to 20% benzocaine topical gel (Kreider et al., 2001,
Shafiei et al., 2008).

Tissue association of the dosage forms on the oral mucosa is a function of
bioadhesiveness or stickiness on mucosal or dental surfaces. Other factors, such as
erodability of the hydrocolloidal carrier, may be important. Jain and colleagues have
described the periodontal pocket as an administration and storage site to allow
sustained-release of drugs (Figure 4.1). These drug delivery systems were
manufactured as fibers, strip, film, gels, microparticles, nanoparticles and vesicles
(Jain et al., 2008).

Periodontal
Pocket

"1:_ Gum
%\ Attachment

Figure 4.1: Administration of a drug delivery system into a periodontal pocket
From (Jain et al., 2008).
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Cilurzo and colleagues showed that the dissolution of polymeric matrix in vivo
controlled the residence time of a mucoadhesive patch provided that it was
sufficiently adhesive. In addition, they prepared compacts from polymeric raw
materials (10 tons compression force). Texture analysis was used to determine the
adhesion of the formulation against a hydrated mucin surface mounted to the bottom
of the analyser. The compacts were fixed on the probe surface by cyanoacrylate glue.
A pressing force (1.3N) was applied by the texture analyser for 6 minutes to establish
a contact between mucin and the compact. The probe was then pulled free to

measure the stickiness and work of adhesion (Cilurzo et al., 2003).

4.1.1 Adhesion theory

Adhesion is defined as “the establishment of interfacial bonds and the mechanical
load required in breaking an assembly”. The study of adhesion mechanisms is
complicated because understanding adhesion process includes many different
scientific fields. In the varied disciplines, the approaches of mechanical interlocking,
electronic, weak boundary layers and the interface, adsorption (thermodynamic),
diffusion and chemical bonding theories have been proposed. A single general
mechanism is unable to unite all the experimental findings, suggesting that several
mechanisms will be involved concurrently. Overall, it is supposed that the adsorption
(thermodynamic) theory has the broadest applicability. Adsorption is essential to
initiate other mechanisms and the subsequent increase in adhesion strength (Pizzi
and Mittal, 2003) .

4.1.2 Film dosage form

Buccal adhesive films are preferable to the mucoadhesive tablets because of the
flexibility, comfort and contact time of these forms compared to oral gels (Perioli et
al., 2004). So far the film dosage form has been prepared for local and systemic drug
delivery. Localized delivery of active ingredients has been applied to tissues such as
buccal (Okamoto et al., 2002; Okamoto et al., 2001), vaginal (Liu and Kresevic,
2009) , skin (Padula et al., 2003) and the periodontium diseases (El-Kamel et al.,
2007) (Shifrovitch et al., 2009). Systemic delivery has been widely used as a carrier
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for different drugs such as glipizide (Semalty et al., 2008), caffeine (Semalty et al.,
2008), nicotine (Cilurzo et al., 2010) and oxybutynin (Nicoli et al., 2006)

The casting method of solvent drying had been extensively used in the fabrication of
film dosage form for fast and sustained release delivery of drugs. Murata and
colleagues used a casting method in the preparation of film dosage form from natural
polysaccharides and found that the model drugs were released rapidly by erosion in
10mL dissolution medium (Murata et al., 2004). The orally bioabsorbable sustained
release film containing metronidazole had been prepared by Shifrovitch and co-
workers, using casting method to overcome the disadvantage of the non-
bioabsorbable sustained release film devices containing chlorhexidine, metronidazole
and minocycline that it must be removed from the periodontal pocket (Shifrovitch et
al., 2009).

4.1.3 Calcium analysis.

Calcium is one of the basic elements of the ACP and there are different methods of
the guantitative analysis of the calcium ion concentration, for example, the titrimetric
method, flame photometry and atomic absorption. In the titrimetric method sodium
edetate (EDTA) was used as a complexing agent in alkaline conditions (Jeffery et al.,
1989), this method was reported to be the official method for quantitative analysis of
calcium in most containing salts (Pharmacopoeia, 2012). It is reported that flame
photometry method was applied using wavelength of 422.7 nm and blue filter for
calcium analysis (Luh and Niketic, 1959) . However, a preliminary purification was
required by extraction as calcium oxalate followed by dissolution in perchloric acid
(BWB-Technologies, 2011). In atomic absorption spectrophotometry, two different
techniques were required to minimize the encountered interferences use of releasing
agents (such as strontium chloride, lanthanum chloride, or EDTA) or on ionisation
buffer such as potassium chloride (Jeffery et al., 1989). Inductively coupled plasma
MS is the up-to-date method for quantitative analysis of calcium, which involves
acidification by nitric acid (Borkowska-Burnecka et al., 2010) and (Ardini et al.,
2011).
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A calcium ion selective electrode (Figure 4.2) is composed of two main units an
inner stem and a sensing module, that represent the reference and sensing electrodes
combined in one electrode. This electrode has to be filled with accompanianed
reference solution before use. Its work is based on the principle of measurement of
the difference in the electrical potentials between the reference and sensing module.
The electrode potential is generated by the separation of charge at the surface of the
electrode and the accumulation of the counter ion in the bulk of the solution phase
(Pungor, 1998).
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Figure 4.2: The components of a calcium ion selective electrode. Modified from
(Mettler-Tolledo, 2010).
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4.1.4 Objectives

The objectives of this study were to complete the pre-formulation analysis and
formulate the prepared ACP into a dental film dosage form. The polymer used in the
formulation was selected by preparing hydrogels from different types and grades of
polymers. The polymer showing the highest adhesion parameters was selected for
use in the dental film formulation. The prepared dental films were characterised for
physical observation, flexibility, degree of swelling, adhesion, calcium content and

calcium release using a specially designed dissolution cell.

4.2 Materials and methods
4.2.1 Chemicals

All the polymers used were pharmaceutical grade. Different grades of hydroxypropyl
methylcellulose (Methocel®) and methylcellulose (Methocel®) were supplied from
Dow (USA). Hydroxy ethyl cellulose (Natrosol®) was provided from Hercules-
Agqualon (USA), sodium carboxymethyl cellulose was purchased from BDH-GPR
(UK), different grades of sodium carboxymethyl cellulose (Walocel®) were supplied
from Dow Wolff Cellulosics — Germany. Gum Arabic, gum tragacanth, sodium
alginate, erythrosin extra bluish (lot#BCBC5076V), 0.1 M calcium ion standard
solution (lot#0001428523), sodium bicarbonate, lactic acid and amorphous calcium
phosphate — lot#04122MH (ACP-standard) were purchased from Sigma-Aldrich UK
and xanthan gum from CPKelco (USA). Calcium standard metal solution 1000 ppm
in 2% (v/v) nitric acid (lot#CL5-48CA) ICP-MS Spex CertiPrep was purchased from
Fisher-Scientific (UK). Degassed water was freshly prepared by vacuum for 1 hour.

4.2.2 Toothpastes

Tooth mousse® (TM) was used as supplied from GC Corporation (Japan). Aquafresh
Multi-Action + Whitening® (AF) GlaxoSmithKline (UK), Colgate Smile Age 2-6°
(CS) and Colgate Cavity Protection® (CC) Colgate (UK) were purchased from a
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pharmacy as the control preparation to which the prepared hydrogels could be

compared.

4.2.3 Teeth samples and enamel blocks

Human incisors mounted in solid Perspex cubes were kindly provided by the Dental
School at the University of Dundee. The teeth were mounted in an acrylic block so
that the labial surface of tooth was exposed to facilitate the measurement of adhesive
parameters of the hydrocolloids. Teeth samples and the enamel blocks were kept
moist with an artificial saliva formulation, Xialine II™ (Preetha and Banerjee, 2005).

4.2.4 Calcium analysis and method validation

Calcium compounds form the main active pharmaceutical ingredients (API) in the
prepared complexes, therefore a selective and specific method of calcium analysis
using ion selective electrodes (ISE) was suggested. The Perfectlon” combination
calcium electrode Mettler-Toledo (Switzerland) was used for quantitative
measurement of calcium. All the calcium measurements were carried out at a

measured laboratory temperature of 17° C.

The HCI solution (pH 5), the prepared Xialine 1™ artificial saliva and sodium
bicarbonate — lactic acid buffers (pH of 5, 5.5, 6, 6.5 and 7) were used to construct
the calibration curves to quantify the calcium content in the prepared ACP samples.
Stock solutions of calcium of 1000ppm were prepared by dissolving 3.668g
CaCl,.2H,0 in 1000mL solvent media and then serial dilutions were prepared from

these stock solutions.

The calcium measurement using a calcium electrode was validated for linearity,
precision and reproducibility. A comparative assessment of measurements for
selected standards and samples from the release studies was completed in the
Department of Chemistry, Strathclyde University using inductively coupled plasma

mass spectrophotometry (ICP-MS).
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4.2.4.1 Linearity

Standard calibration curves were assembled from three replicates of measurement for
theseries of calcium concentrations. A plot of calcium content concentration versus
recorded millivolt (mV) signal was constructed and the best fit estimated from linear
regression. The obtained equation of best fit was used to calculate calcium

concentration within the minimum and maximum standards.

4.2.4.2 Precision and reproducibility

The determination of precision was carried out by measurement of three calcium
standard concentrations within the linear range. Three successive reading were taken
to test the within-day repeatability. The inter-day reproducibility was performed on
three days since the manufacturer advised that the electrode should not be stored in
storage solution for more than three days. In view of this, the electrode was
recalibrated at each setup. In addition, the sensitivity was verified every 2h with the

least concentrated standard.

4.2.4.3 Validation of the calcium electrode in the calcium quantification

Validation of the selective electrode in calcium quantification was confirmed by re-
analysis of selected samples and standards using a second method inductively-
coupled plasma mass spectrometer (ICP-MS Agilent 7700 (Japan)). Samples,
standards and blanks were diluted by 10 fold in 2% Nitric Acid Solution. This gave
a concentration range that was appropriate to the analysis technique. A paired t-test
was used to statistically differentiate between measurements obtained from both

methods of calcium analysis.
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4.2.5 Analysis of calcium content in the prepared ACP

The analysis of calcium content of the prepared ACP was carried out in triplicate by
preparing 0.1% (w/v) ACP solutions at pH-5 (HCl-solution). The calcium content
was measured using the calcium electrode. The signal voltages were noted and used

to establish the calibration curve at pH 5.

4.2.6 Analysis of the effect of pH on the solubility of the isolated ACP

The pH-metric solubility method (Avdeef et al., 2000) was used for the
determination of the solubility profiles of the prepared isolated ACP. The pH-
solubility analysis was carried out in triplicate in a pH cycle in the series 7, 6.5, 6,
5.5, 5, 5.5, 6, 6.5, and 7. The solubility of the ACP samples was determined by
measuring calcium ion concentrations in the supersaturated solutions of the prepared
ACP and ACP standard (Sigma Aldrich) in sodium bicarbonate — lactic acid buffers.
The super saturation state of the prepared solutions was confirmed by leaving excess
insoluble ACP and ACP-standard in the prepared solutions with stirring for 5
minutes. The pH descending and ascending series were performed by addition of
1M of lactic acid and 1M of NaHCOj3 respectively.

4.2.7 Preparation of hydrogels
4.2.7.1 Hydroxy propyl methyl cellulose (HPMC):

A 10% (w/v) HPMC (grade K15M) gel was prepared according to Dow technical
handbook (Dow, 2002) by dispersing HPMC particles in 1/3 of volume of (90° C )
distilled water. However, a very thick dough was produced upon addition of water.
This produced mass was difficult to solubilise without bubble formation. The method
was modified by gradual addition of HPMC powder with continuous non-vortex
stirring (to prevent air trapping) into 90% of the final volume of distilled water at a
constant temperature of 90° C using a hotplate. A uniform dispersion system was
obtained and removed from the heating source with stirring until the temperature
dropped to around 70° C. The final volume was made up by addition of distilled
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water with stirring and the product was transferred to a 20° C water bath with

continuous stirring. The viscosity of product increased and once capable of

supporting the dispersion, the stirrer was removed and the product transferred into

the container that was refrigerated at 3° C for 24hr to complete hydration. The

samples of HPMC gel shown in Table 4-1 were prepared by the modified method.

No. Grade Concentration % w/v No. | Grade Concentration %
wiv

1 K15M 20 18 E10M 15

2 15 19 10

3 10 20 5

4 5 21 F50 LV 15

5 K100M 10 22 10

6 5 23 5

7 3.5 24 E50 LV 15

8 25 25 10

9 FAM 15 26 5

10 10 27 E15LV 15

11 5 28 10

12 K4M 10 29 5

13 7.5 30 ATSLY 15
prem.

14 5 31 12

15 E10M 15

16 10

17 5

Table 4-1: HPMC grades and concentrations used in gel samples
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4.2.7.2 Methyl cellulose (MC)

Gel samples of methylcellulose polymer (Table 4-2) were prepared by the modified

method that was used for preparation of HPMC samples.

No. | Grade Concentration % wi/v
32 A4M 15

33 10

34 5

35 A15C 15

36 10

37 5

38 A4C 15

39 10

40 5

Table 4-2: MC grades and concentrations used in gel samples

4.2.7.3 Hydroxyethyl cellulose (HEC):

Initial attempts to prepare hydrogels containing 2, 4 and 6% (w/v) of HEC by using

hot water with gradual addition of powder with stirring resulted in the formation of

lumps that needed a long time to dissolve, in addition to the bubble formation. As an

alternative, a suspension of HEC in absolute ethanol was prepared which was added

to hot water with stirring. Stringy lumps were formed during addition and the

preparation needed stirring for a long time to dissolve. At the end of the procedure,

the formulation produced contained bubbles. Finally, a protocol was developed

which involved wetting of HEC powder using small amount of absolute ethanol. Hot

water was then added with stirring to produce a homogenous system. The products

remained clear and free from bubbles (Samples 42-44).
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4.2.7.4 Sodium carboxymethyl cellulose (CMC) of BDH-GPR

Sodium carboxymethyl cellulose of BDH-GPR was used to prepare samples 45-47,
at 6, 8 and 10% (w/v). The polymer is presented as granules and the viscosity of 1%
is 30-70cp at 20° C. The polymer was wetted by small amount of absolute ethanol
followed by the addition of hot water with continuous stirring. However, the product
contained bubbles. When cold degassed water was used instead of hot water, the
obtained gels were clear and free from bubbles.

4.2.7.5 Sodium carboxymethyl cellulose (Walocel®):

Seven grades of sodium CMC were used to prepare samples listed in Table 4-3.
These were supplied in powder form. A first attempt to prepare 10% (w/v) of CRT
40,000 PA by wetting the polymer with absolute ethanol followed by the addition of
degassed water with stirring was unsatisfactory. Addition of sodium CMC-ethanolic
suspension to degassed water with stirring again resulted in aslurry that contained
non-dissolved material. The sample was left for 48h but the product still contained
lumps and bubbles with a very thick texture. Therefore, preparation of a sample from

this grade at 10% (w/v) concentration was not attempted.

A preparation at 5% (w/v) was attempted using the wetting method, however, a clear
hydrogel was not produced. Finally, an ethanolic suspension of sodium CMC was
added quickly (within two seconds) into hot degassed water (90° C) with stirring
continued for two minutes. The product was clear and free from bubbles. Samples
were placed in fume hood for 2h and then the containers were closed and

refrigerated.
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Concentration

%

No. | Grade Concentration % wi/v No. | Grade -~
48 | CRT 40,000PA | 5 59 CRT 2,000 PA | 8
49 25 60 6
50 | CRT 20,000PA |5 61 4
51 4 62 CRT 1,000 PA 10
52 25 63 8
53 | CRT 10,000 PA | 6 64 6
54 4 65 CRT 100 PA 12
55 2

56 | CRT 30,000 PA | 6

57 4

58 2

Table 4-3: Sodium CMC (Walocel®) grades and concentration used in gel samples

4.2.7.6 The effect of linear and/or branched water-soluble polymers mixed with

a selected hydrogel product on the adhesion parameters

The polymer hydrogel with highest adhesion parameters was mixed with a series of

linear and/or branched water-soluble polymers. These mixtures were prepared by

mixing of these polymers into the selected hydrogel using slab and spatula

(Table 4-4). Samples were left 24h to complete the hydration of the polymer and to

allow the interaction between them.
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No. | Polymer Concentration No. | Polymer Concentration
% (Wiv) % (Wiv)

66 | Gum Arabic 10 75 | Tragacanth 75

67 15 76 15

68 20 77 30

69 | Xanthan gum 7.5 78 | Gum Arabic: Xanthan gum 15:15

70 15 79 15:7.5

71 30 80 7.5:15

72 | Sodium alginate | 7.5 81 | Xanthan gum: Sodium alginate | 7.5:15

73 15 82 15:7.5

74 30 83 7.5:7.5

Table 4-4: Concentrations of polymers mixed into the selected hydrogel

4.2.7.7 Mixtures of polymers with high adhesive properties

In order to determine the best mixture of polymers for investigation, the prepared
hydrogels were arranged from lower to higher adhesion properties. The polymers
that showed hydrogels with higher adhesion parameters in sections 4.2.8.1 - 4.2.8.5
were used to prepare hydrogels of mixed polymers with concentration ratios as
shown in Table 4-5. The prepared hydrogels of mixed polymers were characterised
to study the effect of mixing polymers on the adhesion properties of the prepared

hydrogels.
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Polymers Concentration % wi/v
87| E1OM: E4AM 7.5:7.5
88 10:5
89 5:10
90| A4C: E10M 7.5:7.5
91 10:5
92 5:10
93| FAM: E10M 7.5:7.5
94 10:5
95 5:10

Table 4-5: Formulations of hydrogels using mixture of polymers

4.2.7.8 Analysis of mixing short and long chain polymer on the adhesion of

hydrogels

The effect of polymer mobility on the adhesion properties was investigated by

mixing of low molecular weight polymer into formulas 18 and 38 (Table 4-6) to

enhance the mobility of polymer chains.

No. | Polymer Concentration % w/v
96 | E1IOM: E15LV | 7.5:7.5

97 5:10

98 10:5

99 | A4C: A15LV | 7.517.5

100 5:10

101 10:5

Table 4-6: Formulations of low and high molecular weight mixed polymers
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4.2.8 Analysis of the adhesion properties

The adhesion test was used to measure the adhesion parameters (stickiness,
stringiness and adhesion work) of the prepared hydrogels on the tooth surface at
room temperature using a TA-XT2™ texture analyser running Texture Exponent 32
ver. 4.0.13 software. Table 4-7 shows the setting used in the adhesion test. The
cylindrical probes of 3mm and 6mm diameter were evaluated to find the most

effective formulation.

Caption

Pre-Test Speed

Test Speed

Post-Test Speed

Applied Force

Return Distance

Contact Time

Trigger Type

Trigger Force

Table 4-7: The adhesion test setting used in the analysis of the adhesion properties of

the prepared hydrogels.

118



4.2.8.1 Analysis of the adhesion properties of commercial tooth pastes

The adhesion properties of the toothpastes were measured using the tooth samples
T5, T8 and T9 and the data obtained were compared with a selected formula

parameters.

4.2.9 Formulations of dental film dosage form containing isolated ACP

The dental films containing 1 and 2% (w/v) ACP were prepared using the casting
method. The two formulations were prepared using 3% (w/v) of HPMC grade E10M
and a mixture of HPMC grades FAM (1% w/v) and E10M (2% w/v). The ACP was
dispersed in three quarters of the final volume of distilled water, HPMC was then
added gradually with stirring at constant temperature at 40° C using a stirrer hotplate.
The hot plate was removed and the container was wrapped with a cold wetted tissue
to dissolve the HPMC. A sample of the prepared hydrogel (12.5 mL) was drawn and
poured into a plastic Petri dish (diameter, 10 cm) using 20 mL plastic syringe and
refrigerated at 3° C for 2h. The films were formed after 24h at 37° C constant room

temperature.

4.2.10 Characterisation of the prepared dental films
4.2.10.1 Physical observations

The prepared films were subjected to physical examination for appearance and
thickness. The Sony H50™ camera was used to record the difference in the
appearance of the prepared dental films and the film thickness at three different
positions using a microscope. The examination of the prepared film was carried out
using Polyvar-Reichert-Jung™ instrument equipped with Luminera-1™ digital
camera and Infinity Analyse™ software ver. 5.0.3 used to capture the images. In
addition, the thickness of the prepared films was measured in triplicate by cutting of
1mm width strip from the film and affixing onto a glass slide with acetate tape. The
film strip was flipped upside down at a midpoint between terminals of that strip as
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shown in Figure 4.3. The Image J™ ver. 1.44 software was used for determination of

the film thickness at that flip point.

Flip point

N,
B -

N

Acetate tape

Dental film 1mm width

Figure 4.3: A plot demonstrates the dental film strip preparation for the measurement

of dental film thickness.

4.2.10.2 Analysis of flexibility

The flexibility of the prepared dental films was analysed using the cycle until reset
test on TA-XT2 texture analyser. The analysis was performed using 30%
(laboratory) relative humidity. The dental filmstrip size of 16mm x 8mm was used in
this test. Both sides of the strip were mounted on the probe and the bottom using a
double-sided tape-leaving 8mm length of strip free for the analysis as shown in
Figure 4.4. The attained relative humidity was confirmed using hygrometer.
Table 4-8 shows the setting used for the cycle until reset test. The test was carried

out for 15 minutes. This analysis was performed in triplicate for each dental film.
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Figure 4.4: The setting of dental film for flexibility analysis. A strip, 16mm x 8mm,

was mounted at both sides on the bottom and probe surface by double-sided tape and

a 8mm x 8mm of the strip was left free for the analysis.

Caption

Pre-Test Speed

Test Speed

Post-Test Speed

Target Mode

Distance

Trigger Type

2= Pre Travel

Trigger distance

Table 4-8: The setting of the cycle until reset test used in the analysis of dental film

flexibility.
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4.2.10.3 Analysis of degree of swelling

The dental film swelling analysis was performed using Xialine 1I™ artificial saliva.
A sample of dental film of about 0.8 cm? was weighed and placed into pre-weighed
stainless steel basket [basket of tablet dissolution apparatus (Pharmacopoeia, 2012)].
The basket containing the dental film sample was submerged into a Petri dish
(diameter, 10cm) containing 35mL of artificial saliva as shown in Figure 4.5. The
increase in weight of the dental film sample was measured at five minutes intervals
until a constant weight was detected. This test was carried out in triplicate. The

degree of swelling was calculated using the equation 4-1.

The degree of swelling = (Wt —Wo)/Wo Equation 4-1

Where Wt and Wo are the weight of dental film sample at time t and time zero

respectively.

Figure 4.5: The measurement of degree of swelling of dental film by placing the
dental film sample into pre-weighed stainless steel basket submerged into artificial

saliva containing Petri dish: a- Top view and b- Side view.
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4.2.10.4 Analysis of adhesion

The adhesion properties of the prepared dental films were characterised using a TA-
XT2 texture analyser. Samples of the dental film, as 6mm diameter circles, were
mounted on a microscope glass slide using double sided tape (Figure 4.6) and the
5mm cylindrical probe was used to perform the adhesion test. The mounted sample
of the dental film was pre-wetted with one-drop of Xialine™ artificial saliva for 30
seconds. This test was performed six times for each dental film and the TA-XT2

texture analyser setting used as shown in Table 4-9.

Figure 4.6: The dental film samples for adhesion test analysis. Sample of 6mm

diameter circles mounted on the glass slide with double-sided tape.

Caption

Pre-Test Speed

Test Speed

Post-Test Speed

Applied Force

Return Distance

Contact Time

Trigger Type

Trigger Force

Table 4-9: The setting of the TA TX2 texture analyser used in the adhesion test of

dental film samples.
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4.2.10.5 Analysis of calcium content

The sample solution of dental film was prepared by dissolving a 5mg piece of dental
film in pH-5 HCI solvent medium. The calcium concentrations in the prepared
samples were determined using the calcium electrode method with the corresponding
linear calibration curves equations. Three samples were taken for each film at
different positions and an average was used as a reference to differentiate between
formulations as well as a calculation of the calcium percentage released in the

calcium dissolution-release study.

4.2.10.6 Calcium release study of the prepared dental films

The calcium release study was performed using specially designed dissolution cell as
shown Figure 4.7 at 37° C constant room temperature. The best position of the
dissolution cell was studied prior to conducting the calcium release study. The flow
pattern of the dissolution medium was tested inside the dissolution cell using four
different positions, as shown in Figure 4.8. Erythrosin extra bluish was used as a
colouring agent and was infused into the dissolution chamber by a cannula inserted
into the inlet tube of the dissolution cell. The diffusion of colouring agent was
monitored at each position, the best diffusion position was selected for the calcium

release study.
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Dissolution
medium

Sample
Chamber

Dissolution
medium Inlet

Figure 4.7: A plot demonstrates the design of dissolution cell for measurement of the

calcium release from the dental film dosage form.

xﬁ” f coloring
solution

Figure 4.8: A photograph of the dissolution cell, shows the position used in the flow
pattern study of dissolution medium.
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The sample of pre-weighed film with an approximate size of 0.8cm x 1.8cm was held
in the dissolution chamber by plastic mesh. The lid of the cell was sealed using
silicone vacuum grease to prevent leakage of dissolution medium. Three samples
from each film were tested using Xialine 1™ artificial saliva as a dissolution
medium. A 7.5 mL dissolution medium was pumped at a constant flow rate 0.125
mL. min™ for 60 minutes into the dissolution chamber using a Cole-Parmer syringe
pump. The dissolution samples were collected in 10 minute time interval. The time
zero was recorded when the dissolution chamber had completely filled with the
dissolution medium. The dissolution cell was washed and dried using distilled water
prior to each use. The collected samples were stored in a refrigerator until calcium
measurement. The calcium electrode measurements were performed after allowing

the samples to warm up to laboratory temperature (= 17° C).

4.2.11 Analysis of calcium release kinetics

The calcium release data were subjected to mathematical models in order to study
the kinetics or behaviour of the calcium release from the samples of the films. Zero
order (equation 4-2) first order (equation 4-3) (Costa and Sousa Lobo, 2001) ,
Higuchi (equation 4-4) and Korsmeyer and Peppas (equation 4-5) models were
applied in this study.

Q; = kot Equation 4-2
In(100 — Q,) = InQy — kt Equation 4-3
Q; = kyt'/? Equation 4-4

Q; = kgpt" Equation 4-5

Where Qqis the percentage of calcium release at time equal to t, ko is the zero order
release rate constant, Qo is the percentage of calcium release at time equal to 0, Kk is
the first order release rate constant, ky is the Higuchi release rate constant, kkp is the

Korsmeyer-Peppas release rate constant and n is the diffusional exponent (Costa and
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Sousa Lobo, 2001; Cilurzo et al., 2008; Costa et al., 2001; Desai et al., 1965;
Korsmeyer et al., 1983; Peppas, 1985).

4.2.12 Data analysis

The linearity of the calibration curves was tested using regression correlation
analysis. The validation of the calcium electrode method was tested using a paired t-
test to differentiate between records obtained from both calcium electrode and ICP
methods of calcium ion quantification in selected samples. An unpaired t-test was
used to differentiate between the solubilities of the prepared ACP. The effect of the
formulation on the degree of swelling was tested using one-way ANOVA with
Tukey’s post-hoc test (Minitab V.16).
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4.3 Results

4.3.1 Calcium analysis and method validation
4.3.1.1 Calibration curves

Figure 4.9 and Figure 4.10 show calibration curves for calcium concentrations in
HCI solution (pH 5) and Xialine II™ artificial saliva respectively. Table 4-10
illustrates the straight-line equations of calcium calibration curves in sodium
bicarbonate — lactic acid buffer (pH : 5, 5.5, 6, 6.5 and 7). Linear relationships were

obtained as a result of plotting millivolt (mV) versus log (ppm) concentration.

Calibration of calcium ion HCI solution (pH 5)
_10 4
-20 4

y = 26.414x - 88.097

-30 1 R2=0.9981
-40 -
_50 4
-60
-70 -
-80 9
90 ¢
-100 T T T
0 05 1 15 2 2.5

log ppm of calcium ion concentration

mV

Figure 4.9: Calibration curve of calcium in HCI solution (pH 5).
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Calibration of calcium ion in Xialine II™
43 A
44 - y =5.3733x - 52.723
R2=0.9928
-45 4
> 46 A
z -46
-47 -
-48 -
-49 -
'50 T T T T 1
0.5 0.75 1 1.25 1.5 1.75

log ppm of calcium ion concentration

Figure 4.10: Calibration curve of calcium in Xialine II™ artificial saliva.

pH Equation r
5 y = 26.55x - 98.701 0.99472
55 | y=25.85x-96.347 0.99375
6 y =27.1x - 100.08 0.99129
6.5 |y=27.2x-99.243 0.99762
7 |y=26.5x-97.288 0.99953

Table 4-10: the straight-line equations of calcium calibration curves in sodium
bicarbonate — lactic acid buffer (pH of 5, 5.5, 6, 6.5 and 7)

4.3.1.2 Calcium ion analysis validation

The calcium ion measurements of selected samples using calcium electrode method
were compared with ICP method as shown in Figure 4.11. The profiles demonstrate
a general equivalence for the measurement of calcium ion in the selected samples by

calcium electrode and the ICP method, although there is some deviation.
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Figure 4.11: Profiles of calcium electrode and ICP measurements in co-analysed
samples. Data labelled 4,12, 20 and 40 were given a calibration curve in ICP method.

The slope of 0.89 indicates that ICP had a lower reading of 89% of the actual values.

4.3.2 Analysis of calcium content in prepared ACP

The calcium content in the prepared ACP is shown in Figure 4.12. The isolation
process showed an effect on the calcium content of the prepared ACP. The data
indicated the calcium contents in the isolated NGP-ACP and isolated HC-ACP were
higher than that in the unpurified, whereas the isolated 4h ahCMC-ACP showed a

lower calcium content than that in the unpurified sample.
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Figure 4.12: Mean calcium content in the prepared ACP (£SEM, n=3) showing the
effect of the isolation process on calcium content.

4.3.3 Analysis of the effect of pH on the solubility of the isolated ACP

Figure 4.13 shows the effect of pH change on the solubility of the isolated ACP and
amorphous calcium phosphate standard in sodium bicarbonate - lactic acid buffers.
The higher concentrations of calcium ion were found in the saturated solutions of 4h
ahCMC-ACP. Lower concentrations of calcium ions were detected in the saturated
solutions containing ACP-standard
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* A significant difference (p<0.05).

Figure 4.13: Mean calcium ion concentrations (n=3,£SEM) in saturated solutions of
the prepared isolated ACP and ACP-standard in lactic acid - sodium bicarbonate
buffers.

4.3.4 Adhesion analysis of the prepared hydrogels

The adhesive test was completed using a cylindrical probe. The adhesive test is a
protocol that measures the compression or extrusion force, stickiness, work of

adhesion and stringiness as shown in Figure 4.14.
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Figure 4.14: Profile of the adhesive test parameters of compression force, stickiness,

work of adhesion and stringiness.

4.3.4.1 The probe and size of sample:

Two cylindrical probes were used with diameters of 3 and 6mm. Two Perspex discs
(3mm thickness) were used for the sampling of the hydrogel. These discs contain
holes of 3.4mm and 6.4mm diameter for measurement with the 3mm and 6mm
cylindrical probes respectively (Figure 4.15). When the 3mm diameter probe was
used, the profile obtained did not show differences between samples. The 6mm probe

was therefore selected for use in further adhesion tests.
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Figure 4.15: 3mm and 6mm diameter cylindrical probes and Perspex discs

4.3.4.2 Polymer effect

Forty-three runs for the adhesive test were completed to allow measurement for each
formulation using the three tooth samples at room temperature. Samples that had a
watery texture were excluded from the adhesive test analysis. The effect of polymer
types on the adhesion properties of the prepared hydrogels using HPMC, MC, EC
and sodium CMC showed adhesion parameters of stickiness, stringiness and work of
adhesion as shown in Figure 4.16.
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Figure 4.16: Mean (xSE) adhesion parameters of stickiness (a), stringiness (b) and
work of adhesion (c), show the effect of polymer type on the measured adhesion

parameteres of the prepared hydrogels.

The results of the stickiness, stringiness and work of adhesion measurements for the
prepared hydrogels are shown in Figure 4.17, Figure 4.17 and Figure 4.19. In order
to correlate the data, stickiness was plotted separately against stringiness and work of
adhesion as shown in Figure 4.20. It was suggested that simultaneous plotting of the
three variables using a three dimensional plot might assist in discrimination. This is

shown in Figure 4.21.
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Figure 4.17: Mean stickiness of the prepared hydrogels, (£SEM, n=3)
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Figure 4.18: Mean stringiness of the prepared hydrogels, (+SEM, n=3).
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Figure 4.19: Mean work of adhesion of the prepared hydrogels, (+SEM, n=3).
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Figure 4.20: a- Mean stickiness versus stringiness. b-Mean stickiness versus work of

adhesion, (£SEM, n=3).
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Figure 4.21: A three dimensional scatter plot of means of stickiness, stringiness and

work of adhesion. Note that sample 18 occupies the furthest space from the origin of

the three axis.
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4.3.4.3 The effect of linear and/or branched water-soluble polymers mixed

with a selected hydrogel product on the adhesion parameters

The addition of linear and/or branched water-soluble polymers to sample 18 was
attempted in order to increase the adhesion parameters. The texture analysis
(Figure 4.22 and Figure 4.23) of the prepared hydrogels illustrates that the effect of

the additional excipients on the adhesion properties of the prepared hydrogels.
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Figure 4.22: Effect of addition of linear and/or branched polymer on adhesion
parameters of sample 18. a-Mean stickiness versus stringiness, b-Mean stickiness

versus work of adhesion, (xSEM, n=3).
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Figure 4.23: A three dimensional scatter plot of mean of stickiness, stringiness and
work of adhesion. Note that sample 18 occupies the furthest space from the origin of

the three axis.

4.3.4.4 Mixtures of polymers with high adhesive properties

Polymer grades of E10M, E4M, F4M and A4C showed hydrogels with higher
adhesion parameters as shown in Figure 4.24. Therefore, these selected grades were
used to prepare hydrogels of mixed polymers. Formulas of mixed polymers showed
that the maximum increase in the measured adhesion parameters was obtained in

formula 95, shown in Figure 4.25.
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Figure 4.25: A three dimensional scatter plot of means of stickiness, stringiness and
work of adhesion, showing the effect of the mixed polymers on adhesion properties
of the prepared hydrogels. Note that sample 95 occupies the furthest space from the

origin of the three axis.
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4.3.4.5 Analysis of the effect of mixing short and long chain polymer on the

adhesion of the prepared hydrogels

The incorporation of short with long chain polymers into the formulation was
attempted in order to enhance the mobility as well as the adhesiveness of polymer in
the prepared hydrogel. The effect of mixing short and long chains of the selected
polymer on the adhesion properties of the prepared formulas is shown in Figure 4.26.
The prepared formulas showed less adhesion than that in control formula (18).
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Figure 4.26: A three dimensional scatter plot of means of stickiness, stringiness and
work of adhesion, showing the effect of mixing short and long chain polymers on the

adhesion of hydrogels.
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4.3.4.6 Analysis of the adhesion properties of official tooth pastes

Figure 4.27 shows the difference in the adhesion properties between formula 18 and
selected brands of toothpastes. This analysis was performed in order to identify the
attained degree of adhesiveness in the formula 18 in comparison to a control of

different brands of toothpastes.

Figure 4.27: Adhesion parameters of formula 18 versus branded toothpastes, (a)

Stickiness, (b) work of adhesion and (c) stringiness.

4.3.5 Characterisation of the prepared dental films
4.3.5.1 Physical observations

The isolated ACP and ACP-standard were used in the dental film fabrication and 16
dental films were produced. The 1% (w/v) 4h ahCMC-ACP and 3% E10M-HPMC
film was dry, slightly rough, white (translucent), flexible and non-elastic. 2% (w/v)
4h ahCMC-ACP and 3% E10M-HPMC film was dry, rough, white (opaque), flexible
and non-elastic, as shown in Figure 4.28. Similar observations were recorded for 4h
ahCMC-ACP containing films that were prepared by a mixture of 2% (w/v) E10M-
HPMC and 1% (w/v) FAM-HPMC.
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Figure 4.28: The photographs show the difference in the visual observations between
(@)- 1% (w/v) 4h ahCMC-ACP and (b)- 2% (w/v) 4h ahCMC-ACP loaded dental
films prepared from 3% E10M-HPMC.

The dental film prepared by 1% (w/v) NGP-ACP and 3% E10M-HPMC was dry,
rough, white, flexible and non-elastic. 2% (w/v) NGP-ACP and 3% E10M-HPMC
film was dry, rough, white (cloudy), flexible and non-elastic, as shown in
Figure 4.29. A similar appearance was observed in the films prepared from mixture
of 2% (w/v) ELOM-HPMC and 1% (w/v) FAM-HPMC.

Figure 4.29: The photographs show the difference in the visual observations between
(@)- 1% (w/v) NGP-ACP and (b)- 2% (w/v) NGP-ACP loaded dental films prepared
from 3% E10M-HPMC.
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The dental film prepared by 1% (w/v) HC-ACP and 3% E10M-HPMC was dry,
glossy, transparent, flexible and non-elastic. 2% (w/v) HC-ACP and 3% E10M-
HPMC was dry, slight glossy, dumped transparent, flexible and non-elastic, as

shown in Figure 4.30. A similar observation was recorded for the films prepared by a
mixture of 2% (w/v) ELOM-HPMC and 1% (w/v) F4AM-HPMC.

Figure 4.30: The photographs show the difference in the visual observations between
(@)- 1% (w/v) HC-ACP and (b)- 2% (w/v) HC-ACP loaded dental films prepared
from 3% E10M-HPMC.

The dental film prepared by 1% (w/v) ACP-standard and 3% E10M-HPMC was dry,
rough, dotted, white, flexible and non-elastic. 2% (w/v) ACP-standard and 3%
E10M-HPMC film had a dry, rough, heavily dotted, white, flexible and non-elastic,
as shown in Figure 4.31. Similar observations were obtained in the films prepared by
a mixture of 2% (w/v) ELOM-HPMC and 1% (w/v) FAM-HPMC.
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Figure 4.31: The photographs show the difference in the visual observations between
(@)- 1% (w/v) ACP-standard and (b)- 2% (w/v) ACP-standard loaded dental films
prepared from 3% E10M-HPMC.

The prepared dental films were subjected to thickness analysis using the previously
described method. Figure 4.32 shows an example for the measurement of dental film
thickness. The data obtained showed the effect of the type of loaded ACP as well as

the used polymer on the film thickness, as shown in Figure 4.33.

Figure 4.32: Images (25X) of 1% (a) and 2% (b) 4h ahCMC-ACP containing dental
films;, images show the effect of ACP loading on the film thicknesses.
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Figure 4.33: Mean thickness for the prepared dental films (zSEM, n=3).

4.3.5.2 Analysis of flexibility

The measurement of flexibility of the prepared dental films was shown by the
resistance of the film to the applied force on bending and relaxation of the film, that
was generated by the descendant and ascendant movement of the probe. The average
of the resistance forces was used as a parameter of the film flexibility and is shown
in Figure 4.34. In addition, it shows positive and negative kick-off peaks at the

change of direction of the probe movement.
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Figure 4.34: The texture analysis chromatogram of the flexibility test of the prepared
dental films shows the difference between the resistance forces to bending and

relaxation of the film strip upon the probe movement.

The flexibility analysis of the prepared dental films showed the effect of the
percentage concentration and the type of ACP as well as the type of polymer used in
formulations, as shown in Figure 4.35, Figure 4.36, Figure 4.37, and Figure 4.38.
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Figure 4.35: The flexibility profiles of the dental films containing 4h ahCMC-ACP
show the effect of ACP loading and type of polymer on the average resistance forces
of the film strip on bending and relaxation of the film, generated by the descending

and ascending movement of the probe.
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Figure 4.36: The flexibility profiles of the dental films containing NGP-ACP
showing the effect of ACP loading and type of polymer on the average resistance
forces of the film strip on bending and relaxation of the film, generated by the
descending and ascending movement of the probe.
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Figure 4.38: The flexibility profiles of the dental films containing ACP-standard

showing the effect of ACP loading and type of polymer on the average resistance

for

ces of the film strip on bending and relaxation of the film, generated by the

descending and ascending movement of the probe.
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4.3.5.3 Analysis of degree of swelling

Based on the water uptake and swelling of the used HPMC polymer (E10M and
F4M) in the dental film formulations, the effect of the type and percentage of loaded
ACP on the degree of swelling of the prepared dental films were measured. The
degree of swelling of the prepared dental films showed an effect by the grade of the
HPMC polymer, type and percentage of loaded ACP as shown in Figure 4.39. The
behaviour of the swelling of the prepared dental films showed a fast swelling within

first 5 minutes and a near constant estate after 10 minutes, as shown in Figure 4.40.
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Figure 4.39: The degree of swelling of the prepared dental films in Xialine [I™
artificial saliva showing the effect of the grade of polymer, type and percentage

loaded of ACP on the water uptake of the prepared dental films.
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Figure 4.40: The swelling behaviour of the prepared dental films in Xialine II™

artificial saliva. The swelling appears to be fast for the first five minutes, reaching

equilibrium swelling after 10 minutes hydration.

4.3.5.4 Analysis of adhesion

The Adhesion parameters of stickiness, work of adhesion and stringiness were

measured in the prepared dental films. The percentages of ACP, type of ACP and

type of polymer showed effects on the measured adhesion parameters, as shown in
Figure 4.41, Figure 4.42 and Figure 4.43.
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Figure 4.41: Mean stickiness of the dental films, showing the effect of the polymer
and the ACP loading (+SEM, n=6).
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Figure 4.42: Mean work of adhesion of the dental films, showing the effect of the
polymer and the ACP loading (+SEM, n=6).
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Figure 4.43: Mean stringiness of the dental films, shows the effect of the polymer
and the ACP loading (+SEM, n=6).

4.3.5.5 Analysis of calcium content

The effect of the formulation constituents of the prepared dental films on the
calcium content was analysed. Figure 4.44 shows the calcium contents uniformity

of the prepared dental films.
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Figure 4.44: Calcium content (mean pg = SEM) in dental film samples (1mg , n=3).
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4.3.5.6 Calcium release study of the prepared dental films

The calcium release study was used for further evaluation of the prepared dental
films. To obtain a smooth flow through the device, and avoid stagnancy, the
orientation of the cell was examined. The best position of the diffusion cell was
found to be the angular-vertical position at which a complete diffusion of the
colouring agent throughout the dissolution chamber was observed as shown in Figure
4.45.

Figure 4.45: The angular-vertical position of the dissolution cell. The frontal (a) and
posterior (b) images of the dissolution cell show the complete diffusion of the red

colouring agent in dissolution chamber.

The prepared dental films showed variable calcium release profiles dependent on the
effect of the grade of polymer used in the formulation of dental films, as well as the
effect of type and percentages of loaded ACP, as shown in Figure 4.46, Figure 4.47,
Figure 4.48 and Figure 4.49.
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Figure 4.46: Calcium release profiles of the prepared dental films containing 4h
ahCMC-ACP. (Mean £SEM, n=3). Profiles demonstrate effect of the loading with
ACP and formulation on the calcium release.
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Figure 4.47: Calcium release profiles of the prepared dental films containing NGP-
ACP. (Mean +SEM, n=3). Profiles demonstrate the effect of the loading with ACP

and formulation on the calcium release.
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Figure 4.48: Calcium release profiles of the prepared dental films containing HC-
ACP. (Mean +SEM, n=3). Profiles demonstrate effect of the loading with ACP and

formulation on the calcium release.
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Figure 4.49: Calcium release profiles of the prepared dental films containing ACP-
standard. (Mean £SEM, n=3). Profiles demonstrate effect of the loading with ACP

and formulation on the calcium release
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4.3.5.7 Analysis of calcium release kinetics

The application of the mathematical models on the data of calcium release of the
prepared dental films revealed regression coefficients (r?) illustrated in Table 4-11
The highest regression coefficients (r?) indicate the most applicable kinetic mode of

calcium release from the prepared dental films.

Kinetics 1st Zero Higuchi Korsmeyer & Peppas
Dental films 12 k 12 Ko r? Ku r? Kkp n
0, -
1%4h agfol\,/\l/lc ACP. | 09608 | -0.0078 | 09960 | 06222 | 0.9962 | 6.8471 | 0.9968 | 21935 | 0.632
194 ahCMC-ACP,
harcme 0.8823 | -0.0002 | 09625 | 1.1668 | 09947 | 13.052 | 09908 | 23196 | 0517
0, -
2%4h aglcon:ﬂc ACP. 1 09072 | -0.0101 | 09847 | 06666 | 0.9994 | 7.3892 | 0.9987 | 1.5920 | 0.444
29%4h ahCMC-ACP,
paroMe 0926 | -0.0066 | 09769 | 0.7017 | 0.9983 | 7.8054 | 0.9961 | 2.7935 | 0.689

1%HC-ACP, EIOM | 0.8943 | -0.016 0.9083 0.7408 | 0.9954 8.156 0.9939 | 0.7469 1.098

1%HC-ACP, E10M-
FAM

2%HC-ACP, E1IOM | 0.9281 | -0.0172 0.9281 0.3479 [ 0.9805 | 3.7917 | 0.9995 | 0.4676 1.160
2%HC-ACP, E10M-

0.9083 | -0.014 0.8943 0.705 0.9964 7.76 0.9971 | 0.9627 0.950

0.937 | -0.0139 0.937 0.3254 [ 0.9880 | 3.5598 | 0.9366 | 0.6948 | 0.9366

FAM

0, -

1 A’NE?SI\'/TCP’ 09131 | 00129 | 0991 | 01392 | 0.9968 | 15367 | 0.9976 | 05511 | 0.8749
T9%NGP-ACP,

e 0.9469 | -0.0125 | 09996 | 01221 | 09891 | 1.3361 | 0.9994 | 05537 | 0.8337

0, - -

2 A’NE%F(’"GCP' 09089 | -0.014 | 098991 | 0.1166 | 0.9945 | 1.2858 | 0.9965 | 04360 | 0.9563
2%NGP-ACP,

i 09364 | -0.0142 | 09997 | 0.0653 | 09872 | 07138 | 09999 | 03356 | 0952
1%A%P1'§$”dard' 08454 | 00146 | 09714 | 01695 | 0.9965 | 1.8888 | 0.9775 | 0.4706 | 1.0178
1%-ACP-standard,

st 0.7996 | -0.0132 | 094700 | 02217 | 09877 | 2491 | 09538 | 06277 | 0.9384
2%'Aii§;jndard' 09239 | -0007 | 089249 | 0055 | 09971 | 0.4087 | 0.9968 | 0.7207 | 04753
2%-ACP-standard,

Sy 08726 | -0.008 | 095531 | 0.0367 | 09902 | 04114 | 09847 | 06170 | 05511

Table 4-11: Fitting of calcium release data from dental films. The coloured cells

present the highest regression coefficients (r).
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4.4  Discussion
4.4.1 Calcium analysis and method validation

The analysis of the calcium ion concentration from the in vitro release samples
proved a challenge using the conventional methods described in section 4.1.4. The in
vitro release samples contained the calcium ions, phosphate ions and stabilising
agents. In addition, it was suspected that the supernatant contained non-dissociated
ACP nanocomplexes. The acidification or alkalization of samples might therefore
influence the measured calcium content. To overcome this problem, a calcium ion
selective electrode (ISE) method was selected in the analysis as the electrode has
versatility over a wide range of pH (2.5-11) (Mettler-Tolledo, 2010).

4.41.1 Calibration curves

The calcium ion content and release profiles from the prepared dental films were
determined quantitatively using the calcium ion selective electrode. Calibration
curves of millivolt (mV) versus log (ppm) calcium ion concentration were constructed
in order to generate quantitative measurements for the calcium containing samples.
The produced calibration curves showed linearity described by r? values using a
regression correlation statistical analysis. The equation to the regression line was

used to determine the calcium ion concentration in the collected samples.

4.4.1.2 Calcium ion analysis validation

The calcium ion measurements in the samples showed a significant difference
(p<0.05) between ICP and electrode methods. However, ICP method resulted in
lower readings for most of the selected samples. This suggests a systematic
difference between the methods of analysis. This is confirmed by the slope of 0.89
derived from standards of 4, 12, 20 and 40 ppm as shown in Figure 4.11.
Reconciliation of the data obtained from calcium electrode by multiplying by 0.89

correlated the two methods of analysis. These findings are in agreement with
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descriptions reported by Granholm and colleagues in determination of calcium in
black liquor (Granholm et al., 2009)

4.4.2 Analysis of calcium content in prepared ACP

The purification process for the preparation of the ACP showed an effect on the
calcium content. In addition, the washing caused a significant (p<0.05) increase of
the calcium content in isolated NGP-ACP and isolated HC-ACP. For the 4h ahCMC-
ACP, the unpurified product showed a significantly (p<0.05) higher content of
calcium than that in the isolated product. The dissolution and removal of free (non-
complexed) peptides by washing might explain the higher content of calcium in the
isolated NGP-ACP and isolated HC-ACP. This process of microfiltration had been
used in separation and determination of the free calcium and phosphate in solutions
of CPP-ACP (Reynolds, 1997). Therefore, it might be responsible for removal of
free (non-complexed) calcium and phosphate in the isolated 4h ahCMC-ACP.

4.4.3 Analysis of the effect of pH on the solubility of the isolated ACP

The ACP-standard was used as control to standardize the solubility of the isolated
ACP in sodium bicarbonate and lactic acid buffers at different pH. Sodium
bicarbonate is the major component of salivary buffer in stimulated saliva (Thylstrup
and Fejerskov,1994). The buffer of sodium bicarbonate and lactic acid was used to

simulate the conditions around tooth enamel.

To obtain equilibrium conditions, researchers have used extended stirring or shaking
times, for example the literature reports values between 17 hours to 4 days for the
solubility study of compounds (Bergstrom et al., 2004; Seadeek et al., 2007; Sugano
et al., 2006). In our studies much shorter contact times, 5 minutes was used, in order
measure the initial dissolution rates of ACP to screen the intended final dissolution
study time. In our case, this maximum was set to sixty minutes, Issues regarding the

stability of ACP in the aqueous solution were not considered.
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The lowering of pH showed an increase in the ionisation and solubility of calcium
element in all used samples of ACP. However ACP-standard was least affected
(p<0.05). In addition, the 4h ahCMC-ACP preparation showed appreciably higher
solubility in comparison to the NGP-ACP and HC-ACP samples. The pH cycle
revealed a reversible solubility in all samples that might indicate that the calcium
was re-complexed into ACP in the presence of the stabilising agent. Furthermore,
the ACP-standard showed a low solubility and supersaturated solutions are unlikely

to be formed under these conditions.

4.4.4 Adhesion analysis of the prepared hydrogels

The most appropriate probe was selected according to the results obtained from using
both 3mm and 6mm diameter cylindrical probes. The profile obtained from 3mm
diameter probe did not show a valuable difference between three samples. This
might be as a result of a small surface area of contact. Therefore a 6mm probe was

used in the analysis of adhesion tests of the prepared hydrogels.

HPMC and MC samples showed a higher stickiness and were clearly distinguishable
(p<0.05) from sodium CMC samples (Figure 4.16-a). In addition, the HPMC
samples showed a higher stringiness than sodium CMC (p<0.05) and there was no
significant difference from the MC samples (Figure 4.16-b). Furthermore, the
HPMC and MC samples showed a higher work of adhesion than the other

formulations (p<0.05) samples, as shown in Figure 4.16-c.

The results of the stickiness measurement indicate that higher values were obtained
in samples 2, 9, 15, 18, and 38. Higher stringiness values were obtained in samples
10, 16, 33 and 38. Samples 9, 15 and 18 showed highest work of adhesion. In order
to correlate the data, stickiness was plotted separately against stringiness and work of
adhesion and samples 38 and 18 showed the highest values (Figure 4.20) and there
was no significant difference between them. It was suggested that simultaneous
plotting of the three variables using a three dimensional plot might assist in

discrimination. This is shown in Figure 4.21. From this, it was seen that sample 18
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had the highest values of parameters measured and was selected as the base material

for the addition of linear and/or branched water-soluble polymers.

4.4.4.1 Tooth effect

The microstructure of the surface of the teeth (section 1.1.2) contributed toward
variance in the measurement, as the interfacial area of contact between the hydrogel
and tooth surface affects the adhesion. Thus stickiness varied consistently between
samples (p<0.05), whereas work of adhesion and stringiness were not significantly
different. This result indicates that the stickiness was a tooth surface dependent

variable while work of adhesion and stringiness were formulation dependent.

4.4.4.2 The effect of linear and/or branched water-soluble polymers mixed
with a selected hydrogel product on the adhesion parameters

HPMC is a linear polymer, while gum Arabic (acacia) is a natural branched polymer
of galactose, rhamnose, arabinose and glucouronic acid (EL-Khier et al., 2009).
During preparation of samples 66-68, an interaction between HPMC and acacia was
noticed, specifically release of water of hydration. These samples were not included
in adhesion analysis. A possible mechanism suggested is that the fixed water in
HPMC is lost by attachment of the HPMC hydroxyl groups with hydrogen bonds on
the acacia polymer. Samples 78-79, however, did not show the same behaviour
perhaps because the presence of xanthan gum accommodated the extra water.
Xanthan gum is composed of a B-D-(1,4)- glucose backbone which is a branched
trisaccharide of two f-D-(1,2)-mannose molecules separated by p-D-(1,4)-
glucouronic acid (Pongjanyakul and Puttipipatkhachorn, 2007). Sodium alginate is
salt of alginic acid which is a linear polymer composed of $-D-(1,4)-mannosyluronic
acid and a-L-(1,4)-glucosyluronic acid. Tragacanth gum consists of a mixture of 30-
40% (w/v) of water soluble tragacanthin and 60-70% (w/v) of water insoluble
bassorin (Kibbe, 2000).
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Gum Arabic, xanthan gum, sodium alginate and tragacanth gum were added to
examine whether linear and/or branched polymers can increase the adhesion

parameters of the linear polymer gel formed by HPMC-E10M.

The adhesion analysis of the prepared hydrogels, illustrates that there is no increase
in the adhesion parameters with additional excipients. The results clearly highlighted
a decrease in the adhesion parameters as a result of polymer addition. This reduction
was significant (p<0.05) for xanthan-containing samples. Conversely there was no

significant change in sodium alginate containing samples.

4.4.4.3 Mixtures of polymers

The prepared formula 95 containing a mixture of HPMC grades F4M 5% wi/v and
E10M 10% wi/v showed relatively higher adhesion properties than that of formula
18. The mixing of short and long chain of selected HPMC polymers did not show an
increase in adhesion properties that is in agreement with the Russell finding that the
long chain showed a better capability over the short chain to anchor to the surface of
the substrate (Russell, 2002). On the contrary, a decrease in the measured adhesion
was found. In addition, results indicate that the adhesion was directly proportional to
the concentration of long chain polymer rather than short chain polymer. Therefore
both formula 18 and 95 were selected to prepare dental film containing the prepared
isolated ACP.

4.4.4.4 Analysis of the adhesion properties of commercial tooth pastes

There was a highly significant difference between formula 18 and commercial
toothpaste preparations. This might be as a result of their content of anionic
surfactant (Gloxhuber et al., 1992). With regard to the tooth mousse, surfactants
concentrations are not disclosed. The toothpaste preparations used in these studies
had low adhesion properties in comparison to formulal8.
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4.4.5 Characterisation of the prepared dental films

The increase in the thickness of the prepared film with increase in the ACP loading
indicates that there was an increase in the volume of the dried film. This might be

due to low interaction and interpenetration between the polymer and the ACP.

4.45.1 Analysis of flexibility

One of the main mechanical properties that characterised in film dosage is film
elasticity or flexibility. Film elasticity has been widely described in terms of tensile
strength, percentage of elongation and Young’s modulus (Azeredo et al., 2010;
Cilurzo et al., 2010; Khunawattanakul et al., 2010; Lin et al., 1995) in addition to the
puncture strength (Bodmeier and Paeratakul, 1994). Also, the flexibility of the film
dosage form has been tested in term of number of times film folding causes cracking
in the film under strong light (Cilurzo et al., 2008; Liew et al., 2011).

The positive and negative kick-off peaks of about 4g, as shown in Figure 4.34
indicates the sensitivity of the texture analyser upon changing the direction of the
movement of the probe.

The prepared dental films were flexible and the presence of ACP significantly
(p<0.05) modified the flexibility of the prepared film causing an increase in the
firmness. The obtained flexibility profiles showed a significant (p<0.05) difference
between samples of the prepared dental films. In addition, dental films showed a
steady phase of resistance forces in the initial stages of the time scale. The
formulation of dental film, type and percentage of ACP showed a significant effect
on the duration of this phase that indicates there was a partial separation between the
dispersed particles of ACP and the polymer. In addition, the resistance forces were
affected by the HPMC grade, as is in agreement with results reported by (Fahs et al.,
2010).
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4.4.5.2 Analysis of degree of swelling

The prepared dental films with the mixture of HPMC grades E10M and F4M
exhibited a significantly (p<0.05) lower degree of swelling in comparison with those
containing only E10M. This indicates that the HPMC polymer with the shorter chain
length (grade F4M) was responsible for reducing the degree of swelling in the
prepared dental films, which is in agreement with Khan and Maheshwari (2011). In
addition, the percentages and types of the ACP showed a significant effect on the
degree of swelling. This might be due to different solubilities of ACP preparations,
as described in section 4.3.3. Sai Cheong Wan and co-workers have shown that the
poorly soluble drug decreased the swelling of the HPMC containing matrices, which
Is agreement with our findings. Unloaded films showed a significantly higher degree
of swelling than that of ACP containing dental films (Sai Cheong Wan et al., 1995).

4.4.5.3 Adhesion analysis of the prepared dental films

Generally, ACP showed an effect on the adhesion properties of the prepared dental
films. The NGP-ACP and 4h ahCMC-ACP showed a significant (p<0.05) lowering
effect on the stickiness of the prepared dental films in comparison with blank dental
films. However, HC-ACP containing films did not show a stickiness lowering effect.
This difference may be attributed to the difference in the surface roughness property
of the dental films, as mentioned in section 4.3.5.1. The rough surfaces in dental
film formulations containing NGP-ACP and 4h ahCMC-ACP resulted in a decrease
of contact area between the probe surface and HPMC in the dental film resulting in a
reduction of the detachment area and consequently the adhesion. This finding agrees
with that reported by Persson and Tosatt (2001).

A significant lowering effect of ACP on the work of adhesion was obtained in dental
films containing 4h ahCMC-ACP. This effect might be due to the low physical
bonding between the ACP particles and HPMC. In addition, the inclusion of ACP
dental films produce no significant effect on the stringiness in comparison with

unloaded dental films.
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4.4.5.4 Calcium release study of the prepared dental films

The calcium release data showed the influence of the type and percentages of the
loaded ACP on calcium release from samples of the prepared dental films, as well as,
the influence of the dental film formulations. A higher percentage of calcium release
was obtained in the dental film containing a 1% w/w loading of ACP. This indicates
that the 2% w/w ACP had a higher interaction with HPMC polymer that might be
interfere with the dissolution of the dental film.

Dental films containing 4h ahCMC-ACP showed the highest percentage of calcium
release which correlated with the result obtained from the pH-solubility study of the
prepared ACP (section 4.3.3). Dental films containing ACP-standard showed the
lowest release of calcium, suggesting a strong direct relationship between the
solubility of ACP and the total amount of the released calcium from HPMC-based
film, in agreement with data reported by Chakraborty and co-workers (Chakraborty
et al., 2009).

The calcium release study from the prepared dental films showed the effect of the
formulation on the calcium release. The prepared dental films containing mixture of
HPMC grades of E10M and F4AM exhibited a higher calcium release in comparison
with those containing only E10M. This indicates the presence of low molecular
weight HPMC grade (F4M) enhanced the dissolution of ACP and calcium release,
which may be as a result of the lower viscosity, as reported by (Akbari et al., 2011)
and Campos-Aldret and Villafuerte-Robles (1997).

The kinetics of the calcium release from the prepared dental films were studied using
four different models in order to understand the behaviour and the factors that
control the calcium release. The highest obtained r? from the data analysis of calcium
release Kinetics proved the diffusion release behaviour of calcium from all the
prepared dental films except 1%NGP-ACP, E10M-F4AM and 2%NGP-ACP, E10M-
F4M dental films which showed a zero order release of calcium. However, 1%NGP-
ACP, E10M-F4M and 2%NGP-ACP, E1I0M-F4M dental films showed r? of 0.9891
and 0.9872 respectively, suggesting a fit the Higuchi model.
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The application of the Korsmeyer-Peppas model suggested Fickian diffusional of
calcium release in 1% 4h ahCMC-ACP_E10M-F4M, 2% 4h ahCMC-ACP_E10M,
2% ACP-standard_E10M and 2% ACP-standard_E10M-F4M dental films. However
the rest of the dental films exhibited a non Fickian and super case-11 transport. The
super case Il is the case in which the diffusion of calcium ion might be associated
with polymer relaxation and erosion throughout the formation of hydrated gel layer,
as reported by Sriamornsak and Sungthongjeen (2007) and Cox et al. (1999).

These findings support the proposal that the effect of thepolymer on the release of
calcium from dental films depends on the solubility of ACP and the polymer
behavior in the dissolution media, whether swollen, eroded and/or diffused. If
erosion is slower than the diffusion process, the release from polymer will be
controlled by diffusion. If the diffusion of dissolution media into the polymer is
faster than erosion but slower than polymer relaxation, swelling potentially controls
the calcium release. If the erosion is the fastest process, drug release is dominated by
this effect.

Finally, the calcium release kinetics indicated that the prepared dental films showed
complex behaviour of swelling, diffusion and erosion to release calcium. These inter-
relationships of polymer swelling, erosion and diffusion depend on polymer and

ACP solvation effects, loading and type of ACP, as shown in Figure 4.50.
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Swelling

Diffusion process

Figure 4.50: The mechanisms of calcium release from dental film containing ACP.

Calcium released by diffusion, polymer swelling and polymer erosion.

4.5 Conclusions

The isolation process was successful in increasing the calcium content in NGP-ACP
and HC-ACP. However, there was a decrease observed for the 4h ahCMC-ACP
preparation. A reversible solubility of the prepared ACP was obtained upon a cycle
of pH change and 4h ahCMC-ACP showing solubility higher than NGP-ACP and
HC-ACP at all pH conditions investigated. The hydrogel formulations of 3% wi/v
HPMC (E10M grade) and a mixture of 2% w/v E10M and 1% w/v F4AM HPMC
grades appear to be suitable for the formulation of a flexible dental film containing
ACP and can be produced by a casting method. The physical properties of the
prepared film are affected by the type and percentage loading of ACP.

The solubility of ACP has a direct effect on the calcium release from ACP-
containing dental films. The kinetics of calcium release followed a Higuchi mode,
with different diffusional models of Fickian, non-Fickian and super case Il transport,
depending on the type and percentage loading of ACP, as well as the grade of
HPMC. Dental films containing 2% w/v 4h ahCMC-ACP and 2% w/v HC-AC
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formulated with a mixture of 2%w/v E10M and 1% w/v F4M are the most

appropriate to deliver calcium ions for dental enamel remineralisation.

Further study was directed to the in vitro retaining effect of the prepared ACP on an
orally relevant biofilm in the next chapter. Then dental enamel remineralisation
efficiency on a human enamel blocks using 2% w/w 4h ahCMC-ACP and 2% w/w
HC-ACP dental films prepared from a mixture of 2% w/v E10M and 1% w/v F4M
HPMC grades is investigated in the subsequent chapter.
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Chapter 5. Dental biofilm

5.1 Introduction:

The pellicle is a film of non-cellular bacteria-free salivary proteins formed on the
enamel surface of teeth exposed to the oral environment. This layer affords a suitable
surface for bacterial adherence at the first stage of plaque formation (Yao et al.,
2001). This film, known as the acquired pellicle, is composed of glycoproteins,
mucins, proline-containing proteins, histidine-containing proteins and enzymes such
as o-amylose. Bacterial attachment and colonization on this pellicle will form a
dental plague. Thus, the term dental biofilm refers to acquired pellicle and dental

plaque (Quirynen et al., 2005).

5.1.1 Biofilm formation

The majority of microorganisms within mature dental biofilm are attached to each
other for colonization (Costerton et al., 1995). The primary survival mechanism of
microorganisms is attachment and retention to the surface (Marsh, 2005). The
surface roughness has been shown to have a potentl effect on the adherence of
bacteria to the tooth surface, probably as a result of providing protected sites and a
larger surface area for colonization subsequent to biofilm formation (Gurgan et al.,
1997). It is reported that up to 500 species have the capability of colonising the tooth
as a biofilm (Page et al., 2000).

Hannig and colleagues developed an in situ biofilm model by mounting of
appliances containing enamel specimens in the intraoral space of human subjects for
periods of 2, 6, 12 and 24 hours (Hannig et al., 2003). The bacteria Streptococcus
mutans has the ability to form glucans from sucrose by glucosyl transferases, which
is important for adhesion and biofilm formation. On this basis, it has been considered

the principal causative factor for dental caries (Li et al., 2009).
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5.1.2 Biofilm microstructure:

The biofilm thickness is affected by the presence of some substrates. For example, it
is greatly increased when sucrose is added to the culture media. In contrast, a mucin-
limited media produced a thin porous film (

Figure 5-1).

Figure 5-1: Biofilm microstructures grown in a continuous culture biofilm system

under either: (a) mucin-limited or (b) sucrose-supplemented conditions. Images
stained with ethidium bromide. From (Singleton et al., 1997)
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The microstructure and molecular modeling of the cultured biofilm has been
characterized by confocal imaging, as shown in Figure 5-2. The confocal images of
were simulated in to two and three-dimensional models to analyse the diffusivity of

the oral biofilm.

Reconstructed biomatrix

N Sample Trajectories of
'+ diffusing species. 4um

Figure 5-2: Three-dimensional diffusion simulation in an extracted biofilm

microstructure. From (Singleton et al., 1997)

5.1.3 Biofilm compositions

Yao and colleagues described protein components of the pellicle produced under in
vitro and in vivo conditions. The components were analysed by gel electrophoresis
and mass spectrophotometry. Eleven main proteins were identified from in vitro
pellicle and in vivo pellicle which showed an existence of albumin, amylase,
lysozyme and statherin, in addition to several fragmented precursor proteins. The
pellicle proteins produced in vivo differed from those produced in vitro, with a low

content of proline-rich proteins, which might have arisen from exclusively oral
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contents (Yao et al., 2001). Siqueira and Oppenheim subjected similar specimens to
centrifugal and gel filtrations followed by LC-MS analysis. Seventy eight natural
peptides, originating from 29 different proteins, were identified in the enamel pellicle

acquired in vivo (Siqueira et al., 2009).

5.1.4 Objectives

The objectives of this short investigation were to culture an orally relevant biofilm
on a limited number of human tooth samples to assess whether adhesion of the
preparation might be an issue. The films were characterised using an upright
fluorescence microscope. The effect of cultured biofilm on the tooth surface
hydrophobicity and adhesion properties were analysed by contact angle measurement
and adhesion tests on a selected formula. In addition, the effect of the concentration
of isolated ACP produced by methods described in Chapters 2 and 3 and added to the
media on the cultured oral biofilm was studied. Confocal scanning microscopy was

used to determine the effect, measuring thickness of biofilm as a marker.
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5.2 Materials and methods

5.2.1 Materials

Brain-heart broth (BHI) and sodium fluorescein were purchased from Sigma-Aldrich
UK.

5.2.2 Oral relevant biofilm growth on teeth samples

An orally relevant biofilm was cultured followingcollection of 5 mL saliva from each
three adult volunteers in the morning before brushing. The collected saliva was
pooled and 2 of 3 mL were inoculated into 2 conical flasks containing 250 mL of
brain heart infusion broth and incubated for 5h at 37° C. One batch was incubated
anaerobically while the other was incubated aerobically with shaking. The aerobic
incubated flask was then added to the other with gentle mixing and 5mL of the
prepared inoculum was added to 45 mL of freshly prepared and sterile BHI. Three
tooth samples were immersed in the prepared mixture and incubated for 24h at 37°C.
Following incubation, samples were removed and immediately used in the

experiments.

5.2.3 Examination of cultured biofilm

The imaging of the cultured biofilm was carried out using an upright microscope
with 40x objective lens and a fluorescent light to illuminate the tooth surfaces. The
selected tooth samples were T5, T8 and T9.

5.2.4 Effect of biofilm on the adhesion properties of 15% (w/v) HPMC- E10M

The tooth samples (T1, T2 and T3) were selected to study the effect of biofilm on the
adhesion parameters of 15% (w/v) HPMC-E10M using a 6 mm diameter cylindrical
probe. The adhesion test setting used was the same as that applied in a previously

described protocol (see section 4.2.4).
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5.2.5 Effect of biofilm on the hydrophobicity of teeth surfaces

Contact angle measurements were used to estimate the change in the degree of
hydrophobicity of tooth surface using the teeth samples with the flattest surfaces (T5,
T8 and T9). 5uL distilled water was dropped onto the tooth surface and the contact
angles were estimated using an average of measurements derived from approaching
and retiring sides using Infinity Analyse™ software ver. 5.0.3, as illustrated in
Figure 5-3. The controls used were the contact angles for the teeth free from

biofilms.

Contact
angle

Contact /_ Droplet
angle _

Figure 5-3: Image showing the contact angle measurement method: The angles of
tangents to the baselines (drop-tooth surface contact interface). Tangents were drawn

by setting two circles fitting to the drop surface at the edges.

5.2.6 Effect of ACP on biofilm

The effect of prepared isolated ACP on thebiofilm was studied by incubation of the
culture media (section 4.2.1) with additions of 0, 2, 4 and 8% (w/v) of isolated NGP-
ACP, HC-ACP and 4h ahCMC-ACP for 72 hours at 37° C on a rough glass surface.
The rough surfaces were generated by scratches made on a glass cover slide, as
shown in Figure 5-4. At the end of the experiment, the glass cover slides containing
cultured biofilm were rinsed with normal saline (0.9% w/v NaCl) for a minute then
immersed in 0.2% (w/v) sodium fluorescein for a second minute for staining. The
samples were then rinsed with normal saline for a minute and then left in hood for an
hour to dry. The prepared samples were then transferred onto glass slides and

covered with cover slips sealed with grease, as shown in Figure 5-5.
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Glass cover slide

G Scratched surface

Scratches

Figure 5-4: Drawing of the rough surface for biofilm culture, generated by scratching

on the glass cover slide.

L Glass cover slide
{ (=
Glass slide
O

Figure 5-5: Diagram illustrates slide preparation of cultured biofilm for confocal

microscopy.

Two and three dimensional images were taken with Leica-SP5 confocal laser
scanning microscope based on Dr600B upright Leica (objective 40x (NA1.25
HEXPL. APO) oil immersion lens; Velocity ver. 5.5 (Improvision, Perkin-Elmer).
Three-dimensional images were created by taking stacks of 2 microns thickness
images moving from the bottom to the top of biofilm. The thickness of biofilm was
calculated as mean depth of sixteen pre-set positions on the image field, as shown in
Figure 5-6.
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Figure 5-6: Diagram showing the sixteen pre-set positions of thickness measurement

using 3-dimensional confocal image technique.

5.2.7 Statistical analysis
One-way ANOVA with Tukey’s post-hoc test (Minitab V.16) was used to analyse
the effect of biofilm on the tooth surface hydrophobicity and the adhesion properties.

In addition, this test was used to analyse the effect of the type and concentration of
isolated ACP on the thickness of the cultured biofilm.
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5.3 Results

5.3.1 Examination of cultured biofilm

Microphotography of the cultured biofilm on tooth samples showed a considerable
difference between individual tooth samples. For example, T5 showed extensive
coverage of the tooth surface with biofilm spots, as shown in Figure 5-7, while T8

and T9 showed few spots (Figure 5-8 and Figure 5-9).

Figure 5-7: Microphotography of the cultured biofilm on the surface of T5 shows

large number of biofilm spots.

Figure 5-8: Microphotography of the cultured biofilm on the surface of T8 shows

fewer biofilm spots than for T5.
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Figure 5-9: Microphotography of the cultured biofilm on the surface of T9 shows

low number of biofilm spots.

5.3.2 Effect of biofilm on the adhesion properties of 15% (w/v) HPMC- E10M

The adhesion parameters of 15% (w/v) HPMC- E10M on teeth surfaces having a
cultured biofilm were measured. There was no significant effect of the biofilm on these
measurements of adhesion of 15% (w/v) HPMC- E10M as shown in Figure 5-10.
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Figure 5-10: a) Mean Stickiness, b)-work of adhesion and c)-Stringiness for T1, T2 and
T3 control and cultured biofilm (n=3). C = control and B = biofilm (Mean £SEM, n=3).
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5.3.3 Effect of biofilm on the hydrophobicity of teeth surfaces

The contact angle was used to estimate the hydrophobicity of the flat surfaces. The
angles were measured on the tooth surfaces by taking the average of both side angles
of the drop as well as of the bubble (Lelah et al., 1985). Teeth surfaces mostly are
characterised by irregular to concave planes. To compensate for this disparity,
average contact angles of both sides were measured and used for the analysis of
effect of the biofilm on hydrophobicity. Figure 5-11 shows the effect of cultured

biofilm on the measured contact angle of teeth samples.

40 ~

35 - T

30 - = _|_

25 A *
20 A T

15 -

Average contact angle

10 -

" T5-C | T5-B | T8-C | T8-B | T9-C | T9-B |
Teeth samples
* Significant difference (p<0.05)
C=Control
B= biofilm.
Figure 5-11: Contact angles of control and cultured biofilm on surfaces of teeth
samples (Mean £SEM, n=3).

5.3.4 Effect of ACP on biofilm thickness

Confocal images with measured biofilm thickness were obtained as shown in
Figure 5-12. The measured thickness of the produced biofilms indicates that the
isolated ACP had an effect on thickness of the biofilm produced. This effect varied
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depending on type and percentage of ACP. However, 2% (w/v) percentage produce a
difference from the controls for all types ACP, with higher percentages generally
showing a decrease in biofilm thickness, as shown in Figure 5-13.
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Figure 5-12: A three dimensional confocal image shows measured thickness of

biofilm at sixteen pre-set positions.
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Effect of isolated ACP on thickiness of biofilm
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Figure 5-13: Effect of ACP concentrations on biofilm thickness grown on a scratched
glass cover slide.
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5.4 Discussion

5.4.1 Examination of cultured biofilm

The obtained images showed a large difference in the density of biofilm spots on the
teeth surfaces. This observation might result from differences in the storage
conditions and undisclosed pre-treatment might cause inhibitory effects in the
culture. In addition, the enamel surface roughness might have played an important
role in the culture of the biofilm between teeth samples, as suggested by the findings

of Gurgan and colleagues (Gurgan et al., 1997).

5.4.2 Effect of biofilm on the adhesion properties of 15% (w/v) HPMC- E10M

The similarity in the adhesion properties between control and test indicates that the
cultured biofilms were not sufficient to cover teeth surfaces and cause a change in
the adhesion parameters. This result might be caused by the short incubation period
or a deficiency in the media used, an observation in agreement with Li and
colleagues (Li et al., 2009), who used sucrose solution 1% (w/v) to fortify the culture

of the oral biofilm.

5.4.3 Effect of biofilm on the hydrophobicity of teeth surfaces

The hydrophobicity of thetooth surface was analysed as a function of dental biofilm

formation in this experiment. Bacillus subtilis biofilm was analysed for wetting
resistance against different water/ethanol volume ratios using contact angle
goniometer (Epstein et al., 2011). The biofilm effect on the hydrophobicity of the
tooth surface was found to have a significant effect (p<0.05) observed for T8, but
this was not observed in the other tooth samples.
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5.4.4 Effect of ACP on bhiofilm

Glass cover slides were scratched to support the biofilm culture instead of dental
enamel because of transparency and lack of sufficient quantity of dental enamel
blocks. Hydroxyapatite discs were used by Hope et al. (2003) to support the cultured

biofilm and this is apotential alternative to glass.

An equal thickness of cultured biofilm was observed in controls and 2% (w/v) ACP,
whereas 4% (w/v) of NGP-ACP and HC-ACP showed a non-significant decrease in
the thickiness. Higher percentage incorporation led to a significant reduction in
thickness of biofilms (p<0.05). In addition, 4% and 8% (w/v) of the 4h ahCMC-ACP
preparations showed a comparable effect. Thus 4h ahCMC-ACP exhibited a higher
efficiency in reducing biofilm in culture. This finding is in agreement with recent
work in which the presence of CPP-ACP caused a delay in the formation of biofilm
(Rahiotis et al., 2008).

5.5 Conclusions

This short series of studies indicate that the cultured biofilm on a tooth surface had
little effect on the adhesion properties of 15% (w/v) HPMC-E10M. However, the
effect of the biofilm was not conclusive since the measured hydrophobicity of teeth
surfaces varied within and between the tooth samples. This suggested that a larger
number of teeth would be required and there was insufficient time at the end of the
study period to embark on a fresh study. Nevertheless, some promising data was
obtained which justified the inclusion of this piece of research in the thesis. All the
prepared isolated ACP showed a promising inhibitory action on cultured orally
relevant biofilm at 8% (w/v), in addition 4% (w/v) 4h ahCMC-ACP exhibited a
similar inhibitory to the 8% (wi/v) preparation.
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Chapter 6. Enamel remineralisation potential of 2% w/v 4h
ahCMC-ACP and 2% w/v HC-ACP containing dental films
prepared from a mixture of 2% w/v E10M and 1% w/v F4M
HPMC grades

6.1 Introduction

6.1.1 Demineralisation and remineralisation

After meals or sugar-containing drinks, the bacterial population of the oral cavity
ferments the carbohydrate leading to the formation of cariogenic metabolites
supporting plaque, particularly in susceptible areas of the tooth surface, such as
crevices and gaps that are not readily cleane. The cariogenic metabolites
demineralise the tooth enamel and establish a lesion, usually visible as white spot on
illumination. The plaque works as a barrier that prevents the pH neutralisation and
tooth remineralisation by the secreted saliva, which is saturated with calcium and
phosphate. Under neutral pH conditions, the demineralisation is stopped or reversed
(remineralisation) by the presence of the calcium and phosphate ions, which form a
saturated solution in the saliva (Lata et al., 2010). The pH cycle of plaque
acidification and neutralisation is therefore parallel with cycle of demineralisation
and remineralisation of the enamel (Lippert et al., 2004). Increasing demineralisation
produces a greater dissolution of enamel and dentine, ending with lesion cavitation
(Featherstone, 2008). To treat demineralised enamel, calcium and phosphate ions are
required, in addition to the establishment of a neutral pH. However, at a neutral pH
the ions combine to form a sparingly soluble calcium hydrogen phosphate. The
amorphous material (ACP) provides supersaturation in the casein fraction (CPP-
ACP) and has shown potential remineralising efficiency on tooth enamel (Reynolds,
2008; Reynolds, 2009).
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6.1.2 Determination of the degree of enamel demineralisation or

remineralisation

The early stage of the caries lesion is manifested as a slight increase in the porosity
of the enamel sub-surface region (Kidd et al., 2004) and the more dense hard enamel
reflects a higher content of minerals (Bonar et al., 1991). Following this observation,
scientists have extensively used the enamel porosity as a parameter to measure the
degree of demineralisation or remineralisation of enamel. In addition, the porosity
has been utilized for detection of carious lesions using techniques such as
quantitative light-induced fluorescence, electrical resistance and radiography (Kidd
et al., 2004). Microradiography produces a photographic image obtained by the X-
ray absorbance of an enamel slice. Proprietary software is then used to quantify the
mineral content in term of volume percentage, as shown in Figure 6.1. The use of
microradiography in dental research is mentioned in an early report by Angmar and
co-workers in 1963 (cited by Damen et al., 1997) and used in enamel

remineralisation analysis (Amaechi et al., 2001).

Mineral content (vol %)

Depth (um)
Figure 6.1: A TMR image of bovine enamel with subsurface artificial lesion. From
Damen et al. (1997).
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The analysis of the relationship between the mechanical characteristics of dental
enamel and its microstructure and chemistry facilitates a means to evaluate a range
of dental treatments (Cuy et al., 2002). The micro hardness test has been used to
analyse the mechanical properties of the tooth enamel by nano-indentation and
micro-indentation techniques. The technique of indentation uses a Vicker’s indenter
(Figure 6.2). Kinney and co-workers have used the nano-indentation technique
previously to measure the hardness of human peri-tubular and inter-tubular dentine
(Kinney et al., 1996). In addition, nano-indentation has been utilized to investigate
the effect of in vitro demineralisation and remineralisation on human tooth enamel
(Lippert et al., 2004).
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Figure 6.2: Diagram of nanoindentation testing and the profiles result.
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Electron probe microanalysis (EPMA) was firstly introduced in dental applications in
1961 by Boyde and colleagues (Boyde et al., 1961) and generally was used in the
quantitative determination of the major elements in tooth caries lesions (Ngo et al.,
1997). It is a non-destructive elemental analysis at a micron-sized surface. Basically,
it provides the quantitative and qualitative determination of the ionization of
elements at the focus of the beam by measuring the specific X-ray signature from the
surface, as shown in Figure 6.3 (Cameca, 2010).

The use of EPMA has been developed from a qualitative (Besic et al., 1969) to a
quantitative analysis of the calcium and phosphorus content in the human teeth
(Wirsing et al., 1974); (Sanchez-Quevedo et al., 1998); (Arnold et al., 2007).
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Figure 6.3: Cameca SX100 electron probe microanalysis. From Industry (2011).
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6.1.3 Objectives

The objective of the work descried in this chapter was to explore the enamel
remineralisation efficiency of 2% (w/v) 4h ahCMC-ACP and HC-ACP containing
dental films prepared with a mixture of 2% w/v E10M and 1%w/v F4M using the
EPMA technique to quantify the depth of enamel remineralisation. The
quantification has to be carried out in depth of the enamel blocks by counts mapping
of calcium and phosphorus deposition on the surface of cross-section of enamel
blocks.

6.2 Materials and methods
6.2.1 Chemicals

Lactic acid, sodium fluoride, calcium chloride dihydrate and sodium dihydrogen
phosphate were purchased from Sigma-Aldrich UK. Artificial saliva Xialine II™

was prepared as mentioned in section 4.2.3.

6.2.2 Teeth samples and enamel blocks

Human incisors were obtained from the University of Dundee / Dental School,

Teeth samples and enamel blocks were kept moist with prepared artificial saliva

Xialine 1™,

6.2.3 Methods

The demineralisation solution was prepared from calcium chloride dihydrate
(2.2mM), sodium dihydrogen phosphate (2.2mM), lactic acid (0.05M), fluoride
(0.2ppm as sodium fluoride) and pH was adjusted to 4.5 using 50% w/v sodium
hydroxide (Lata et al., 2010). The enamel blocks were prepared by cutting off a
plane parallel labial slice of the tooth surface using a high-speed diamond saw as

shown in Figure 6.4. The labial surface of the enamel block was flattened by a
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diamond disc in order to standardise the surface for remineralisation analysis. Each
block had been coated with nail varnish leaving the flattened labial surface exposed
for experimentation. The preliminary stage of enamel subsurface carious lesion was
generated by immersion of the enamel block into demineralising solution for three
days at 37° C. The enamel block with an induced carious lesion was then cross-
sectioned into two parts, control and test. The outsides of the samples were also
coated with nail varnish. The control was treated by a regimen of daily pH cycling of
demineralisation for 3h followed by 21h in prepared artificial saliva of Xialine II™,
for five successive days at 37° C. The test samples were treated by application of a
pre-wetted piece of the dental film containing ACP, with prepared artificial saliva of
Xialine 1™, for one hour. The residue of the applied dental film was removed from
the sample using tissue and artificial saliva of Xialine II™, Test enamel was then
demineralized for 3h followed by 20h in the prepared artificial saliva of Xialine II™,
The same regimen was used for five days at 37° C. The treated enamel blocks were
then cross sectioned by diamond saw and positioned in acrylic block using
cyanoacrylate glue, so that the surface of enamel in depth was exposed to elements
mapping for the calcium and phosphorus content. A thin carbon coat was applied
under vacuum in order to prevent surface charging by the electron bombardment. A
Cameca-SX100 (France) electron probe microanalysis with three wavelength
dispersive X-ray detectors (WDX) were used for elements mapping of the calcium
and phosphorus deposition on the surface of the enamel block. The measurements
were performed using a 10 keV acceleration voltage and 40 nA beam current. X-ray
intensities were measured for calcium Ko=3.690 and phosphorus Ka=2.010 (Bruker-
Elemental, 2011) simultaneously by three spectrometers, one for calcium and two for

phosphorus.

6.2.4 Statistical analysis

The remineralisation effect was measured in term of counts mapping of the calcium
and phosphorus atoms deposition at the surface of cross-sectioned enamel blocks.
The efficiencies of 2% (w/v) 4h ahCMC-ACP and of 2% (w/v) HC-ACP containing

dental films were compared to the control enamels using t-test analysis.
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Figure 6.4: Flow diagram illustrating the steps in the remineralisation study on an
enamel block and sample preparation for electron probe microanalysis.
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6.3 Results

The maps of calcium and phosphorus counts of the control and test enamel blocks

were obtained, as shown in Figure 6.5 and Figure 6.6. The test enamel treated by 2%

(w/v) 4h ahCMC-ACP containing dental film, showed a higher density of calcium

and phosphorus than that in control enamel. The test enamel treated by of 2% (w/v)

HC-ACP containing dental film showed a relatively similar elemental density to the

control enamel.
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Figure 6.5: The electron probe microanalysis maps of calcium and phosphorus

counts of the control and test remineralised enamels with 2% (w/v) 4h ahCMC-ACP

containing dental film. The test enamel shows a higher elemental density in

comparison to the control enamel using a regimen of remineralisation for 5 days on

artificial carious lesion prepared by 3days of demineralisation.
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Figure 6.6: The electron probe microanalysis maps of calcium and phosphorus in

counts of the control and test remineralised enamels with 2% (w/v) HC-ACP

containing dental film. Test enamel shows a relatively similar elemental density in

comparison to the control enamel using a regimen of remineralisation for 5 days on

artificial carious lesion prepared by 3days of demineralisation.

The maps were scanned into count calcium and phosphorus and the obtained data

were transferred into profiles of smooth lined scatter as shown in Figure 6.7 and

Figure 6.8 using Microsoft Excel 2011(Mac).
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Figure 6.7: Profiles of the calcium and phosphorus counts for control and test enamel
treated by of 2% (w/v) 4h ahCMC-ACP containing dental film. Test enamel shows a
higher level of elemental counts than that in control enamel using a regimen of

remineralisation for 5 days on artificial carious lesion prepared by 3days of

demineralisation.
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Figure 6.8: Profiles of the calcium and phosphorus counts for control and test enamel
treated by of 2% (w/v) HC-ACP containing dental film. Both enamels show

relatively similar levels of elemental counts using a regimen of remineralisation for 5

days on artificial carious lesion prepared by 3days of demineralisation.
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In order to intensify the differences between the control and test, increasing the
period of the preliminary subsurface carious lesion to 6 days was carried out. In
addition, the remineralisation regimen on the test enamel was changed to ten
successive days of a daily application of dental film for an hour followed by a 3h
period of demineralisation and 8h in artificial saliva, another dental film was then

applied for an hour, followed by 11h in artificial saliva.

The maps of calcium and phosphorus counts obtained from the modified regimen of
remineralisation are shown in Figure 6.9 and Figure 6.10 for 4h ahCMC-ACP and
HC-ACP containing dental films respectively. Figure 6.11 and Figure 6.12 show the
smoothed profiles transferred from the maps of calcium and phosphorus counts of

the enamel blocks.

Calcium control Phosphorus control
40— - 600 g a00 .H 140
L TRAA = ey 120
| 500 g _\\. e A oo
300 ! : 00 & 300 - e 1B SR ?| 80
€ 300 ,;j e ~ 3 " ,.‘:": 3 ig
g 2004 4 200 2 8 200 44 4 j.‘_ , 20
Counts arew 2 S
100 - 100 0
»~ ‘ . ..' -’ ‘ - ; - - : " :
] Ty (o] -'-""-'-""""""""""""""ﬁ
0 50 100 150 200 o 50 100 150 200
distance (um) distance (um)
Calcium test Phosphorus test

T
2000

1500

400 I ——
| ' Ay R 400

300 300 300

1000 200

500 100

(sunod) eubis Xam e €D

r

200 -

distance (um)
N
o
o
1
distance (um)

100 - 100 -

0 +rrrrrr e
(o] 50 100 150 200
distance (pm)

D e G
Figure 6.9: The electron probe microanalysis maps of calcium and phosphorus
counts in control and test remineralised enamels with 2% (w/v) 4h ahCMC-ACP
containing dental film. The test enamel shows a higher elemental density in
comparison to the control enamel using a regimen of remineralisation for 10 days on

artificial carious lesion prepared by 6 days of demineralisation.

195



Calcium control

Counts area

300 -

200 -\

100 4

distance (um)

400 -ii‘H
L

o Jetiife hg

o 50

100 150 200

distance (pm)

Calcium test

300

»
>

200 4

distance (pum)

100 . *

9] 50

A »
)

100 150 200

distance (pum)

IS
600 2
500 é
400 o

a
300 3
200 5 ©

g3
;oo e

s
R
o
IS
2000 Z
g
1500 §
o
1000 3
=&
500 83
2
33
3
0 =g
@
3

Phosphorus control

400

140
120
100
80
60
40
20

300

200

100

0 50 100 150 200

distance (pm)

Phosphorus test

200

100

0+ e
(o] 50 100 150 200
distance (pum)

Figure 6.10: The electron probe microanalysis maps of calcium and phosphorus

counts in control and test remineralised enamels with 2% (w/v) HC-ACP containing

dental film. The test enamel shows a higher elemental density in comparison to the

control enamel using a regimen of remineralisation for 10 days on artificial carious

lesion prepared by 6 days of demineralisation.
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Figure 6.11: Profiles of the calcium and phosphorus counts for control and test
enamel remineralised by the modified regimen using of 2% (w/v) 4h ahCMC-ACP
containing dental film. The test enamel shows a higher level of elemental counts than
that in control enamel using a regimen of remineralisation for 10 days on artificial

carious lesion prepared by 6 days of demineralisation.
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Figure 6.12: Profiles of the calcium and phosphorus counts for control and test
enamel remineralised by the modified regimen using 2% (w/v) HC-ACP containing
dental film. The test enamel shows a higher level of elemental counts than that in
control enamel using a regimen of remineralisation for 10 days on artificial carious

lesion prepared by 6 days of demineralisation.
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6.1 Discussion

The quantitative evaluation of the change in the calcium and phosphorus density that
occurred in the test and control remineralised enamels demonstrated that the EPMA
technique was appropriate for this assessment. The first regimen of remineralisation
showed a significant (p<0.05) remineralisation effect of the 2% (w/v) 4h ahCMC-
ACP containing dental film on the enamel samples, While 2% (w/v) HC-ACP
containing dental film showed a non-significant remineralisation effect. The
difference between the remineralisation effects of the 2% (w/v) 4h ahCMC-ACP and
2% (w/v) HC-ACP containing dental films might be related to the released amount
of calcium and phosphorus from the dental films, which correlated to the previously
obtained significant higher release of calcium from 2% (w/v) 4h ahCMC-ACP
containing dental films in section 4.3.5.6.

The modified regimen of remineralisation showed a significant (p<0.05)
remineralisation effect of both 2% (w/v) 4h ahCMC-ACP and 2% (w/v) HC-ACP
containing dental films. The twice daily applications of dental film significantly
intensify the remineralisation efficiency of the prepared dental films that indicates
the importance of dosing regimen on the remineralisation, which is might be the
cause of the non-benefit of hardening of the previously softened enamel reported by

Wegehaupt and colleagues (Wegehaupt et al., 2011)

Finally, the remineralisation effect of the prepared dental films was observed to
occur in these experiments up to a depth of 400um which is much deeper than that
obtained by Yamazaki and Margolis of about 150 (2008). In addition, it did not
superficially remineralise the test enamel leaving demineralised areas underneath as
was observed using a sugar-free chewing gum containing CPP-ACP (Shen et al.,
2001); (lijima et al., 2004). It is accepted that the type of ACP and regimen used in
these experiments were probably closes to optimisation than those previously

reported.
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6.2 Conclusions

In summary, this study has demonstrate that the EPMA technique showed the
capability to quantify the depth of enamel remineralisation throughout the counting
of elemental deposition of calcium and phosphorus on the surface of cross-sectioned
enamel blocks and a regimen of 6 days preliminary subsurface carious lesion
generation and ten days of twice a day application of dental is suitable to obtain an
intensified remineralisation effect. Both 2% w/v 4h ahCMC-ACP and 2% w/v HC-
ACP containing dental films prepared with a mixture of 2% w/v E10M and 1%w/v
F4M had a substantial remineralisation efficiency on human enamel blocks with

constant and even deposition of calcium and phosphorus in depth of 400um.

199



Chapter 7. Summary and future work.

Dental caries continues to be a major public health problem affecting 60-90 % of
school aged children and most adults, although it is mostly an avoidable disease It is
a reversible disorder initiated with enamel dissolution by acidic metabolite of the oral
flora and, within a certain limit, reversed by remineralisation with saliva enriched
with the essential elements at neutral pH. Therefore, the reinforcement of the
remineralisation plays an important role in the prevention strategies for dental caries.
Based on the chemical microstructure of the human enamel, the dynamic movement
from demineralisation to remineralisation involves dissolution and deposition of
hydroxyl (in demineralisation), fluoride (in remineralisation), calcium and
phosphate. Thus, most prevention strategies depend on the bioavailability of these
elements. Fluoridation to decrease dental decay employs fluoridated water, salt and
toothpastes. The fluoridation of water has been considered to be the most successful
strategy in the developed countries, with each US $ spent saving $8 to $49 in the cost
of future dental treatment. This is equivalent to a $4.6 billion annual cost saving in
the United States. However, this mass treatment is not without itscritics arguing
about effectiveness and warning of the intoxication signs for dental and skeletal
fluorosis associated with over dosage. This is a special concern for ingested fluoride

supplements.

An alternative proposed the use of toothpaste enriched with fluoride, calcium and
phosphate. This concept had been explored, with a realization that there would be a
limitation in remineralisation efficiency due to the low solubility of the calcium
phosphate salt that forms at neutral pH. For this reason, milk casein in a calcium,
citrate and phosphate micellar complex has been suggested as a more suitable
ingredient for a remineralisation formulation. Reynolds led investigations using the
tryptic digestion of casein, which showed a promising result that led to preparation of
CPP-ACP. Following this lead, numerous studies have been conducted on the
remineralisation effect of the CPP-ACP loaded into different application forms
including solution, chewing gum and toothpaste. Commercially, two brands of MI
Tooth mousse GC® and Trident Xtra Care® containing CPP-ACP are available in the

market.
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The argument developed in this thesis is that, regarding CPP, additional groups
might play a role beside the Pse-Pse-Pse-Glu-Glu peptide cluster in the amorphous
calcium phosphate complexation. To develop this idea, in the first part of this study,
food grade alternatives of HC and NGP extracts were examined. In order to identify
the principle and method of the preparation of CPP-ACP, the prepared CPP and NGP
were analysed for peptide content using LC-MS. Thereafter, Reynolds’s method was
adapted to prepare CPP-ACP and NGP-ACP nanocomplexes which were then
characterised for particle size analysis. Following this, the preparation of NGP-ACP
and HC-ACP nanocomplexes were simplified into a rapid and simpler method by
mixing all the components at pH 5 and complexing by pH adjustment to 7. The
characterisation of the prepared NGP-ACP and HC-ACP nanocomplexes using
conventional nanoparticle size analyzer suggested the developed method was at least

equivalent.

A simpler system should be able to bind the phosphate and calcium separately and an
important breakthrough was the use of polymers as nanocomplex initiators. It was
hypothesised that polymer containing carboxyl groups should be able to stabilise
ACP nanocomplexes in the amorphous form. Sodium alginate, pectin and sodium
CMC polymers were inspected using the modified method of ACP preparation. ACP
was potentially stabilised by pectin and sodium CMC polymers, while sodium
alginate produced a gel rather than a complex. Thereafter, the studies focused on the
use of sodium CMC as a more promising candidate and an examination of the effect
of polymer chain on the particle size of the prepared ACP was carried out. Polymer
grades with different molecular weight were used in the preparation of the ACP and
produced a decrease in particle size of the prepared ACP that correlated with a
decrease in the chain length of the used polymer. In order to prepare ACP with nano
sized particles, acid hydrolysis of sodium CMC grade CRT 100 PA of 1 to 7h of
hydrolysis time was suggested to produce a polymer with shorter chain length and a
nano particle size of about 10nm diameter ACP was efficiently stabilised by a
preparation optimally hydrolysed for four hours.
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The physical properties of the prepared ACP preparations were studied using
conventional analysis techniques. The Zetasizer NanoZS was used for the analysis of
the particle size of the prepared colloidal ACP. The SEM imaging to demonstrate the
shape and size of prepared NGP-ACP; in spite of this the 4h ahCMC-ACP samples
did not clearly reveal the nanocomplexes expected. X-ray powder diffraction
analysis and TEM imaging suggested the non-crystalline form in the isolated NGP-
ACP, HC-ACP and 4h ahCMC-ACP samples. TGA and DSC analysis showed the
lower moisture content of isolated ACP in comparison to the unpurified ACP. DVS
analysis of prepared NGP-ACP, HC-ACP and 4h ahCMC-ACP exhibited a less than
20% weight of water uptake at relative humidity of 60% and less.

Future work is required to study the age stability of the amorphous form of the
prepared ACP. There was not time in this work to use accelerated stability testing but
this should be a relatively simple exercise in future studies. Investigating the holding
of the material under different pH conditions will also be important, as the matrix for

the complex may vary.

The next step in this series of studies was the formulation of the prepared ACP into a
dental film dosage form. Two important physicochemical measurements were
required for preformulation study the ACP. These were the determination of calcium
content and the pH solubility of the prepared ACP. For both analyses, there was a
requirement to measure the calcium ion contents in solutions of ACP. The most
conventional methods of calcium determination require complete solution of the
calcium, and it was appreciated that ACP preparations might contain non dissolved
calcium in ACP complexes. The use of an ion selective electrode was suggested for
calcium content and the pH solubility studies. This method had been validated for
linearity, precision and reproducibility in addition to the re-measuring of selected
samples and standards measured using a second method of inductively coupled

plasma mass spectrometry.

The isolation process of ACP demonstrated an increase the calcium content in NGP-
ACP and HC-ACP and a decrease in 4h ahCMC-ACP. A higher solubility was
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obtained with the 4h ahCMC-ACP sample and the cycle of the pH change showed a
reversible solubility of the prepared ACP. The adhesion parameters of prepared
polymers hydrogels were used to evaluate the appropriate polymer(s) for dental film
formulations. The hydrogel formulations of E1J0M HPMC grade and a mixture of
E10M and F4M (2:1 ratio) HPMC grades were selected for the formulation of dental
films containing ACP.

The casting method was suitable for use in the preparation of dental films containing
1 and 2% (w/v) ACP. The two formulations were prepared using 3% (w/v) of HPMC
grade E10M and mixture of 1% (w/v) FAM and 2% (w/v) EIOM HPMC grades. A
series of studies were carried out to characterise the prepared dental films, such as
films flexibility, degree of swelling, adhesion, calcium content and calcium release,
using a specially designed dissolution cell. The formulation, type and percentage
loaded of ACP showed an effect on the flexibility and degree of swelling of the
prepared dental films. The rough surface of prepared dental films in NGP-ACP and

4h ahCMC-ACP containing dental film led to a decrease in dental film stickiness.

The calcium release study of the dental films had been projected to use a specially
designed dissolution cell that held the sample of the dental film in between of two
plastic meshes. The appropriate position of the dissolution cell was investigated by
testing four different positions and the dissolution medium flow pattern was
inspected by inclusion of colouring agent by cannula into the tube of dissolution
medium flow. The solubility of the loaded ACP showed an effect on the calcium
release from the dental films and consequently, 4h ahCMC-ACP and HC-ACP
containing dental films demonstrated higher calcium release especially from the

dental films prepared from a mixture of ELOM and F4M.

The kinetic of calcium release from dental films was calculated in order to
understand the behaviour and the factors affecting the release. Four kinetics models
of zero order, first order, Higuchi and Korsmeyer-Peppas were applied tothe
obtained release data. The acquired findings indicated that the calcium release was
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controlled by the solubility of the loaded ACP and the polymer behaviour in contact
with dissolution media that is mostly occurring in the HPMC based dosage form. In
addition, the suggested behaviour of the calcium release was a compromised system
of swelling, erosion and diffusion behaviours that shifted toward the predominant

one depending on formulations and ACP contents.

The enamel subsurface carious lesion begins after the biofilm formation on the tooth
surface and leads to dental caries. In addition, biofilm has been shown to act as a
barrier under which demineralisation occurrs. Therefore, a short study targeted the
analysis of the tooth surface hydrophobicity and adhesion effect of a biofilm using
contact angle measurement and adhesion testing on a selected formula of hydrogel.
The biofilm was characterized using an upright fluorescence microscope. In addition,
the investigation of the effective inhibitory concentrations of isolated ACP on the
biofilm formation was proposed by the addition of the produced isolated ACP into
the biofilm culture media. Confocal scanning laser microscope was used to

determine the thickness of the in vitro orally relevant cultured biofilms as a marker.

The cultured biofilm was found to have little effect on the adhesion properties of
prepared hydrogel (15% w/v E10M HPMC grade) on the tooth surface. Besides, the
measured hydrophobicity of the tooth surfaces was incomplete. However, it
exhibited inter individual variability between tooth samples. Furthermore, optimistic
inhibitory effective concentrations on the cultured biofilm were found to be 8% (w/v)
from NGP-ACP and HC-ACP and 4% (w/v) from 4h ahCMC-ACP. However, 4%
(w/v) 4h ahCMC-ACP showed a similar inhibitition to 8% (w/v).

Further work should be conducted on a higher number of replicates especially on the
inhibitory effective concentrations of the ACP on the cultured biofilm. In addition, a
quantitative elemental analysis of the calcium and phosphorus in the biofilm should
be conducted in order to explore the remineralisation effect of the prepared ACP on

tooth surface through the biofilm layer.
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The near view end point in this work was projected on the quantification of the
enamel remineralisation proficiency of the produced ACP using the dental films that
showed the higher calcium release. Therefore, 2% (w/v) 4h ahCMC-ACP and HC-
ACP containing dental films with a mixture of 2% (w/v) E10M and 1% (w/v) F4AM
were selected to conduct this study on human enamel blocks. However, the main
challenge was the methodology of quantitative determination of calcium and
phosphorus deposition into the depth of the enamel blocks. The microradiography
and nano-indentation technologies have been extensively used in the measurement of
the enamel change in remineralisation studies. As an alternative, the EPMA method
is recommended as better option in the quantification of the calcium and phosphorus

into the enamel samples.

Cross sections taken through the remineralised enamel block were used to facilitate
estimation of deposition of the minerals using EPMA technology. A recently
reported study examined the effects of a regimen of 3 days of preliminary enamel
subsurface carious lesion, followed by a 5 day remineralisation period. Our regimen
mimicked this as closely as possible in an in vitro setting employing dental films
containing ACP. The data obtained demonstrated substantial remineralisation
efficiency for the 4h ahCMC-ACP containing dental film. This suggests that a
modified regimen of 6 days of enamel subsurface carious lesions and ten days of
daily twice applications of dental film might amplify the observable effects.
Promising significant remineralisation efficiencies were found for both dental films
with steadily constant levels of calcium and phosphorus deposition up to a depth of

400um in the enamel blocks.

Further work is indicated regarding the measurement of the remineralising
efficiency of dental film containing ACP using an in situ appliance study.
Formulation studies might explore additives that enhance the calcium release or
increase the loading of ACP with minimum effect on the adhesion properties of the
dental film. In addition, in order to find out the most appropriate dosage, alternative
dosage forms such as tooth varnish and Denticap loaded with the prepared ACP
could be studied and compared with the dental film.
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