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Abstract
Background: Casein phosphopeptide-amorphous calcium phosphate (CPP-ACP) acts as a salivary biomimetic
that provides bioavailable calcium and phosphate ions to augment fluoride-mediated remineralization of
early caries lesions. However, there are indications that it may also have ecological effects on the oral
microbiome.
Objective: This in vitro study investigated whether CPP-ACP could influence acidogenicity, microbial counts,
and the relative abundance of specific caries-and health-associated bacterial species in polymicrobial
biofilms.
Methods: Saliva-derived polymicrobial biofilms were grown for 96 h in a cariogenic environment and treated
every 12 h with 2% CPP-ACP or vehicle control. Acidogenicity and colony forming units (CFUs) were estimated
from the treated biofilms. Ecological effects of CPP-ACP was assessed based on the relative abundance of 14
specific caries- and health-associated bacterial species using a real-time quantitative PCR assay.
Results: CPP-ACP-treated biofilms showed significant reduction in acidogenicity (33% reduction, P < 0.001)
and significantly fewer microbial CFUs (P = 0.008) compared to the control-treated biofilms. The CPP-ACP
treated biofilms also exhibited significantly lower bacterial loads of Scardovia wiggsiae and Provotella
denticola, and higher bacterial of Streptococcus sanguinis, Streptococcus mitis/oralis, and Steptococcus
salivarius/thermophilus.
Conclusions: The results indicate that CPP-ACP has cariogenic virulence-attenuating attributes that can
influence a beneficial microbial ecological change in the biofilm.

A symbiotic oral microbiome delivers important health benefits and plays a critical role in preventing
dysbiosis-mediated oral diseases like dental caries [Marsh, 2018]. Dental caries is now widely recognised as
a disease triggered by microbial dysbiosis in the plaque biofilm and maintaining ecological balance in dental
plaque is critical for long-term control over the disease [Burne, 2018; Philip et al., 2018b]. While acids
produced from bacterial glycolysis of dietary carbohydrates can favour the dominance of acidogenic/aciduric
bacteria in the plaque biofilm, health-associated plaque microflora can re-establish the homeostatic balance
by producing alkali metabolites to neutralise the acid [Nascimento, 2018]. This evolving view of ecological
battles and polymicrobial synergies has important implications for developing effective therapeutics against
dental caries [Bowen et al., 2018].
Fluoride is without doubt the gold standard among remineralizing agents used for caries prevention.
However, recent clinical studies have shown that it has minimal effects on the microbiome ecology [Adams
et al., 2017; Koopman et al., 2015; Reilly et al., 2016; Reilly et al., 2014]. This suggests the need for additional
ecological measures to supplement the predominantly physicochemical cariostatic effects of fluoride,
especially in high caries-risk individuals [Philip et al., 2018b]. Although biocides like chlorhexidine have been
used in the past for caries control, their broad-spectrum of antimicrobial action tend to indiscriminately
eliminate even health-associated commensals. A delicate balance has to be achieved to control oral
microflora at levels compatible with health [Marsh et al., 2015]. Casein phosphopeptide-amorphous calcium
phosphate (CPP-ACP), a naturally derived milk protein-based remineralizing technology, may hold greater
promise in effecting a beneficial shift in the dental plaque microbial ecology. While there is a growing body
of evidence that supports the use of CPP-ACP to augment remineralizing effects of fluoride [Philip, 2019],
there have also been suggestions that it could also have beneficial ecological effects on dental plaque too
[Philip and Walsh, 2018]. Several clinical trials have shown that regular use of CPP-ACP reduced mutans
streptococci (MS) levels in saliva [Emamieh et al., 2015; Plonka et al., 2013; Pukallus et al., 2013; Subramanian
and Naidu, 2009; Yetkiner et al., 2014]. This interference with cariogenic bacteria may beneficially modulate
the virulence of dental plaque and enable health-associated commensals to thrive. However, previous
studies have mostly used a single bacterial species (usually Streptococcus mutans) as the surrogate marker
for dental plaque ecology. For ecological caries control, it is more relevant to know the influence of CPP-ACP
on a range of health- and disease-associated bacteria. Hence, as a prelude to a clinical trial, this in vitro study
was designed to investigate whether CPP-ACP could: 1) inhibit acidogenicity and microbial numbers of salivaderived polymicrobial biofilms growing in a cariogenic environment; and 2) effect the relative abundance of
specific caries- and health-associated bacterial species in these polymicrobial biofilms.
Materials and Methods
Test agent
A 15% aqueous solution of CPP-ACP was sourced from GC Corporation (Tokyo, Japan) and diluted to
2% for testing against the saliva-derived polymicrobial biofilms. The concentration was chosen to represent

what would be achieved in the oral cavity with the dilution by saliva of a topical crème or chewing gum
containing 10% CPP-ACP. As the test solution of CPP-ACP contained a sodium benzoate preservative, a 0.1%
(w/v) sodium benzoate solution was used for control comparisons.
Saliva collection
With institutional ethics approval (approval number 2017001492), parafilm-stimulated whole human
saliva was collected from 16 caries-free healthy adult donors. The study participants did not brush their teeth
the morning before saliva donation and abstained from food for 2 h prior to saliva donation. The donors and
had no history of using antibiotics/mouthwashes in the previous 3 months. The collected saliva was pooled,
diluted 2-fold in 60% sterile glycerol, dispensed into aliquots, and stored at -80°C.
Polymicrobial biofilm formation and treatments
The high-throughput Amsterdam Active Attachment (AAA) model [Exterkate et al., 2010] was used
to grow the saliva-derived polymicrobial biofilms. The biofilms were grown for a total of 96 h on
hydroxyapatite (HA) discs (9.5mm diameter x 2mm thick; Himed, New York, NY, USA). Briefly, the HA discs
were fitted to the custom-made AAA model such that each HA disc fitted into one well of a 24-well flatbottomed microtiter plate (Costar 3526, Sigma-Aldrich, New York, NY, USA). To partly replicate the salivary
pellicle coating, the HA discs were initially conditioned with filter-sterilized clarified human saliva for 1 h at
37°C immediately prior to biofilm formation, as described previously [Philip et al., 2018a]. The saliva-coated
HA discs (s-HA) were then moved to a 24-well plate containing 2 mL/well of 2% CPP-ACP or the vehicle control
solution, and treated for 10 min. The pre-treated s-HA discs were shaken gently to remove excess treatment
solutions, and transferred to a new 24-well plate containing the 2 mL/well of the biofilm inoculum and
incubated anaerobically at 37°C in an 80 rpm orbital shaker for a total of 96 h. The inoculation medium was
a 50-fold dilution of the pooled saliva in the mucin-rich McBain medium [McBain et al., 2005] supplemented
with 1% (w/v) sucrose. The sucrose-containing growth medium was replenished every 8 h to provide a
constant cariogenic challenge. Subsequent biofilm treatments took place every 12 h, until the end of the 96
h growth period. All treatment exposures were for 10 min, with the biofilm-laden HA discs dip-rinsed 5 times
in phosphate buffered saline (PBS; Gibco, Thermo Fisher Scientific, Paisley, UK) prior to treatment to remove
non-adherent cells. The biofilms were similarly rinsed post-treatment also to remove any residual treatment
solutions.
Biofilm assays
At the end of the biofilm growth period, the effect of CPP-ACP on the acidogenicity was estimated
using a lactic acid production assay, while effects on microbial viability were assessed by counting the colony
forming units (CFUs) recovered from the treated biofilms. These biofilm assays were performed in triplicate,
and repeated in three independent experiments. The ecological effects of CPP-ACP on the polymicrobial
biofilms were assessed based on the relative abundance of certain specific caries- and health-associated

bacteria obtained from three independent duplicate biofilm experiments using a real-time quantitative PCR
(qPCR) assay.
For estimating biofilm acidogenicity, the biofilm-bearing HA discs were placed in a 24-well plate
containing 2 mL/well of buffered peptone water (Merck, Darmstadt, Germany) supplemented with 0.2%
sucrose. The model was then incubated anaerobically for 3 h at 37°C to allow acid formation. The amount of
lactic acid generated during this period was calculated by means of a standard curve colorimetric assay using
the lactate dehydrogenase enzymatic method [Exterkate et al., 2010].
To assess microbial populations, the HA discs with the biofilms were gently detached from the AAA
model lid and transferred to sterile tubes containing 1 mL PBS. The biofilms were dispersed by uniform
vortexing at maximum speed for 1 min and a series of dilutions made. A 50 µL aliquot of the microbial
suspensions was plated on tryptic soy agar blood plates using an automatic spiral plater (Autoplate; Advanced
Instruments, Norwood, MA, USA) and incubated anaerobically at 37°C for 48 h. Microbial colonies were
counted from the dilution that allowed visualization of distinct colonies and the CFU/mL values calculated
after correcting for the dilution factor.
For the qPCR assay, the treated polymicrobial biofilms were dispersed as described
previously for the CFU assay. Bacterial DNA was then extracted from the microbial suspension using the MO
BIO Power Soil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA) following manufacturer’s
instructions. RNA was removed using RNAse A (Thermo Fischer Scientific, Scoresby, Australia) and the
amount of isolated DNA was quantified spectrophotometrically. The bacterial load of 14 bacterial species
were determined using a custom-made qPCR array (16 x 24 format; Qiagen, Hilden, Germany). The bacteria
selected included 8 caries-associated bacterial species (Actinomyces gerensceriae, Lactobacillus gasseri,
Streptococcus mutans, Streptococcus sobrinus, Streptococcus parasanguinis, Scardovia wiggsiae, Veillonella
parvula, and Provotella denticola) and 6 health-associated commensal bacterial species (Streptococcus
sanguinis, Streptococcus mitis/oralis, Steptococcus salivarius/thermophilus, Corynebacterium durum, Rothia
aeria/dentocariosa, and Neisseria flavescens). The assay used the 16S rRNA gene of the relevant bacterium,
with the proprietary probes designed using the GreenGene database for 16S sequences [DeSantis et al.
2006]. The DNA sample was mixed with a proprietary master mix and robotically dispensed into a 384-well
plate (10µL, 7 ng DNA/well) containing freeze-dried primers and fluorogenic probes for each of the bacterial
16S rRNA genes tested. Arrays also contained a positive PCR control to test for inhibitors in the sample, and
a non-template control to account for assay background. Reactions were performed with the 384-well plate
QuantStudio™ 6 Flex Real-Time PCR sequence detection system (Thermo Fisher Scientific) with the following
cycling conditions: enzymatic activation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec, and 60°C
for 2 min. Data was analysed using the sequence detection system software (QuantStudio v1.3; Thermo
Fisher Scientific).
Statistical analysis

For the lactic acid assay and CFU counts, depending on the normality of data distribution, an
independent sample t-test or the Mann-Witney U-test was performed to detect any statistical difference
between the CPP-ACP and control-treated biofilms. For the qPCR assay, the fold change of each bacterial
amplicon in CPP-ACP- versus control-treated biofilms was calculated using the comparative cycle threshold
method (ΔΔCt). Briefly, for each sample, the Ct value of the individual bacterial species was normalized to
the mean Ct value of all bacterial species (ΔCtbacteria species = Ctbacteria species – Ctmean of all bacterial species). The
ΔΔCt for CPP-ACP- versus control-treated biofilms was then calculated for each bacterial species as follows:
ΔΔCt = ΔCtbacterial species (CPP-ACP) – ΔCtbacterial species (control). Fold increase, or decrease, in abundance was calculated
based on the formula 2-

ΔΔCt.

For each bacterial species, independent t-tests were performed to test

for differences between the CPP-ACP- and control-treated biofilms using the ΔCt values (add ref)
.

P-values

were

considered

significant

only

if they were less than the Simes critical P-value [Simes, 1986]. Statistical software SPSS version 25 (IBM, New
York, NY, USA) was used to perform the analyses.
Results
Biofilm microbial counts
Total CFUs recovered from the CPP-ACP-treated biofilms were significantly fewer (P = 0.008) than
from the control-treated biofilms. The mean CFU counts were 7.9 x 107 ± 1.2 x 107 and 1.0 x 108 ± 1.1 x 107
for the CPP-ACP- and control-treated biofilms respectively (Fig. 1).
Biofilm acidogenicity
The polymicrobial biofilms treated with CPP-ACP demonstrated a significant reduction in
acidogenicity compared to the control-treated biofilms (33% reduction, P < 0.001), with mean lactic acid
concentrations of 3.6 ± 1.1 mM/L and 5.3 ± 1.2 mM/L respectively (Table 1).
Biofilm ecological effects
Compared to the controls, the CPP-ACP-treated biofilms had significantly lower abundance for two
caries-associated bacterial species: P. denticola (fold change 0.005, P < 0.001) and S. wiggsiae (fold change
0.017, P < 0.001). All the other caries-associated bacteria (except for L. gasseri) also showed fold decreases,
but did not reach statistical significance. Among the health-associated commensals, S. sanguinis (fold change
30.22, P < 0.001), S. mitis/oralis group (fold change 9.66, P < 0.012), and the S. salivarius/thermophilus group
(fold change 89.35 P < 0.001), were detected significantly more abundantly in the CPP-ACP-treated biofilms
than in the control-treated biofilms (Fig 2). S. parasanguinis was not detected in any of the biofilm samples
and was not included in the comparison.
Discussion
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Dental caries is a polymicrobial biofilm-mediated disease triggered by environmentally-induced
dysbiosis in the resident oral microbiome [Marsh, 2015]. If the dysbiosis is not reversed it can lead to bacterial
acid-mediated demineralization of the dental hard tissues and ultimately result in clinical cavitation.
Comprehensive caries prevention protocols should therefore encompass not only agents that can affect the
de-/remineralization balance, but also include measures that can maintain or restore the ecological
equilibrium in the oral microbiome. The current study provides evidence of the ecological effects of CPP-ACP
on complex polymicrobial biofilms, and extends the recent findings of CPP-ACP ecological effects on
multispecies biofilm comprised of 6 bacterial species growing in a highly cariogenic environment [Dashper
et al., 2018]. The present study also provides in vitro evidence that CPP-ACP can inhibit lactic acid production
and microbial numbers in saliva-derived polymicrobial biofilms.
The AAA model used in this study has been shown to maintain reproducible, complex, and actively
attached microbial biofilms in a habitat similar to dental plaque [Exterkate et al., 2010; ten Cate, 2015].
Pooled saliva from several individuals was used as the biofilm inoculum to improve the microbial diversity of
the in vitro polymicrobial biofilms. A cariogenic environment was created by regular replenishment of the
sucrose-supplemented growth medium. The 10 min treatment time was chosen as CPP-ACP crèmes are
intended to remain in the oral cavity until salivary clearance. Selection of the bacteria for the qPCR assay was
based on profile studies of bacterial species commonly associated with dental caries and health [Aas et al.,
2008; Becker et al., 2002; Burne and Marquis, 2000; Gross et al., 2012; Kianoush et al., 2014; Richards et al.,
2017; Takahashi, 2015; Tanner et al., 2016].
A small but significant decrease in the total CFUs recovered from the CPP-ACP-treated polymicrobial
biofilms was seen in the current study. The lower microbial counts are likely to be due to the anti-adhesion
effects of CPP-ACP, as the product is not known to have bactericidal or bacteriostatic effects. In vitro studies
have demonstrated a rapid saturation of saliva-coated hydroxyapatite surfaces by casein complexes
inhibiting the adherence of S. mutans and S. sobrinus [Erdem et al., 2011; Reynolds and Wong, 1983;
Schüpbach et al., 1996; Vacca-Smith et al., 1994]. CPP-ACP was also shown to bind both to dental plaque
(with a strong affinity for S. mutans) and to pellicle macromolecules adsorbed on the tooth surface [Reynolds
et al., 2003; Rose, 2000b; Rose, 2000a]. The anti-adhesion effects of CPP-ACP may have a number of
mechanisms. CPP-ACP is known to compete with free calcium for plaque calcium binding sites, reducing the
degree of calcium bridging between the pellicle and adhering cells and between the bacterial cells themselves
[Rose, 2000b]. CPP molecules can also mask the bacterial cell surface hydrophobic proteins and thereby
impede the initial adhesion to pellicle-coated surfaces. The anti-adhesion effects of CPP-ACP could be the
reason for the reduced levels of MS that have been observed in various clinical trials [Emamieh et al., 2015;
Plonka et al., 2013; Pukallus et al., 2013; Subramanian and Naidu, 2009; Yetkiner et al., 2014]. Disruption of
bacterial adhesion can impair the ability of cariogenic bacteria to recruit other key players during biofilm
formation and prevent the establishment of a cariogenic microbiome [Simon-Soro and Mira, 2015].

The present study also demonstrated a significant, though relatively modest, reduction in biofilm
acidogenicity in the CPP-ACP-treated biofilms compared to the control-treated biofilms. It is possible that
treating the biofilms for a longer duration than the 96 h of this study could have resulted in greater reductions
in biofilm lactic acid concentrations. In fact, several clinical studies have shown that regular use of CPP-ACP
had pronounced buffering effects on salivary and plaque pH [Caruana et al., 2009; Heshmat et al., 2014a;
Heshmat et al., 2014b; Marchisio et al., 2010; Ozdas et al., 2015; Peric et al., 2015]. The buffering
mechanisms of CPP-ACP are likely to be due to its ability to act as a reservoir of peptides and phosphate ions
which can offset any drop in biofilm pH [Philip and Walsh, 2018]. The catabolism of certain CPP amino acids
(e.g. glutamine, asparagine) by bacterial peptidases would buffer against a pH fall through the production of
ammonia [Reynolds and Riley, 1989]. The CPP phosphoseryl residues that are more resistant to hydrolysis
readily accept protons and neutralize plaque acids [Reynolds, 1987]. Furthermore, the inorganic phosphate
(PO43-) and organic phosphate (-O-PO32-) ions in the CPP-ACP nanocomplex can also contribute to elevating
salivary/plaque pH [Dashper et al., 2018]. The buffering influence of CPP-ACP is thus an important virulenceattenuating attribute, creating a biofilm microenvironment that provides a selective ecological advantage to
acid-sensitive commensal organisms.
The qPCR analysis provides evidence that CPP-ACP beneficially modulated the microbial
ecology of the CPP-ACP-treated polymicrobial biofilms. In the present study, CPP-ACP was able to effect
significantly lower relative abundance of S. wiggsiae and P. denticola compared to the control-treated
biofilm. S. wiggsiae has been associated with severe early childhood caries and orthodontic white spot lesions
[Tanner et al., 2011; Tanner et al., 2012], while P. denticola has been associated with initial enamel lesions
[Chhour et al., 2005; Tanner et al., 2016; Torlakovic et al., 2012]. S. mutans also showed a fold decrease in
the CPP-ACP-treated biofilm, but this did not reach the threshold for statistical significance. It has been
suggested that when “heavyweight” aciduric bacteria such as S. wiggsiae begin to dominate, the relative
numbers of S. mutans tend to decrease, as the biofilm pH is driven to below what can be tolerated by even
S. mutans [Burne, 2018]. This could be the reason why significant differences in relative abundance of S.
mutans were not seen between the CPP-ACP- and control-treated biofilms.
The three health-associated bacterial species (S. sanguinis, S. mitis, S. salivarius) that showed
significant fold increases in the CPP-ACP-treated biofilms possess systems actively engaged in biofilm pH
homeostasis. S. sanguinis and S. mitis are known to express arginine deaminase system (ADS) activity that
can effectively neutralize acids produced from carbohydrate metabolism [Burne and Marquis, 2000;
Nascimento, 2018]. S. salivarius is among the relatively small number of oral bacteria that encode urease
enzymes that can play a role in elevating resting plaque pH [Burne et al., 2012].

Conclusion
A better understanding of oral microbial ecology, especially the importance of the balance between
cariogenic and commensal microflora, has underlined the need to develop strategies to modulate the

microbial composition of dental plaque for caries prevention [Marsh et al., 2015]. Measures that help
maintain a symbiotic oral microbiome would be particularly beneficial for long-term control over dental
caries in high caries-risk patients. CPP-ACP may hold particular promise in this regard as not only can it boost
the remineralizing effects of fluoride, but the results of this study indicate that it may have beneficial
microbial ecological effects too. Future clinical trials are required to ascertain whether these in vitro effects
can translate to a clinical environment.

Figure Legends
Fig 1. Box-plots of microbial populations recovered from the polymicrobial biofilms after treatment with the CPPACP/vehicle control (n = 9). * indicates significantly different CFU values (P < 0.05) for the CPP-ACP-treated biofilm
compared to control-treated biofilms.

Fig. 2. Fold change of A) cariogenic and B) commensal bacterial species in CPP-ACP- vs. control-treated biofilms. A ratio
below 1 indicates lower relative abundance; a ratio above 1 indicates higher relative abundance. * indicates statistically
significant results after the Simes adjustment for multiple comparisons. P-values in brackets are from independent ttests.

Conflict of interest
None
References
Aas JA, Griffen AL, Dardis SR, Lee AM, Olsen I, Dewhirst FE, et al.: Bacteria of dental caries in primary and
permanent teeth in children and young adults. J Clin Microbiol 2008;46:1407-1417.
Adams SE, Arnold D, Murphy B, Carroll P, Green AK, Smith AM, et al.: A randomised clinical study to determine
the effect of a toothpaste containing enzymes and proteins on plaque oral microbiome ecology. Sci
Rep 2017;7:43344.
Becker MR, Paster BJ, Leys EJ, Moeschberger ML, Kenyon SG, Galvin JL, et al.: Molecular analysis of bacterial
species associated with childhood caries. J Clin Microbiol 2002;40:1001-1009.
Bowen WH, Burne RA, Wu H, Koo H: Oral biofilms: pathogens, matrix, and polymicrobial interactions in
microenvironments. Trends Microbiol 2018;26:229-242.
Burne RA: Getting to know "The Known Unknowns": heterogeneity in the oral microbiome. Adv Dent Res
2018;29:66-70.
Burne RA, Marquis RE: Alkali production by oral bacteria and protection against dental caries. FEMS Microbiol
Lett 2000;193:1-6.
Burne RA, Zeng L, Ahn SJ, Palmer SR, Liu Y, Lefebure T, et al.: Progress dissecting the oral microbiome in caries
and health. Adv Dent Res 2012;24:77-80.
Caruana PC, Mulaify SA, Moazzez R, Barlett D: The effect of casein and calcium containing paste on plaque
pH following a subsequent carbohydrate challenge. J Dent 2009;37:522-526.
Chhour KL, Nadkarni MA, Byun R, Martin FE, Jacques NA, Hunter N: Molecular analysis of microbial diversity
in advanced caries. J Clin Microbiol 2005;43:843-849.
Dashper SG, Shen P, Sim CPC, Liu SW, Butler CA, Mitchell HL, et al.: CPP-ACP promotes SnF2 efficacy in a
polymicrobial caries model. J Dent Res 2018:22034518809088.
DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber T, Dalevi D, Hu P, Andersen GL. 2006.
Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl
Environ Microbiol. 72(7): 5069-5072.
Emamieh S, Khaterizadeh Y, Goudarzi H, Ghasemi A, Baghban AA, Torabzadeh H: The effect of two types
chewing gum containing casein phosphopeptide-amorphous calcium phosphate and xylitol on
salivary Streptococcus mutans. J Conserv Dent 2015;18:192-195.

Erdem AP, Sepet E, Avshalom T, Gutkin V, Steinberg D: Effect of CPP-ACP and APF on Streptococcus mutans
biofilm: a laboratory study. Am J Dent 2011;24:119-123.
Exterkate RA, Crielaard W, Ten Cate JM: Different response to amine fluoride by Streptococcus mutans and
polymicrobial biofilms in a novel high-throughput active attachment model. Caries Res 2010;44:372379.
Gross EL, Beall CJ, Kutsch SR, Firestone ND, Leys EJ, Griffen AL: Beyond Streptococcus mutans: dental caries
onset linked to multiple species by 16S rRNA community analysis. PLoS One 2012;7:e47722.
Heshmat H, Banava S, Abdian H, Kharrazifard MJ: Effect of GC Tooth Mousse and MI Paste Plus on dental
plaque acidity. J Dent Res 2014a;92(Spec Iss B):82902.
Heshmat H, Banava S, Mohammadi E, Kharazifard MJ, Mojtahedzadeh F: The effect of recommending a CPPACPF product on salivary and plaque pH levels in orthodontic patients: a randomized cross-over
clinical trial. Acta Odontol Scand 2014b;72:903-907.
Kianoush N, Adler CJ, Nguyen KA, Browne GV, Simonian M, Hunter N: Bacterial profile of dentine caries and
the impact of pH on bacterial population diversity. PLoS One 2014;9:e92940.
Koopman JE, van der Kaaij NC, Buijs MJ, Elyassi Y, van der Veen MH, Crielaard W, et al.: The effect of fixed
orthodontic appliances and fluoride mouthwash on the oral microbiome of adolescents - a
randomized controlled clinical trial. PLoS One 2015;10:e0137318.
Marchisio O, Esposito MR, Genovesi A: Salivary pH level and bacterial plaque evaluation in orthodontic
patients treated with Recaldent products. Int J Dent Hyg 2010;8:232-236.
Marsh PD: The commensal microbiota and the development of human disease - an introduction. J Oral
Microbiol 2015;7:29128.
Marsh PD: In sickness and in health-what does the oral microbiome mean to us? An ecological perspective.
Adv Dent Res 2018;29:60-65.
Marsh PD, Head DA, Devine DA: Ecological approaches to oral biofilms: control without killing. Caries Res
2015;49:46-54.
McBain AJ, Sissons C, Ledder RG, Sreenivasan PK, De Vizio W, Gilbert P: Development and characterization of
a simple perfused oral microcosm. J Appl Microbiol 2005;98:624-634.
Nascimento MM: Potential uses of arginine in dentistry. Adv Dent Res 2018;29:98-103.
Ozdas DO, Tuna EB, Yilmaz EY, Aytepe Z: Casein phosphopeptide-amorphous calcium phosphate (CPP-ACP)
may be an alternative preventive therapy in children with cerebral palsy. Oral Health Prev Dent
2015;13:441-448.
Peric T, Markovic D, Petrovic B, Radojevic V, Todorovic T, Radicevic BA, et al.: Efficacy of pastes containing
CPP-ACP and CPP-ACFP in patients with Sjogren's syndrome. Clin Oral Investig 2015;19:2153-2165.
Philip N: State of the art enamel remineralization systems: the next frontier in caries management. Caries
Res 2019;53:284-295.
Philip N, Bandara N, Leishman SJ, Walsh LJ: Inhibitory effects of fruit berry extracts on Streptococcus mutans
biofilms. Eur J Oral Sci 2018a;10.1111/eos.12602.
Philip N, Suneja B, Walsh LJ: Ecological approaches to dental caries prevention: paradigm shift or shibboleth?
Caries Res 2018b;52:153-165.
Philip N, Walsh L: The potential ecological effects of casein phosphopeptide-amorphous calcium phosphate
in dental caries prevention. Aust Dent J 2018;10.1111/adj.12661.
Plonka KA, Pukallus ML, Holcombe TF, Barnett AG, Walsh LJ, Seow WK: A randomized controlled clinical trial
comparing a remineralizing paste with an antibacterial gel to prevent early childhood caries. Pediatr
Dent 2013;35:8-12.
Pukallus ML, Plonka KA, Holcombe TF, Barnett AG, Walsh LJ, Seow WK: A randomized controlled trial of a 10
percent CPP-ACP cream to reduce mutans streptococci colonization. Pediatr Dent 2013;35:550-555.
Reilly C, Goettl M, Steinmetz M, Nikrad J, Jones RS: Short-term effects of povidone iodine and sodium fluoride
therapy on plaque levels and microbiome diversity. Oral Dis 2016;22:155-161.
Reilly C, Rasmussen K, Selberg T, Stevens J, Jones RS: Biofilm community diversity after exposure to 0.4%
stannous fluoride gels. J Appl Microbiol 2014;117:1798-1809.
Reynolds EC: The prevention of sub-surface demineralization of bovine enamel and change in plaque
composition by casein in an intra-oral model. J Dent Res 1987;66:1120-1127.
Reynolds EC, Cai F, Shen P, Walker GD: Retention in plaque and remineralization of enamel lesions by various
forms of calcium in a mouthrinse or sugar-free chewing gum. J Dent Res 2003;82:206-211.

Reynolds EC, Riley PF: Protein dissimilation by human salivary-sediment bacteria. J Dent Res 1989;68:124129.
Reynolds EC, Wong A: Effect of adsorbed protein on hydroxyapatite zeta potential and Streptococcus mutans
adherence. Infect Immun 1983;39:1285-1290.
Richards VP, Alvarez AJ, Luce AR, Bedenbaugh M, Mitchell ML, Burne RA, et al.: Microbiomes of Site-Specific
Dental Plaques from Children with Different Caries Status. Infect Immun 2017;85.
Rose RK: Effects of an anticariogenic casein phosphopeptide on calcium diffusion in streptococcal model
dental plaques. Arch Oral Biol 2000a;45:569-575.
Rose RK: Binding characteristics of Streptococcus mutans for calcium and casein phosphopeptide. Caries Res
2000b;34:427-431.
Schüpbach P, Neeser JR, Golliard M, Rouvet M, Guggenheim B: Incorporation of caseinoglycomacropeptide
and caseinophosphopeptide into the salivary pellicle inhibits adherence of mutans streptococci. J
Dent Res 1996;75:1779-1788.
Simes RJ: An improved Bonferroni procedure for multiple tests of significance. Biometrika 1986;73:751-754.
Simon-Soro A, Mira A: Solving the etiology of dental caries. Trends Microbiol 2015;23:76-82.
Subramanian P, Naidu P: Effect of tooth mousse plus and cervitic gel on S. mutans. J Minim Interv Dent
2009;2:164-169.
Takahashi N: Oral microbiome metabolism: from "Who Are They?" to "What Are They Doing?". J Dent Res
2015;94:1628-1637.
Tanner AC, Kent RL, Jr., Holgerson PL, Hughes CV, Loo CY, Kanasi E, et al.: Microbiota of severe early childhood
caries before and after therapy. J Dent Res 2011;90:1298-1305.
Tanner AC, Kressirer CA, Faller LL: Understanding caries from the oral microbiome perspective. J Calif Dent
Assoc 2016;44:437-446.
Tanner AC, Sonis AL, Lif Holgerson P, Starr JR, Nunez Y, Kressirer CA, et al.: White-spot lesions and gingivitis
microbiotas in orthodontic patients. J Dent Res 2012;91:853-858.
ten Cate JM: Models and role models. Caries Res 2015;49:3-10.
Torlakovic L, Klepac-Ceraj V, Ogaard B, Cotton SL, Paster BJ, Olsen I: Microbial community succession on
developing lesions on human enamel. J Oral Microbiol 2012;4.
Vacca-Smith AM, Van Wuyckhuyse BC, Tabak LA, Bowen WH: The effect of milk and casein proteins on the
adherence of Streptococcus mutans to saliva-coated hydroxyapatite. Arch Oral Biol 1994;39:10631069.
Yetkiner A, Kara N, Ates M, Ersin N, Ertugrul F: Does casein phosphopeptide amorphous calcium phosphate
provide remineralization on white spot lesions and inhibition of Streptococcus mutans? J Clin Pediatr
Dent 2014;38:302-306.

