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Abstract Phosphorylated peptides derived from milk caseins, known as casein
phosphopeptides (CPP), self-assemble and encapsulate the calcium and phosphate
mineral in the form of amorphous calcium phosphate (ACP), thus forming CPP-
ACP nanocomplexes that are nontoxic and biocompatible. The biomedical applica-
tion is the repair of tooth surfaces (enamel) at early stages of tooth decay. These
nanocomplexes release calcium and phosphate ions to rebuild demineralised HA
crystals in enamel subsurface lesions. The topical application of CPP-ACP at the
tooth surface initiates a series of interactions at the enamel mineral hydroxyapatite
surface and at the enamel salivary pellicle that are not well understood. In this study,
we have shown that the p-casein (1-25) peptide binds reversibly to Ca?*, Mg+, Mn**,
La*, Ni**, and Cd*" metal ions. In contrast, binding to Sn*, Fe*", and Fe** ions
resulted in ion-induced aggregation. The casein peptides as well as the mineral ions
dissociate from the CPP-ACP complexes to adsorb to both the uncoated and saliva-
coated mineral surface with the mineralisation increasing monotonically with
increasing pH. Furthermore, SEM of the CPP-ACP revealed images of spherical
particles surrounded by ACP mineral. In conclusion, the enamel remineralisation
process involves an array of interactions between the peptide and mineral ions of the
CPP-ACP delivery vehicle and the tooth enamel mineral with its salivary pellicle.
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24.1 Introduction

Dental caries is the destruction of tooth surfaces by acid generated by plaque odon-
topathogenic in a complex chemical process (Robinson et al. 2000). The reversibil-
ity of enamel hydroxyapatite mineral loss at early stages of dental caries has led to
the development of various anticariogenic approaches to repair enamel lesions
(Cochrane et al. 2010). One oral therapeutic consists of phosphorylated peptides
derived from milk caseins, known as casein phosphopeptides (CPP) that self-
assemble and encapsulate the calcium and phosphate mineral in the form of amor-
phous calcium phosphate (ACP) (Reynolds et al. 1995).

At the tooth surface, the mechanism of the remineralisation process by CPP-ACP
including the changes in the chemical equilibria of the complexes and the enamel
lesions is unclear. Above the enamel hydroxyapatite are further zones of chemical
complexity, including the layer of salivary proteins known as the acquired enamel
pellicle and the outermost layer of oral biofilm. Our long-term goal has been to
study the molecular interactions between CPP-ACP complexes (Cross et al. 2016)
and enamel hydroxyapatite, salivary proteins (Huq et al. 2016), and the oral biofilm
(Dashper et al. 2016) that would occur during topical application of CPP-ACP in the
oral cavity. In this study, we investigate the interactions between peptide and crys-
talline and non-crystalline mineral components during the remineralisation process
by the peptide encapsulated delivery vehicle CPP-ACP.

24.2 Materials and Methods

The sequences of four bovine casein-derived tryptic phosphopeptides containing
the cluster sequence motif -(Ser(P)-);(Glu-), are shown in Fig. 24.1. The two domi-
nant, self-assembling peptides are f-CN(1-25) and ag,-CN(59-79) forming 20-30%
by mass of the total CPP (Fig. 24.1).

[1] Arg'-Glu-Leu-Glu-Glu-Leu-Asn-Val-Pro-Gly-Glu-Ile-Val-Glu-Ser(P)-Leu-
(Ser(P)-)3(Glu-),-Ser-Ile-Thr-Arg® B-CN(1-25)

[2] GIn*-Met-Glu-Ala-Glu-Ser(P)-Ile-(Ser(P)- )3(Glu-),-1le-Val-Pro-Asn-Ser(P)-Val-
Glu-Gln-Lys” 051-CN(59-79)

[3] Asn46-A1a-Asn-Glu-Glu-Glu-Tyr-Ser-lle-Gly-(Ser(P[— )3(Glu-),-Ser(P)-Ala-Glu-
Val-Ala-Thr-Glu-Glu-Val-Lys™ 0g2-CN(46-70)

[4] Lys'-Asn-Thr-Met-Glu-His-Val-(Ser(P)-)3(Glu-),-Ser-Ile-Ile-Ser(P)-Gln-Glu-Thr-
Tyr-Lys! as-CN(1-21)

Fig. 24.1 The sequences of the four major casein tryptic phosphopeptides are depicted using the
three-letter code with the motif -(Ser(P)-)3(Glu-)2 underlined
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24.2.1 Adsorption Studies

An assay was developed to determine the binding of the CPP-ACP components 1
and 2 (Fig. 24.1) to enamel using an in vitro model with synthetic HA used as a
substitute for dental enamel (Huq et al. 2016). The standard curve was derived from
peak heights of the RP-HPLC profiles of purified peptides with concentrations rang-
ing from 10 to 1000 pg/ml in 25 mM NaCl and 25 mM imidazole buffer (pH 7).
CPP of the same concentrations were incubated with end-over-end rotation for
1-4 h at 37 °C with 2 mg of HA. The samples were centrifuged at 10,000 g for
15 min to pellet peptide bound to HA. The supernatants analysed by RP-HPLC
provided the unbound peptide concentration. The partitioning of the free and
peptide-bound ions was determined followed by measurements of calcium and
phosphate ions (Cross et al. 2005). The saliva collection procedures and approval
were as recently described (Hugq et al. 2016).

24.2.2 Chemical Equilibria Studies

Test and control solutions were added to 2 mg HA. After mixing thoroughly, the
samples were incubated for 2 h at RT with end-over-end rotation. To remove the HA
crystals, the samples were centrifuged at 10,000 g. The HA crystal-free superna-
tants as well as the original solutions were subjected to ion quantitation for the ions
in both peptide-free and peptide-bound states. In a second study, the HA crystals
were pre-equilibrated with water at the 3 pH values. Following centrifugation, the
calcium, phosphate, H*, and OH™ ions released from the uncoated and saliva-coated
HA crystals into the supernatants were measured. These supernatants were used to
prepare the 0.2% CPP-ACP solutions. The partitioning of the ions associated with
the peptide complexes and those free in solution was determined. These superna-
tants were then added to the pre-equilibrated HA. The concentrations of total, free,
and CPP-bound calcium and phosphate ions and pH values of the 0.2% CPP-ACP
solutions prepared at pH 5.5, 7.0, and 8.5 before and after incubation with crystalline-
uncoated HA and saliva-coated HA were measured.

The dissociation study was performed by adding varying amounts of HA to 1%
CPP-ACP solution at pH 7 and 5.5 and monitoring the supernatant profile by
RP-HPLC.

24.2.3 SEM Studies

SEM of a 5% CPP-ACP solution was performed using 1 kV with 25 pA current with
a T1 detector in a Teneo VS instrument (FEI). Images at 10, 5 x 10%, and 8 x 10*
magnification were obtained.
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24.3 Results

24.3.1 p-Casein (1-25) Peptide Demonstrates a Range
of Interactions with Metal Ions

We selected one of the principal components of CPP B-CN(1-25) (1, Fig. 24.1) for
exposure to different metal ions to examine the recovery of peptide 1 by RP-HPLC
at pH 2. A single peak with identical retention times on the chromatogram (Fig. 24.2)
was observed for peptide 1 incubated with Ca*, Mg*, Mn*", La**, Ni**, and Cd**
ions. This was indicative of reversible ion binding. However, peptide 1 incubated
with Sn?, Fe*, and Fe*" ions, eluted as multiple broadened peaks indicative of ion-
induced aggregation. This study confirms that f-CN(1-25) is capable of releasing
the bound calcium ions at low pH without experiencing permanent aggregation.

24.3.2 The Predominant Peptides of the CPP-ACP Complex
Bind to Uncoated HA and Saliva-Coated HA

To determine if the pure peptides derived from CPP directly interact with enamel,
adsorption studies were performed with enamel substitute HA and saliva-coated
HA. We analysed the individual adsorption patterns of the two peptides 1 and 2 with
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Fig. 24.2 RP-HPLC chromatogram depicting the recovery elution profiles of f-CN(1-25) incu-
bated with Ca**, Sn**, Fe?*, and Fe** ions. The binding to Ca’* ions by -CN(1-25) is reversible; this
is pivotal to the delivery of mineral by CPP-ACP to the enamel
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Fig. 24.3 RP-HPLC analysed loss of soluble casein phosphopeptides from CPP-ACP at pH 5.5
after addition of HA at O min. The multi-phosphorylated [1-4] and mono-phosphorylated
B-CN(33-48) peptides dissociate from the ACP to adsorb onto the crystalline HA

HA for Langmuir and Freund-type binding. Both peptides bound to HA surfaces
according to a Langmuir-type adsorption model with peptide 1 (K = 323 + 149 ml/
pmol) having a higher affinity for HA than peptide 2 (K = 49 + 22 ml/pmol). The
adsorption profile of bound versus total showed an intermediate and final plateau
indicating biphasic processes. At lower peptide concentrations, both peptide 1
(K'=463 =200 ml/pmol) and peptide 2 (K = 194 =+ 122 ml/pmol) had a greater affin-
ity for the saliva-coated HA surface, than their respective affinities for an uncoated
HA surface.

24.3.3 Casein Peptides Dissociate from the CPP-ACP Complex
to Bind to HA

The levels of soluble peptides from the CPP-ACP complexes at pH values 7.0 and 5.5
were monitored by RP-HPLC. Addition of HA caused a reduction of the soluble levels
of peptides confirming that the multi-phosphorylated [1-4] and mono-phosphorylated
peptide f-CN(33-48) dissociate from the ACP to adsorb onto HA. Figure 24.3 shows
a representative time-dependent loss by 1% CPP-ACP at pH 5.5.
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24.3.4 The Chemical Equilibria of HA Surfaces Is Altered
by the Addition of the Individual Peptides and Peptide-
ACP Complexes

The changes in chemical equilibria of HA surfaces were monitored during binding
studies of crystalline HA exposed to pure peptides 1 or 2 (both without Ca**) or
B-CN(1-25)-ACP. The addition of HA to a solution of either of the two pure pep-
tides 1 or 2 dissolved at 120 mg/I concentrations resulted in the post-addition mea-
surement of 244 + 11 mM and 124 + 5 mM calcium, respectively, in the peptide
solutions. This was interpreted as a peptide adsorption-mediated release of calcium
ions from the crystalline HA into the solution (Misra 1997). In contrast, albumin
(120 mg/1), used as a control, elicited a much lower adsorption-mediated release of
57 £ 16 mM calcium from HA. The initial Ca** concentration in a 240 mg/1 solution
of the p-CN(1-25)-ACP complex was reduced after the addition of HA. The Ca**
reduction from 355 + 67 to 246 + 68 mM was attributed to the calcium ions in the
amorphous phase previously associated with the peptide 1 now binding to or pre-
cipitating with crystalline HA.

24.3.5 The CPP-ACP Complexes Exhibit a pH-Dependent
Release of Mineral Ions to Uncoated and Saliva-Coated
HA Crystals

The movement of calcium, phosphate, and hydroxyl ions to and from the uncoated
and saliva-coated HA crystals during exposure to CPP-ACP was monitored during
binding studies (Table 24.1). Table 24.1 shows a net loss of total calcium and phos-
phate ions from the CPP-ACP on binding to HA at pH 5.5, 7.0, and 8.5. This loss
represented transfer of mineral from the amorphous phase of ACP to the crystalline
HA. The net transfer was greatest at the highest pH 8.5.

While the CPP-ACP complexes prepared at pH 9 have most of the calcium and
phosphate peptide bound, these complexes exist in solution in equilibrium with free
ionic calcium and phosphate (Cross et al. 2005). The values in brackets indicate the
proportion of free ions (Table 24.1). The proportion of mineral ions bound within
complexes was reduced after incubation with both uncoated and saliva-coated
HA. This was attributed to the dissociation of peptides from the complexes to
remain free in solution and/or to adsorb to HA. The reductions in pH experienced
by the CPP-ACP solutions following exposure to HA were attenuated in the pres-
ence of saliva-coated HA (Table 24.1).

The degree of saturation of the calcium phosphate solutions was calculated using
the solubility products at 37 °C of hydroxyapatite (HA) (K;,~107'""), octacalcium
phosphate (OCP) (K,,~107), dicalcium phosphate dihydrate (DCPD) (K,,~107%),
and ACP (K,,~107%) (Cross et al. 2005). The calcium and phosphate ions were
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Table 24.1 Summary of the concentrations of total, free, and CPP-bound calcium and phosphate
ions and pH values of the 0.2% CPP-ACP solutions prepared at pH 5.5, 7.0, and 8.5 before and
after incubation with crystalline HA and saliva-coated HA

Solution [calcium] (uM) before incubation with HA

Total 5261 =32 5285 = 17 5225+9

Free 4801 =50 (91%) 1847 +£49.12 (35%) 365 +9 (7%)
CPP-bound 460 £ 60 3438 £ 52 4860 13
Initial pH pH 5.55 pH 6.99 pH 8.5
Supernatant after incubation with HA

Total 5001 +43 4201 = 105 3573 + 128
Free 4807 £ 92 (96%) 2066 + 36 (49%) 524 + 35 (15%)
CPP-bound 194 =102 2134 £ 111 3049 £ 133
HA-bound 260 + 54 1084 = 106 1652 + 128
Final pH pH5.32 pH 6.85 pH 7.89
Supernatant after incubation with saliva-coated HA

Total 5042 51 4224 + 51 3620 £ 52

Free 4908 + 169 (97%) 2058 + 50 (49%) 527 + 21 (15%)
CPP-bound 134 + 177 2166 +72 3093 + 56
HA-bound 219 £ 60 1061 + 54 1605 £ 53
Final pH pH 5.55 pH 6.88 pH 8.04
Solution [phosphate] (tM) before incubation with HA

Total 3699 £ 6 3744 £ 21 3739 £ 16

Free 3354 + 184 (91%) 1420 = 73 (38%) 386 =3 (10%)
CPP-bound 346 + 185 2324 +76 3353+ 15
Initial pH pH 5.55 pH 6.99 pH 8.5
Supernatant after incubation with HA

Total 3461 £ 35 2930 + 42 2485 + 89

Free 3223 + 175 (93%) 1599 + 44 (55%) 627 +29 (25%)
CPP-bound 238 £ 179 1331 £ 61 1858 £ 94
HA-bound 238 + 36 814 =47 1254 + 90
Final pH pH 5.32 pH 6.85 pH 7.89
Supernatant after incubation with saliva-coated HA

Total 3427 + 37 2757 £53 2443 + 50

Free 3191 =50 (93%) 1475 £ 59 (54%) 518 +41 (21%)
CPP-bound 236 + 62 1281 +79 1925 £ 65
HA-bound 272 £ 37 987 £ 57 1296 + 53
Final pH pH 5.55 pH 6.88 pH 8.04

saturated with respect to the HA phase for both total and unbound fractions at all pH
values (Table 24.2). In summary, these studies have confirmed that mineral ions are
released from CPP-ACP that adsorb onto the crystalline HA and that mineralisation
increases monotonically with increasing pH.
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Table 24.2 Degree of saturation of calcium phosphate solutions before and after incubation of
0.2% CPP-ACP at different pH with HA or saliva-coated HA

A Total fraction: total calcium and phosphate in 0.2% CPP-ACP
Mineral
Original pH | Final pH HA DCPD | TCP | OCP | Acid ACP | Basic ACP
pH 5.55 pH 5.55 4.05 /092 0.465| 141 0.21 0.07
pH 6.99 pH 6.99 36.40 286 |4.21 | 7.45 1.78 0.65
pH 8.5 pH 8.5 152.45 |2.67 |15.07 | 16.23 5.94 243
After incubation with HA
pH 5.55 pH 5.32 2.60 0.68 029 | 0.99 0.13 0.05
pH 6.99 pH 6.85 26.20 (227 299 | 567 1.27 0.46
pH 8.5 pH 7.89 7496 243 |7.81 10.52 3.17 1.24
After incubation with saliva-coated HA
pH 5.55 pH 5.55 3.89 087 044 | 1.36 10.20 0.07
pH 6.99 pH 6.88 2690 225 |3.06 @ 5.74 1.30 0.47
pH 8.5 pH 8.04 86.06 238 |8.81 11.28 3.55 1.41
B Unbound fraction: calcium and phosphate in 0.2% CPP-ACP not associated with
peptide complex
Mineral
Original pH | Final pH HA DCPD | TCP | OCP | Acid ACP | Basic ACP
pH 5.55 pH 5.55 378 0.85 043 | 1.32 /0.19 0.07
pH 6.99 pH 6.99 1848 [1.35 |1.97 | 3.83 |0.83 0.31
pH 8.5 pH 8.5 31.80 (050 2.63 | 3.59 1.04 0.45
After incubation with HA
pH 5.55 pH 5.32 250 0.65 028 | 095 0.13 0.04
pH 6.99 pH 6.85 16.62 |1.37 |1.795 | 3.637 | 0.76 0.28
pH 8.5 pH 7.89 23.81 (0.73 219 |3.514 0.89 0.36
After incubation with saliva-coated HA
pH 5.55 pH 5.55 3.76 | 0.836 |0.427 |1.309 | 0.19 0.07
pH 6.99 pH 6.88 1691 [1.34 |1.82 | 3.64 |0.77 0.29
pH 8.5 pH 8.04 26.56 |0.68 238 | 3.64 0.96 0.40

(A) Calcium and phosphate in total fraction; (B) calcium and phosphate in unbound fraction.

Values in bold indicate saturation with respect to the phase

24.3.6 SEM Reveals Images of Non-crystalline Morphology
Jor CPP-ACP Complexes

Preliminary SEM images of 5% CPP-ACP solution show areas with a non-crystalline
morphology expected for colloidal complexes (Fig. 24.4).
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Fig. 24.4 SEM images of CPP-ACP at increasing magnification, taken using a T1 (BSE) detector
with beam deceleration in a Teneo VS Instrument (FEI) for enhanced surface details. Two pl of 5%
CPP-ACP, pH 7.24, was deposited onto a silicon substrate on an aluminium stub, and the excess
liquid was removed after 1 min. CPP appeared to have formed spherical particles that were sur-
rounded by ACP. Landing energy, 1 keV; stage bias, —2 kV
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24.4 Discussion

The observed biomimicry of CPP that spontaneously self-assemble at pH 9 forming
complexes with calcium phosphate ions offers a functional advantage for the stable
storage and delivery of mineral ions. This paper describes interactions of the peptide
and mineral components of this delivery vehicle with enamel substitute HA.

In addition to the adsorption of purified casein phosphopeptides onto uncoated
HA, these studies confirmed that casein phosphopeptides also adsorbed onto the
saliva-coated HA being a mimic of the enamel salivary pellicle. Previously, we have
demonstrated that the casein phosphopeptides interact with salivary proteins includ-
ing those forming the enamel pellicle (Huq et al. 2016). Collectively, these studies
confirm that during topical application of a formulation with CPP-ACP complexes,
the peptides are not simply inert carriers of mineral. Instead, they are capable of
adsorbing to the crystalline enamel surface that has been recently brushed as well as
interacting with the salivary pellicle that forms on the enamel surface.

Since HA is not an inert material, the molecular events at the HA surface are of
interest. The casein phosphopeptides elicited an adsorption-mediated release of cal-
cium ions from HA into the solution. This is consistent with previous studies docu-
menting the release of ions from HA during adsorption of proteins and amino acids
(Misra 1997; Pearce 1981). In contrast when HA was introduced to the peptide-
ACP complexes in solution, there was a net loss of calcium and phosphate ions from
the solution indicating a net gain of calcium and phosphate ions by the crystalline
HA. These studies confirm that the mineral ions of the amorphous phase of ACP
that is stabilised by the peptides transfer to the crystalline HA monotonically with
increasing pH. Furthermore, during topical application, the dissociation of the CPP-
ACP complexes and the subsequent migration of ions to the enamel surface are not
hindered by the enamel salivary pellicle.

In conclusion, within the oral environment, the enamel remineralisation process
involves a complex interplay between the peptide and mineral ions of the CPP-ACP
delivery vehicle and the tooth enamel mineral with its salivary pellicle.
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