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Objectives: The salivary pellicle regulates interfacial events on dental surfaces and is a promising target for
modification to improve dental health. This scoping review systematically examines substances that modify the
pellicle, evaluating their potential and identifying knowledge gaps.

gfor;t:;ineering Data: This review followed the PRISMA-ScR guidelines. Studies investigating how substances applied during
Tooth erosion pellicle formation on enamel or dentin affect its structure, composition, or protective function were included.
Biofilms Sources: A systematic search of Medline was conducted up to March 2024 using predefined terms. Only English-
Tooth wear language research articles were included. No hand-searching was performed.

Study selection: A total of 864 records were identified. After title and abstract screening, 110 articles were
assessed in full, resulting in 85 eligible studies for data charting. These studies investigated human saliva-derived
pellicles on enamel or dentin, comparing their composition, structure, or protective properties with and without
modification. Most studies, conducted equally in vitro and in situ, focused on fluorides and metals (n = 28),
peptides and proteins (n = 21), and polyphenols (n = 18), while other substances were less frequently examined
(n = 17). Modifications affected the pellicle’s ultrastructure, altered its proteome, or enhanced its protective role
against erosion, abrasion, and bacterial adherence.

Conclusions: Despite numerous studies and distinct substance classes, findings remain inconclusive and must be
interpreted within the context of individual study designs.

Clinical significance: Modifying the pellicle can improve its protective function, presenting a promising approach
for preventive dentistry. However, the long-term effects of these substances within the dynamic oral environment
remain unclear. This review underscores the need for further research to close existing knowledge gaps and
confirm clinical relevance.

1. Introduction

Recent advances in pellicle modification have introduced new stra-
tegies to enhance dental health by modifying the pellicle, a thin layer of
salivary proteins and macromolecules that covers the tooth surface.
Pellicle formation is a highly dynamic, selective, and individual process,
eventually progressing to a biofilm as bacteria adhere [1,2]. While the
pellicle serves as a substrate for bacterial colonization [3], it also pro-
tects teeth against attrition, abrasion, and erosion [4].

Initially, the pellicle forms as a thin, 10-nm basal layer composed of
adsorbed precursor proteins, which grows as additional proteins bind
through protein-protein interactions. Depending on the availability of
local saliva, the pellicle can reach a thickness of approximately 1000

nm. Compared to the electron-dense basal layer, the outer layer of the
pellicle is looser in structure and exhibits a globular-granular
morphology on buccal surfaces due to protein aggregates from parotid
saliva [1,5]. While the basal layer plays a major role in the pellicle’s
erosion-protective properties [6], the overall thickness may affect its
durability during frequent chemical or mechanical challenges, as a
thicker pellicle persists longer [7-9]. Specific proteins are also associ-
ated with the pellicle’s protective properties. The pellicle is composed of
several hundred salivary proteins [2,10], including haemoglobin, al-
bumin, and cystatin, which contribute to erosion protection [11,12]. It
also serves as a physical barrier that separates sliding surfaces and,
together with lubricating proteins such as mucins and statherins, is
associated with abrasion resistance [13,14]. In addition to its protective
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functions, the pellicle mediates early biofilm formation by presenting
receptors for bacterial adhesins. Species-specific interactions with
components such as proline-rich proteins, glucans or mucins influence
the initial microbial colonization and shape the composition of the
dental biofilm [4]. The structure and composition of the pellicle can be
altered by various substances, optimizing its protective properties, for
instance, by forming a denser, thicker pellicle and enriching it with
protective proteins.

The pellicle offers multiple targets for modification and despite
growing interest in pellicle modification, a comprehensive evaluation of
the effects of various agents remains lacking. Therefore, this scoping
review systematically examines the literature to explore how and by
which agents the pellicle and its protective properties can be modified.
By identifying research gaps, it highlights potential areas for future
investigation and provide insights into how targeted modifications can
improve the pellicle’s properties, contributing to better oral health.

2. Methods
2.1. Eligibility criteria

The present scoping review was conducted in accordance with the
PRISMA-ScR guidelines [15]. The protocol was published post-analysis
on the Open Science Framework on 17th January 2025 (https://doi.
org/10.17605/0SF.I0/MDPYH). Eligibility criteria were determined
based on the research question: First, only pellicles formed on enamel or
dentin in the human oral cavity or from human saliva were considered,
while other substrates and edentulous subjects, or subjects with salivary
gland diseases or on specific medications, were excluded. Second, sub-
stances had to be applied during pellicle formation and compared to an
appropriate control, rather than being applied to an established biofilm.
Third, studies were included only if they investigated the ultrastructure,
protective properties (erosion, abrasion, attrition, bacterial adherence),
or composition of the pellicle, excluding those that focused solely on
fungal adherence. Fourth, only research articles were included; case
studies and review articles were excluded.

2.2. Search strategy

The freely accessible database Medline was searched up to March
2024. The search strategy was initially drafted by A.S. and revised
through discussions with co-authors. Medline was searched via PubMed
using the search terms “(pellicle) AND (structure OR erosion OR abra-
sion OR attrition OR tooth wear OR bacterial adherence OR composi-
tion) AND (research article OR experimental study OR observational
study OR in-vitro OR in-situ OR in-vivo) NOT (review article)”. Only
studies published in English were considered. Hand searching was not
conducted. Two reviewers (J.V.F.S. and A.S.) independently screened
the titles, abstracts, and full texts. Disagreements between reviewers
were resolved through consensus.

2.3. Data charting

All authors designed the data-charting table in Excel. Two reviewers
(J.V.F.C. and A.S.) independently extracted the following data from
eligible studies: study design (in vitro, in situ, in vivo), pellicle formation
(enamel, dentin, initial pellicle formation, saliva), intervention (sub-
stance, exposure time, frequence), control, methods (profilometry, cal-
cium release, electron microscopy, others), and conclusions. The
included studies were grouped according to the substances investigated.
Within each group, the effects of these substances on the pellicle were
discussed, with additional literature to contextualize and deepen the
interpretation of findings. Both reviewers actively contributed to the
synthesis and discussion across all substance groups. In addition, the
analytical methods in eligible studies were critically evaluated using a
customized bias assessment tool, adapted for this scoping review from
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the pilot risk of bias tool by Fox et al. (2024) and the RoBDEMAT by
Delgado et al. (2022) [16,17].

3. Results
3.1. Study selection

Initially, 864 studies were identified and screened. From these, 110
studies met the eligibility criteria based on the titles and abstracts
(Fig. 1). After screening the full texts, 85 eligible studies were included
for data charting.

3.2. Summary of the results

The detailed study characteristics are given in Table S1. Half of the
studies were conducted in vitro, the other half in situ, with only a few
conducted in vivo. Bovine teeth and enamel were used as specimens
more often than human teeth and dentin. Pellicles were formed for
varying durations and interrupted by treatments, with the timing of
pellicle formation before the first treatment summarized in Table S1.
The first treatment was applied either before pellicle formation or up to
24 h afterward, most frequently within the first 2 h. Stimulated saliva
was predominantly used in vitro studies. Substances were applied for
durations ranging from 30 s to 2 h, most commonly for 1-2 min. Pellicles
and their protective properties were analyzed based on outcomes such as
tissue loss, hardness, morphology of dental hard tissue and pellicles, and
proteome analyses. Three major substance classes emerged, fluorides
and metals, peptides and proteins, and polyphenols, while other sub-
stances were discussed separately due to limited representation.

Fluorides and metals were the most extensively studied substance,
included in a total of 28 studies. Of these, 20 focused on its role in dental
erosion, 2 examined its effects on biofilm formation, and 1 study
investigated both biofilm and erosion. Additionally, 1 study explored
fluoride’s impact on the pellicle proteome, while 4 studies assessed
other aspects, such as stannous fluoride deposition in the pellicle layer,
changes in amino acid composition, alterations in pellicle thickness and
chemical properties, and the amount of calcium fluoride-like precipitate
formed. Most studies were conducted in vitro (17 studies), followed by
in situ studies (10), and 1 study that combined in situ and in vivo
methods. No studies were performed exclusively in vivo. Regarding
analytical methods, profilometry was most frequently used (11 studies),
followed by calcium loss measurements (7), transmission electron mi-
croscopy (TEM) (4), and scanning electron microscopy (SEM) (3).

Polyphenols were investigated in 19 studies. Of these, 12 focused on
erosion, 4 on biofilm, and 2 on both erosion and biofilm. One study
explored the effect of polyphenols on the pellicle proteome. In terms of
study design, 7 were conducted in vitro, 8 in situ, and 4 combined both
methods. No in vivo studies were identified. TEM was the most
commonly used analytical method (9 studies), followed by calcium loss
(7), profilometry (3), and SEM (1).

Peptides were examined in 21 studies. Among these, 15 focused on
erosion, 2 on biofilm, and 3 on proteomic changes. One study by Ken-
sche (2019) specifically investigated whether bovine milk or milk pro-
tein isolates could alter the ultrastructure of the in-situ pellicle and
potentially influence oral health. Most peptide studies were in vitro (14
studies), followed by in situ (3), in vivo (3), and 1 study combining in
vitro and in situ methods. Profilometry was used in 8 studies, calcium
loss in 6, TEM in 1, and SEM in 1.

Other substances were investigated in 18 studies. Of these, 9 focused
on erosion, 4 on biofilm, 2 on proteomic changes, 1 on both erosion and
biofilm, and 2 on saliva-related properties such as adsorption and
lubrication. Study designs included 7 in vitro, 7 in situ, 2 in vivo, 1
combining in vitro and in situ methods, and 1 combining in vitro and in
vivo. TEM and SEM were the most commonly used methods (6 studies),
followed by calcium loss (3) and profilometry (1).

While fluorides, metals and polyphenols generally protected against
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Fig. 1. Flow chart of study selection process.

erosion and reduced bacterial adherence, the effects of peptides and
proteins were less consistent, and limited studies on other substances
prevented a conclusive overview (Table 1).

3.3. Quality assessment

The detailed results of the quality assessment are provided in
Table S2. Approximately half of the studies randomly allocated samples
or subjects to treatment groups (39 studies). The relevance of random-
ization in pellicle research is unclear, as samples are often taken from a
pool of teeth with unknown properties prior to analysis. For hardness
tests, initial hardness values are typically collected before allocation,
ensuring they are evenly distributed with similar mean values across
groups. Only a few studies calculated an appropriate sample size (17
studies), raising concerns that the remaining studies may be under-
powered. Most studies used bovine specimens (70 studies), which are
more homogeneous than human specimens due to standardized feeding
regimens and slaughter ages [18,19]. However, in several studies, test
and control groups differed in variables beyond the active substance,
such as concentration (9 studies), solvents (3), or pH values (9), which
could significantly affect outcomes. This issue is pronounced with
commercial products, which often vary in numerous other components.
While most studies reported inclusion and exclusion criteria for saliva
donors or subjects (58 studies), a few did not specify the number of
donors (8), increasing the risk of bias, as saliva composition, and
therefore pellicle formation, varies between individuals [2]. Using
pooled saliva from multiple donors reduces this variability and produces
more representative results. in-situ studies, a cross-over design was
commonly used. However, if the washout period was not reported (12
studies), there is a higher risk of bias due to potential carry-over effects.
Studies examining bacterial adherence or viability often used fluores-
cence microscopy, a semi-quantitative method prone to bias if ocular
grids were not randomized or if analysis was performed by a single,
unblinded investigator. As most studies did not report these details, it is
difficult to reliably assess the associated risk. Blinding of investigators,
particularly in-vitro and in-situ studies, is straightforward to implement
and reduces bias, yet it was employed in only a small number of studies
(13 studies). Statistical methods were reported in most studies, but many
failed to describe how data distribution was analyzed. Decisions

regarding parametric or non-parametric tests depend on a prior analysis
of normal distribution, which was often not reported (27 studies).
Overall, the included studies, based on the modified bias assessment
tool, presented some concerns (36 studies) or a high risk of bias (39).

4. Discussion
4.1. Fluorides and metals

Fluorides and other metal salts are not traditionally considered as
agents used in pellicle modification; however, they were included in this
study due to the ongoing debate regarding their mode of action. Spe-
cifically, it remains unclear whether fluorides and other metal salts
interact directly with the dental surface to form a calcium fluoride layer,
for example, or if they are possibly stored within the pellicle, thereby
altering its properties. The interaction of fluorides and tin with dental
hard tissue is complex and multifactorial (see [20]).

With regard to pellicle modification, there appears to be a synergistic
relationship. Fluorides and their cations, particularly tin, form pre-
cipitates on the dental surface that protect it from acids. On the one
hand, these precipitates seem to promote protein adsorption [21],
thereby altering the ultrastructure of the pellicle. For instance,
tin-containing preparations increase the electron density of the basal
pellicle layer, while amine fluorides lead to a thicker outer pellicle layer
[22,23]. Additionally, it has been suggested that fluorides and tin can
cross-link pellicle proteins [24], which, in turn, may enhance the resil-
ience of the pellicle [25]. On the other hand, the pellicle facilitates the
precipitation of calcium fluoride [26]. Bioinformatic studies suggest that
human proteins, some of which are present in the pellicle [2], may have
the ability to bind fluoride [27]. The pellicle, as a biomembrane, could
modulate the adsorption, diffusion, and desorption of fluorides, thereby
enriching the pellicle with protective precipitates [22,23].

The modification of the pellicle by fluorides leads to changes in its
composition, including an enrichment with erosion-protective proteins,
such as carbonic anhydrase [24,28,29]. Furthermore, tin-containing
precipitates in the basal pellicle layer provide both protection against
erosion and shielding the pellicle from acid-induced degradation [22,
23]. Some fluoride compounds, such as sodium fluoride, mono-
fluorphosphate, amine fluoride or stannous fluoride, also inhibit
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Table 1
Findings as stated in the included studies.
substance agents modifications protective
classes properties
fluorides - sodium fluoride - alter pellicle - reduce
and - titanium tetrafluoride ultrastructure demineralization
metals - zirconium - increase outer - promote
tetrafluoride layer thickness remineralization
- amine fluoride (e.g., with - reduce bacterial
- sodium amine fluoride) adherence
monofluorophosphate - increase
- hafnium tetrafluoride electron density
- stannous fluoride and of basal layer
stannous chloride (e.g., with tin)
- promote
protein
adsorption
- cross-link
pellicle proteins
- enrich pellicle
with erosion-
protective
proteins
- induce
precipitations
- modify surface
hydrophobicity
peptides - caneCPI-5 - modify protein - reduce erosive
and - statherin-derived adsorption tooth wear
proteins peptide - enrich pellicle
- hemoglobin with erosion-
- casein protective
- mucin proteins
poly- - polyphenol rich - protein - reduce
phenols extracts (grapeseed, aggregation demineralization
cranberry, grapefruit, - enrich pellicle - reduce bacterial
acai, blueberry, red with erosion- adherence
wine, hop, protective
blackcurrant leaves, proteins
Inula viscosa, Cistus - increase
incanus, gallnut, black thickness and
and green tea) density
- epigallocatechin - increase
gallate chemical
- ellagic acid resistance
- tannic acid - reduce receptor
- theaflavin sites for
- resveratrol bacteria
others - calcium-based - incorporation - reduce
materials (calcium, of a calcium demineralization
hydroxyapatite phosphate - promote
nanoparticles, casein reservoir remineralization
phosphopeptide- - reduce receptor - reduce bacterial
amorphous calcium sites for adherence
phosphate) bacteria
- lipids (edible oils, - alteraminoacid - transient or
vitamin A, vitamin E, composition negligible effects
silicone oil) - enrich the
pellicle with
lipids
- loosen pellicle
structure
- milk - incorporation - transient or
of lipid droplets negligible effects
and micelles
- chitosan - protein - reduce
aggregation demineralization
- increase - increase
thickness lubrication
- forms acid-
resistant and
lubricating
layer
- chlorhexidine - changes in - reduce bacterial
pellicle adherence
proteome
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Table 1 (continued)

substance modifications

classes

agents protective

properties

alteration of
pellicle
structure
reduction of
receptor sites
for bacteria

bacterial adherence [22,30], and it has been suggested that amine
fluorides reduce bacterial adhesion by modifying the hydrophobicity of
the pellicle [31].

Overall, fluorides influence both the composition and ultrastructure
of the pellicle, which, in addition to their inherent protective properties,
may explain their synergistic effects in the presence of the pellicle.
However, the molecular-level interactions between fluorides and
pellicle proteins remain unclear and warrant further investigation.

4.2. Peptides and proteins

Various peptides, including cystatin-derived and statherin-derived
peptides, as well as proteins such as hemoglobin, casein, and mucin,
were identified and are discussed in the following paragraph regarding
their roles in pellicle modification.

Cystatin, a phosphoprotein found in saliva and the pellicle, was
identified as acid-resistant and may contribute to the pellicle’s erosion-
protective properties [32]. While it has potential for optimizing the
pellicle, the high cost of commercially available human-recombinant
cystatin limits its clinical use. To address this issue, natural homologs
have been searched, leading to the identification of five sugarcane cys-
tatins, including CaneCPI-5. CaneCPI-5 has demonstrated strong
adherence to enamel [33]. Studies investigating CaneCPI-5 consistently
report that its application to the pellicle reduces erosive tooth wear in
enamel and dentin [33-42]. The observed effects have been attributed
to several mechanisms, primarily associated with changes in the pelli-
cle’s proteome. CaneCPI-5 adheres strongly to enamel, likely due to
interactions between its N-terminal amino acids and hydroxyapatite
[32], resulting in reduced surface free energy and an increased number
of acid-resistant proteins in the pellicle [34,43]. Additionally, as a
cystatin-derived peptide, CaneCPI-5 could inhibit collagenases, which
degrade dentin collagen exposed during acidic challenges [38]. How-
ever, a recent study found that pellicle modification using CaneCPI-5 did
not protect enamel from hydrochloric acid erosion, representing
intrinsic erosion caused by gastric acids, possibly due to the single
application of CaneCPI-5 before pellicle formation and a one-time acid
exposure [35]. This finding underscores the need for further research to
clarify the relationship between the pellicle proteome and its
erosion-protective properties.

Statherin, a phosphorylated salivary protein with calcium-binding
capacity, is associated with the erosion-protective properties of the
pellicle. Epidemiological data indicate that patients with dental erosion
exhibit reduced concentrations of statherin in the pellicle. Similarly,
pellicle collected in vivo from eroded regions of the same patient showed
lower statherin levels compared to non-eroded regions [44]. The nega-
tively charged phosphate residues in statherin’s helical N-terminal re-
gion facilitate interactions with calcium and hydroxyapatite [45,46].
Furthermore, in vitro studies demonstrate that peptides derived from
statherin can reduce enamel demineralization, though at least 15
N-terminal residues are required for this effect [47]. These protective
mechanisms may involve the formation of a semi-permeable membrane,
modulation of calcium concentration and solution saturation, and sta-
bilization of the hydroxyapatite surface [48]. Studies also show that
statherin-derived peptide treatment alters the pellicle proteome, pro-
moting the accumulation of acid-resistant proteins [34]. Another study
found that pre-treating polished enamel with statherin-derived peptide
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also influenced pellicle proteome, suggesting that statherin forms the
basal pellicle layer, which may alter the binding of other precursor
proteins and pellicle growth through protein-protein interactions [49].
Despite these promising findings, experimental results on the
erosion-protective properties of modified pellicles remain inconsistent.
Variations in experimental conditions or the presence of native statherin
in saliva may explain why statherin-derived peptides often provide no
additional benefit [50]. Moreover, the protective effect of
statherin-derived peptides appears highly concentration-dependent,
with minor deviations diminishing their efficacy against initial
erosion. This lack of a clear dose-response relationship raises concerns
about the feasibility of consistently achieving optimal concentrations in
clinical settings, limiting their practical application in enamel-protective
treatments outside controlled environments [47,51].

Hemoglobin was recently identified in the acquired enamel pellicle,
specifically in samples from posterior teeth, as earlier studies focused
only on anterior teeth [44]. Elevated hemoglobin levels observed in
patients with gastroesophageal reflux disease but without erosion sug-
gest a potential protective role against intrinsic erosion [11]. The
included studies of the present review show that pellicle modification
with hemoglobin increases erosion-resistant proteins and enhances the
pellicle’s protective properties [34,35,37]. However, proteomic ana-
lyses lack details about the hemoglobin used, and hemoglobin itself was
not detected in the modified pellicle [34,35], leaving the mechanism by
which hemoglobin alters the pellicle unclear.

Casein and mucin are commonly tested in combination for pellicle
modification. Casein, a milk-derived phosphoprotein, is negatively
charged at neutral pH and binds to hydroxyapatite [52]. Mucin, a
mucus-forming protein found in saliva, is considered an acid-resistant
protein of the pellicle [32,53]. Both proteins can be incorporated into
the pellicle [52,54], with casein potentially promoting mucin accumu-
lation through protein-protein interactions [55]. Studies modifying
pellicles with casein, mucin, or their combination investigated their
protective effects against erosion, tooth wear, and bacterial adherence.
While one study reported improved erosion protection [55], others
found no sufficient improvements [56-60]. This discrepancy may arise
because saliva and pellicle already contain mucins, diminishing any
additional benefit from their application [53,61].

These findings on pellicle modification with peptides and proteins
underscore the need for further research. Although peptides and pro-
teins can form an artificial pellicle and offer some protection against
erosion, the tooth surface is naturally covered by a pellicle. As these
substances do not consistently improve the pellicle’s protective prop-
erties, their clinical benefits remain unclear.

4.3. Polyphenols

Polyphenols are secondary plant metabolites that are abundant in
nature, comprising a large and heterogeneous group of over several
thousand substances. Due to their health-promoting properties, which
include anti-inflammatory, antioxidant, and antibacterial effects, poly-
phenols are gaining increasing popularity in research. Their basic
chemical structure includes more than one phenolic ring without any
nitrogen-based functional groups in their basic structure, derived from
the shikimate or polyketide pathway [62]. They can interact with pro-
teins and are responsible for the astringent sensation in the oral cavity
when consuming polyphenolic substances like green tea [63]. While
polyphenols can exhibit specific interactions with proteins at an indi-
vidual level, polyphenol-protein interactions are generally driven by
non-specific interactions, where the phenolic functional groups of
polyphenols primarily interact with the carbonyl groups of proteins
through hydrophobic interactions and hydrogen bonding [64].

Polyphenols enhance the pellicle’s ability to protect against erosion
and reduce bacterial adherence, both of which depend on the pellicle’s
structure and composition. Polyphenols modify the pellicle by inter-
acting with proteins both within the pellicle and from saliva. This
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interaction leads to the formation of protein aggregates in saliva [63,65,
66], which contribute to pellicle formation. Similar to the deposition of
amylase agglomerates from the parotid gland, which are known to be
responsible for the thick, globular structure of the buccal pellicle [1,5],
the deposition of these aggregates results in a thicker and denser pellicle.
This effect is further enhanced by interactions with proteins already
present in the pellicle [67-74]. Given the particular affinity of poly-
phenols for proline-rich proteins and statherins [64,75], these proteins
are also increasingly incorporated into the pellicle [76], with the
calcium-binding protein statherin being often credited with contributing
to the pellicle’s erosion-protective properties [6,11]. Polyphenols
themselves are also incorporated into the pellicle [70]. Given that the
hydroxyphenyl groups of polyphenols can chelate calcium, they may
enhance the pellicle’s protective function in a manner similar to sta-
therin [77]. Finally, polyphenols also enhance the resistance of the
pellicle to elution by solutions such as phosphate buffer, sodium dodecyl
sulfate, and citric acid [70,78,79]. This property becomes increasingly
important as the severity of acid attacks intensifies, since the pellicle,
along with its protective functions, can be lost during a strong acid
exposure [9]. In most erosion studies included in the present systematic
review, polyphenols enhanced the protective properties of the pellicle. It
remains unclear which specific structural or compositional changes
resulting from pellicle modification had the greatest impact, but the
improvement is likely due to a combination of multiple factors.

In addition to the antibacterial properties of polyphenols and their
effects on established biofilms, which are not considered part of pellicle
modification and are therefore not discussed further, treating the
pellicle with polyphenols reduces bacterial adherence. Various mecha-
nisms have been proposed, all of which are attributed to protein-
polyphenol interactions [67,68,73,80-82]. Bacterial adherence typi-
cally occurs through interactions between bacterial adhesins and pellicle
proteins or polysaccharides [4]. Polyphenols may, on one hand, mask
these receptors or binding sites. However, molecular-level analyses are
lacking, as they are difficult to perform due to the large variety of
involved compounds. On the other hand, polyphenols are known to
inhibit glycosyltransferases in the pellicle, thereby reducing glucan
synthesis, which also serves as a receptor for bacterial adherence [83].
Clinical studies are still needed to confirm whether polyphenols effec-
tively inhibit biofilm formation, making an evidence-based conclusion
currently unavailable [84].

Overall, polyphenols are promising substances for pellicle modifi-
cation, and their health-promoting properties, combined with their
biocompatibility and renewability as natural compounds, could
contribute to both general and dental health.

4.4. Others

4.4.1. Calcium-based materials

Calcium is a component of saliva and dental hard tissues, playing a
key role in the formation of the electrostatic double layer on the tooth
surface, which is essential for pellicle formation [4]. While saliva is
naturally saturated with calcium relative to hydroxyapatite, increasing
calcium levels might enhance the pellicle’s protective properties. In a
study by Zeng et al. (2019), human unstimulated saliva was supple-
mented with calcium, and pellicles were formed on human enamel for
over 20 min. Despite interfering with initial protein adsorption that has
limited clinical relevance, calcium contributed to increased pellicle
thickness, along with the formation of surface projections. Additionally,
the improved mechanical properties suggest better protection against
abrasion. The authors suggest that calcium acts as a mediator between
negatively charged or chelating functional groups of proteins, promot-
ing their interaction [85]. The extent to which these structural and
mechanical changes improve the pellicle’s protective properties under
oral conditions remains unclear, especially since physicochemical fac-
tors, such as salt concentration, can influence protein conformation and
interactions. Nonetheless, this study highlights the physiological role
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that calcium may play in supporting protein-protein interactions during
pellicle formation.

Calcium, in the form of hydroxyapatite, has been also widely
researched as a biocompatible material for various dental applications
[86]. Since saliva is already saturated with calcium and phosphate in
relation to hydroxyapatite, it is typically applied intraorally in the form
of insoluble nanoparticles. The small size of calcium-based nanoparticles
allows them to penetrate microdefects more effectively than larger
particles, enabling deeper mineral deposition. Their similarity to dental
hard tissue supports interaction with salivary proteins, while their high
surface area facilitates contact with bacterial cells and biofilms, poten-
tially disrupting adhesion. Unlike calcium phosphate solutions, these
nanoparticles may also be retained in the pellicle or enamel surface,
prolonging their protective effects [86]. Research has shown that hy-
droxyapatite particles, often forming aggregates, can be deposited in the
outer layer of the pellicle without altering its basic morphology. How-
ever, over time, these particles gradually desorb [87,88]. In the study by
Kensche et al. (2016), no clear improvement in the erosion-protective
properties of the pellicle was observed, despite the incorporation of
hydroxyapatite particles. However, the authors suggest that these par-
ticles may act as a calcium phosphate reservoir, potentially contributing
to subsequent remineralization [87]. Nevertheless, it remains uncertain
to what extent these reservoirs can promote remineralization in an
already saturated environment, particularly in the absence of amor-
phous calcium phosphate stabilizers. The incorporation of hydroxyap-
atite nanoparticles may block receptors in the pellicle that facilitate
bacterial adhesion, thereby inhibiting bacterial adherence, as demon-
strated in the studies by Kensche et al. (2017) and partially in Hannig
et al. (2013). However, since the hydroxyapatite nanoparticles were
applied intraorally, the observed effect could also result from in-
teractions with bacterial adhesins from planktonic bacteria [88,89].
Therefore, the specific role of pellicle modification in this context has
not yet been fully clarified.

Calcium phosphate can be stabilized in a metastable solution by
casein, a milk protein discussed in the peptides and proteins section, to
form casein phosphopeptide-amorphous calcium phosphate (CPP-ACP)
[90]. CPP-ACP can act as a reservoir for calcium and phosphate, pre-
venting demineralization and promoting remineralization [91-93].
Recently, CPP-ACP was shown to interact with the pellicle, depositing
micelle- and mineral-like structures [94]. In the included studies,
CPP-ACP was investigated for its ability to enhance the pellicle’s
erosion-protective properties and reduce bacterial adherence. While
CPP-ACP treatment deposited fine mineral precipitates in the pellicle
and improved erosion protection, it was less effective than the positive
control fluoride [87]. Furthermore, Grychtol et al. (2014) found that
CPP-ACP had no effect on bacterial adherence, likely due to the masking
effect of the pellicle, which compensate the ability of CPP-ACP to alter
the pellicle’s charge and long-range bacterial interactions [95].

4.4.2. Lipids

Similar to polyphenols, lipids represent a broad group of substances
that share lipophilic or amphiphilic characteristics. Lipids can be cate-
gorized into various, sometimes overlapping, subgroups, including
mono-, di-, and triglycerides of fatty acids (fats and oils), waxes, phos-
pholipids, sterols, and fat-soluble vitamins. Given that the pellicle con-
tains a substantial number of phospholipids and triacylglycerols [96,
971, which can interact with other lipids [98], several studies have
investigated optimizing pellicle properties through lipid incorporation.

Since lipids are lipophilic, they tend to form lipid droplets in water or
aqueous environments, such as saliva in the oral cavity. These lipid
droplets can accumulate on dental surfaces, with the pellicle serving as a
prerequisite for this interaction [98]. However, this interaction is not
stable; lipid droplets initially observed in the pellicle shortly after the
application of edible oils are no longer detectable after several hours,
suggesting desorption [98-100]. Edible oils can alter the composition of
the pellicle by enriching it with lipids, which affects pellicle formation,
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resulting in a more heterogeneous and less dense structure. The lipo-
philic properties of the incorporated lipids may loosen the pellicle’s
structure [99,101].

The extent to which lipids can enhance the protective properties of
the pellicle remains inconclusive. On the one hand, edible oils did not
reduce bacterial adherence to the modified pellicle in the study by
Hannig et al. (2013) [99], and most lipids and vitamin A failed to reduce
erosion in the studies by Ionta et al. (2016) and Rios et al. (2021). On the
other hand, both palm oil and vitamin E were shown to improve
erosion-protective properties by interacting with the lipids and albumin
in the pellicle, respectively. The authors suggested that edible oils likely
reduce the degradation of the basal pellicle layer by erosive substances,
thereby better preserving its protective function [102,103]. In contrast,
the study by Hannig et al. (2012) demonstrated that the basal layer of a
pellicle modified with safflower oil was less resistant to acids, as indi-
cated by interruptions in its continuity following acid exposure. This,
combined with structural loosening, led to reduced erosion-protective
properties compared to the native pellicle [101].

The variability in the effects of edible oils may be attributed to dif-
ferences in their composition, including the types of lipids, such as tri-
acylglycerols, diacylglycerols, and free fatty acids, as well as minor lipid
components like phospholipids and sterols. Additionally, non-lipid
substances such as polyphenols and carotenoids may contribute to
their biological activity [104]. However, it is important to note that the
palm oil used in both studies was not further classified, despite its
composition being dependent on production and processing methods
[105].

In addition to edible oils, the effect of silicone oil, a synthetically
produced silicone-based oil, on pellicle formation was also investigated
in the last century. Despite technical limitations, it was shown that sil-
icone oils are incorporated into the pellicle and alter its amino acid
composition, resulting in impaired pellicle formation, though this effect
diminished over time. The authors hypothesized that the low surface
tension of silicone oils allows their adsorption onto the tooth surface,
generating a water-repellent layer [106]. While the extent to which
pellicle modification with silicone oil can optimize protective properties
has yet to be investigated, it is known that a hydrophobic surface re-
duces contact with aqueous acid solutions and thus erosion [107], and
can also modulate bacterial adherence [108].

While lipids show potential for pellicle modification, the results
remain inconsistent and depend on the type of lipid, its composition, and
its interaction with the pellicle, warranting further investigation into
their precise mechanisms and long-term effects.

4.4.3. Milk

Frequent milk consumption is associated with a lower susceptibility
to dental erosion [109,110], although its relationship with the pellicle
remains unclear. Beyond its minerals and trace substances, lipids and
proteins are the primary components discussed in relation to erosion
protection. In this section, the focus is on different types of milk rather
than individual constituents, which have already been covered in the
sections above.

Milk types vary by fat content and processing methods, such as ho-
mogenization, where fat globules are broken into smaller lipid droplets,
and ultra-heat treatment, which preserves milk but also alters its pro-
teins and carbohydrates [111]. A study by Nekrashevych et al. (2021)
found no effect of low- or high-fat milk on pellicle structure [112].
However, Kensche et al. (2019) observed deposits of lipid droplets and
possibly casein micelles, noting that the influence on pellicle formation
increased with higher fat content and homogenization. These changes
were only evident 60 min after application, and by 120 min, the treated
pellicles no longer differed from the native pellicle, likely due to the
desorption of these components [113]. In a proteomic study by Cassiano
et al. (2018), which examined only human proteins and not milk pro-
teins, whole and fat-free milk were found to influence the pellicle pro-
teome 60 min post-application. Proteins such as statherins were
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enriched, while others, like proline-rich proteins, were reduced [114]. It
remains unclear whether these changes, like those observed by Kensche
et al. (2019), are temporary. In the only study that investigated the
erosion-protective properties of a modified pellicle, milk did not result in
any significant improvement [112].

Based on the limited literature, milk appears to have minimal rele-
vance for pellicle modification, though it may reduce dental hard tissue
loss through other mechanisms, such as acting as an antacid [115].

4.4.4. Chitosan

Chitosan, the deacetylated and water-soluble form of chitin, is a
widely studied natural polycationic polymer known for its ability to
interact with salivary proteins and the acquired enamel pellicle. These
interactions induce protein aggregation, increase pellicle thickness, and
impart a positive surface charge [66,116-119]. Depending on its degree
of deacetylation and molecular weight, chitosan can be formulated as a
solution or gel, often serving as a vehicle for active substances. Despite
requiring an acidic pH to dissolve, which may risk demineralization of
dental hard tissues [72], its erosion-protective effects vary across
experimental models, sometimes offering protection [38], and at other
times showing limited efficacy [42].

Mechanistically, chitosan binds electrostatically to negatively
charged pellicle components, particularly mucins and glycoproteins,
resulting in stable integration and overcharging of the pellicle surface
[118]. This binding alters the ultrastructure of the pellicle, increasing its
electron density and surface roughness, which has been confirmed
through TEM and atomic force microscopy imaging [72,118]. These
structural changes may contribute to the sensation of oral astringency
but also enhance the pellicle’s resilience against erosive and abrasive
challenges.

Furthermore, when combined with protective agents such as
CaneCPI-5, chitosan gels demonstrate synergistic effects. These formu-
lations not only facilitate the delivery of bioactive proteins but also
modulate pellicle composition and improve its protective function
against enamel and dentin wear under in situ conditions [38,42]. Chi-
tosan’s mucoadhesive properties and its ability to stabilize and modify
the pellicle underscore its potential in erosion-preventive strategies,
particularly within the concept of acquired pellicle engineering.

4.4.5. Chlorhexidine

Chlorhexidine is often used as a positive control in antibacterial
studies and is considered the gold standard for chemical biofilm control.
While it is primarily known for its antibacterial effects [120], some of its
properties stem from its interaction with the pellicle. Chlorhexidine
interacts with salivary and pellicle proteins [121-123], leading to an
altered pellicle structure characterized by more globular components
and the incorporation of chlorhexidine into the pellicle [124,125].

Treatment of the pellicle with chlorhexidine induces changes in the
pellicle proteome, leading to the detection of unique calcium-binding
and acid-resistant proteins within the pellicle [76]. However, the
extent to which these modifications provide protection against erosion
has not yet been investigated. All included studies demonstrated an
inhibitory effect of chlorhexidine on bacterial adherence [68,73,88,89,
95,99,126]. However, in these studies, participants rinsed with chlor-
hexidine, making it difficult to differentiate between its effects on
planktonic bacteria and those resulting from pellicle modification. It has
been suggested that chlorhexidine may block receptors in the pellicle
that facilitate bacterial adherence. Nevertheless, an older study found no
inhibitory effect of pre-treating the pellicle with chlorhexidine on sub-
sequent bacterial adherence [127]. Thus, the role of pellicle modifica-
tion with chlorhexidine remains unclear.

4.4.6. Magnesium hydroxide

Some substances, such as magnesium hydroxide and alcohol, were
only evaluated in single studies in this review, making their role in
pellicle modification speculative. In the study by Passos et al. (2018), a
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pellicle was formed from human saliva on enamel daily for five days,
followed by three daily demineralization cycles using citric acid. The
enamel was treated with either non-fluoridated, sodium fluoride or
magnesium hydroxide dentifrice. The magnesium-containing dentifrice
was as ineffective as the other dentifrices in providing protection against
erosion. However, the authors attributed protective properties to mag-
nesium hydroxide likely due to the neutralization of citric acid through
the formation of magnesium citrate and other neutralizing intermediates
[128]. However, the effect of magnesium hydroxide on pellicle structure
or its retention in the pellicle has not yet been studied. Therefore, its role
in pellicle modification remains unclear and requires further investiga-
tion at both the elemental and ultrastructural levels.

4.4.7. Alcohol

In a study by Zeng et al. (2017), alcohol’s influence on pellicle for-
mation was examined. Human saliva was collected after rinsing with
water or increasing concentrations of alcohol, and pellicles were formed
in vitro for 1 min. Alcohol-stimulated saliva increased pellicle adhesion
to enamel but reduced its lubricating properties. Scanning probe mi-
crographs showed a smoother pellicle surface compared to the control.
The authors suggested that alcohol alters the tertiary structure of pro-
teins, unfolding them and exposing more functional groups for adhesion
to the dental surface, which explains the stronger attachment and
structural changes [129]. However, these laboratory conditions do not
reflect clinical scenarios, where the dental surface is always covered by a
pre-existing pellicle, and opportunities to modify initial protein
adsorption are minimal. Still, the ability of alcohol to influence protein
structure suggests that future studies should consider the solvent used
for lipophilic substances when interpreting results.

4.5. Study designs

Each study design for pellicle research, in vitro, in situ, and in vivo,
presents benefits and limitations that should be considered when con-
ducting and interpreting experiments. in vitro designs, the pellicle is
formed using collected human saliva applied to specimens. Saliva can be
used from one individual for consistency or pooled from multiple donors
for representative data [130]. Sterile filtration is commonly used to
remove microorganisms, which also eliminates protein aggregates like
amylase complexes from the parotid gland, preventing the formation of
a typical globular outer layer [5]. Unlike natural conditions, where fresh
saliva and proteolytically active proteins are constantly renewed, in
vitro experiments often compensate by regularly exchanging saliva or
adding protease inhibitors [131]. Despite these limitations, in vitro
studies are useful for identifying potential substances for pellicle
modification before testing under more complex conditions
(supplement).

In situ designs involve pellicle formation on specimens attached
intraorally to teeth or appliances, which can limit oral hygiene, nutri-
tion, and comfort. These studies require strict inclusion criteria, such as
uniform saliva flow, oral health status, and other factors influencing
saliva composition, to minimize variability. Furthermore, specimens of
human or animal origin must be sterilized, which may influence results
depending on the specimen type and assessment method [132].

In vivo studies involve natural pellicle formation on teeth without
the use of specimens, allowing for more realistic conditions. However,
analyses are limited primarily to compositional studies, as pellicles must
be removed from the teeth for examination. This removal process is
challenging, particularly for the basal layer, which plays a critical role in
the pellicle’s erosion-protective properties [6,133]. Many proteomic
studies on pellicles and erosion-protective proteins likely fail to
completely remove the basal layer, limiting the interpretation of their
results. Additionally, a recent study confirmed that the composition of
pellicles differs depending on the study design [134].
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4.6. Limitations

This scoping review applied strict eligibility criteria due to the large
number of studies available, which represents its greatest limitation but
still provides an overview of potential substances for pellicle modifica-
tion. Using a single database and the absence of handsearching may
have further limited the comprehensiveness of the search, potentially
excluding studies from other sources. Medline was selected due to its
broad and well-established coverage of biomedical and clinical litera-
ture, which aligned closely with the focus of this review. The search
yielded 864 records, from which 85 studies were included, suggesting
adequate topic saturation and a high yield of relevant studies. While the
use of a single database is a limitation, it was addressed by thorough
screening and is consistent with the exploratory nature of scoping re-
views. The review was also restricted to enamel and dentin, even though
pellicle structure and composition are not strongly substrate-dependent
[135,136], leading to the exclusion of some studies. Moreover, as most
studies were conducted in vitro or in vivo with short experimental du-
rations, the effects of regular application and the long-term biocom-
patibility of the substances were not assessed.

4.7. Outlook

Substances that alter the ultrastructure and composition of the sali-
vary pellicle can affect its protective properties. To improve pellicle
research, it may be beneficial to standardize certain aspects of study
design. For example, using consistent solvents and concentrations
within test groups could enhance comparability. Expressing organic
substance concentrations in molar terms, rather than weight or volume
percentages, may also help address differences in molecular weight and
number of functional groups. Furthermore, long-term studies with
extended follow-up periods are lacking. Pellicle formation is a dynamic
process involving continuous protein adsorption and desorption, as well
as exposure to bacteria, chemical and mechanical challenges, and oral
hygiene measures. The turnover rate of pellicle components and their
modifications has been identified for only a few molecules and remains
unknown in vivo [4,137-139]. Understanding these dynamics is essen-
tial for determining the optimal application duration and frequency, as
well as the clinical feasibility of interventions. As highlighted in this
review, lipids exhibit rapid desorption, limiting their clinical effective-
ness. Regarding substantivity, chlorhexidine is considered the gold
standard, remaining detectable in the oral cavity for up to 24 h after a
single application [125,140]. In clinical practice, it is essential to
determine whether pellicle modifications induced by substances such as
fluorides and metals, peptides and proteins, and polyphenols persist
long-term or are lost during pellicle remodelling. If frequent reap-
plication is required, this may increase the risk of adverse effects, such as
tooth discoloration. While pellicle modification is still in its preliminary
stages, primarily based on in vitro and in situ studies, it shows promising
potential for future clinical research.

5. Conclusions

Various compounds demonstrated differing potentials to modify the
pellicle’s structure, composition, and protective functions, such as
increasing its thickness and density, incorporating active substances,
modulating protein interactions, blocking bacterial receptors, and
enriching the pellicle with protective proteins. These modifications were
partly associated with enhanced resistance to tooth wear and biofilm
formation. Most studies employed in vitro and in situ designs, with
limited in vivo evidence. While substances such as fluorides, metals, and
polyphenols showed promising effects, others, including peptides, pro-
teins, calcium-based agents, and lipids, yielded inconsistent or contro-
versial results. The clinical relevance and long-term efficacy of these
interventions remain uncertain. Future research should prioritize in vivo
studies to assess the durability and effectiveness of pellicle modification
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under dynamic oral conditions, including the natural turnover of the
pellicle. Key areas for investigation include the optimal concentration,
formulation, frequency, and duration of application, as well as potential
adverse effects. Clarifying these factors is essential to determine the
most effective and safe strategies for enhancing pellicle function in the
prevention and management of dental diseases.
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