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Background: Tooth discoloration is a multifactorial process that is significantly influenced by the interaction
between dietary polyphenols and salivary proteins. This study investigates coffee-induced discoloration using in
vitro staining models and in silico simulations.

Materials and methods: For 14 days, human premolar teeth were soaked in coffee solution (27 g/450 mL) with
daily replacement. Lab and AE measurements were used to quantify color changes before and after immersion
using ultraviolet—visible spectroscopy. Melanoidin compounds docked with salivary proteins (statherin, histatin,
and proline-rich protein [PRP]). Hex 8.0 was used for molecular docking, whereas Discovery Studio Visualizer
and UCSF Chimera were used for molecular dynamics analysis.

Results: Molecular docking revealed the strong binding affinity of chlorogenic acid with PRP (—251.66 kJ/mol),
histatin (—245.4 kJ/mol), and statherin (—240.5 kJ/mol), stabilized by hydrogen bonds with glycine/arginine/
tyrosine residues. The molecular dynamics simulations confirmed complex stability with statherin (RMSD
4.2-4.6 A) and histatin (RMSD 4.4-4.6 A). Chromameter analysis showed significant color changes after coffee
exposure (AEab = 12.286 + 3.645), with a decrease in lightness (L: 83.569 — 71.873) and an increase in redness
(a*: 1.375— 2.992) and yellowness (b*: 15.848 — 18.585). Paired samples correlation analysis revealed statis-
tically significant changes in the a* and b* values (p < 0.001), while the L* value showed no significant change
(p = 0.257).

Conclusion: Chlorogenic acid drives discoloration through stable protein interactions and measurable color shifts,
suggesting that targeted inhibition of these molecular pathways could prevent coffee-induced discoloration.

can serve as an adhesion site for extrinsic stains. Substances found in
food, beverages, tobacco, mouthwash, and various medications are

1. Introduction

Tooth staining is a complex process that is influenced by the in-
teractions between polyphenols and salivary proteins. Polyphenols
derived from food exhibit a high affinity for salivary proteins, particu-
larly those rich in basic proline. These proteins facilitate the binding of
polyphenols, such as anthocyanins and theaflavins, to the hydroxyapa-
tite surface of teeth. This interaction results in cross-linking between
polyphenols and proteins in the pellicle region, which becomes the
primary site of staining following the consumption of pigmented foods
and beverages.' The pellicle, which forms naturally on the tooth surface,

major sources of such staining.”

The protein pellicle initially forms on enamel through the activity of
salivary proteins that coat the oral cavity. The acquired salivary pellicle
is generated through a dynamic and selective process influenced by
adsorption and desorption. Key precursor proteins, such as proline-rich
proteins (PRPs), statherin, and histatin, play essential roles in this pro-
cess.” The pellicle is critically involved in tooth discoloration. PRPs, are
major components and can account for up to 70 % of total salivary
proteins. Statherin, histatin, and PRPs exhibit high affinity for
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hydroxyapatite surfaces and contribute to the formation of the pellicle
on enamel. Basic PRPs and histatin, in particular, display a strong
binding affinity to food-derived polyphenols, thereby playing a major
role in the development of tooth staining.” The salivary pellicle is
resistant to mechanical procedures such as toothbrushing. Although the
globular layer of the pellicle may undergo changes, the basal layer re-
mains firmly attached to hydroxyapatite.”

Free amino acids, peptides, and proteins in green coffee beans serve
as the primary precursors of volatile nitrogen-containing compounds.
Coffee proteins act as activators in sugar degradation and serve as do-
nors of ammonia or hydrogen sulfide after the breakdown of amino acid
residue. This role highlights the significant contribution of proteins to
the formation of volatile compounds during roasting. The Maillard re-
action, which occurs during roasting, involves interactions between free
amino acids or oligopeptides and reducing sugars, ultimately generating
compounds such as aldehydes via Strecker degradation.®

Melanoidins and chlorogenic acid (CGA) in coffee contribute
significantly to tooth discoloration by binding to the enamel and
potentially eroding its surface, leading to extrinsic stains ranging in
color from yellow to dark brown. Melanoidins are formed through the
Maillard reaction during coffee roasting. These complex compounds are
composed of polysaccharides such as galactomannan and arabinoga-
lactan, 11S-type storage proteins, and key phenolic compounds such as
CGA. Coffee bean proteins undergo denaturation and degradation dur-
ing roasting, altering the profile of identifiable amino acids and pro-
ducing melanoidin fractions containing amino acids such as alanine,
aspartic acid, glutamic acid, glycine (GLY), and hydroxyproline. Hy-
droxyproline is also found in arabinogalactan-proteins extracted from
green coffee beans, suggesting its involvement in the formation of the
melanoidin structure.”

In this study, we integrate in vitro tooth-staining and whitening
models with in silico simulations to explore the molecular mechanisms
underlying stain formation and removal, with a particular focus on
CGA-protein interactions. While previous research has explored the
individual roles of polyphenols like chlorogenic acid and salivary pro-
teins in tooth discoloration, our study provides a novel, comprehensive
approach by combining experimental models with computational sim-
ulations. This integrated methodology allows for a more detailed un-
derstanding of the interactions between chlorogenic acids, melanoidins,
and salivary proteins—an aspect that has not been fully addressed in
existing literature. By providing insights into both the formation and
potential removal of stains at the molecular level, our study offers a fresh
perspective on the management of coffee-induced tooth discoloration.

2. Materials and Methods
2.1. Research design

This study is an experimental and in silico investigation with the aim
of evaluating changes in tooth color resulting from immersion in coffee
solution and examining the interaction mechanisms between melanoi-
din compounds and salivary proteins (statherin, histatin, and PRPs)
involved in stain formation. The in silico approach used molecular
docking to analyze ligand-receptor interaction affinity.

2.2. Tooth specimen preparation

The study sample consisted of permanent premolar teeth that met the
inclusion criteria, namely teeth with an intact crown structure, free from
caries and restorations, with fully developed roots, and extracted for
orthodontic reasons. Teeth showing any structural defects, severe
discoloration, or previous restorations were excluded from the study.
Premolar teeth were cleaned using a prophylaxis paste and a prophy
brush. The apical area was sealed with sticky wax and nail polish to
prevent penetration of the solution other than through the crown. Each
specimen was labeled and fixed in a plastic holder with the buccal
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surface facing upward.
2.3. Immersion in coffee solution

Specimens were immersed in a robusta coffee solution (27 g ground
coffee/450 mL water) for 14 days, with the solution replaced every 24 h.
After immersion, the teeth were rinsed with distilled water and dried.
Robusta coffee contains higher levels of chlorogenic acids and caffeine
compared to Arabica coffee, which contribute to higher staining po-
tential.® The inclusion of robusta coffee allows for a more accurate
representation of the staining potential of coffee-derived compounds in
the context of real-world consumption. Moreover, robusta coffee is
commonly consumed in many regions, making it a relevant choice for
this study on tooth discoloration induced by polyphenol-rich beverages.

2.4. Tooth color measurement

We measured the initial and final tooth color using a UV-2401PC
spectrophotometer (Shimadzu, Kyoto, Japan) based on the CIE Lab*
scale and AE values. Specimens were placed in a black Bakelite holder
with the buccal surface directed toward the light source.

2.5. Protein and ligand structure preparation

The three-dimensional (3D) structures of the salivary proteins—-
statherin, histatin, and PRP—were obtained from AlphaFold (https://a
Iphafold.ebi.ac.uk/). Ligand structures (melanoidin-related com-
pounds: alanine, arabinogalactan, asparagine, CGA, galactomannan,
glutamine [GLN], GLY, and hydroxyproline) were retrieved from Pub-
Chem (https://pubchem.ncbi.nlm.nih.gov) in *.sdf format.

2.6. Docking simulation and visualization

We performed the docking simulations using Hex 8.0 with the
following parameters:

e Correlation type: shape only
e Fast Fourier transform mode: 3D

e Sampling method: range angles

e Grid dimension: 0.6

e Number of solutions: 2000

We visualized the results using Discovery Studio Visualizer to iden-
tify the hydrogen bond types and binding locations. Docking outputs
were exported and further analyzed using UCSF Chimera to conduct
molecular dynamics (MD) simulations. Chimera enabled the real-time
visualization of molecular movement, monitoring of protein conforma-
tional changes, and analysis of intermolecular forces during simulation,
to evaluate ligand-protein interaction stability and dynamics after
docking.

2.7. Interaction analysis

The analysis included evaluating the E-total values as indicators of
binding affinity, as well as visualizing ligand—protein interactions. The
green color denoted hydrogen bond acceptors, whereas magenta indi-
cated hydrogen bond donors. We used these findings to assess the po-
tential of melanoidin compounds to form tooth stains through
interactions with salivary proteins.

3. Results

Table 1 shows the total interaction energies (in kJ/mol) between
melanoidin compounds in coffee and different salivary proteins, sta-
therin, histatin, and PRP. Among all compounds tested, CGA exhibited
the lowest (most negative) interaction energy across all proteins: —240.5
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Table 1
Total interaction energy (kJ/mol) of coffee melanoidin compounds with salivary proteins.
Alaine Arabinogalactan Aspargin Chlorogenic acid Galactomannan Glutamin Glycin Hydroxyprolin
Statherin —103.1 —224.5 —123.0 —240.5 —240.2 —143.8 —85.3 -107.3
Histatin -101.9 —238.8 —-132.1 —245.4 —234.4 —144.7 -91.5 —109.95
PRP —106.88 —261.6 —130.35 —251.66 —248.6 —140.0 —100.3 -111.77

(statherin), —245.4 (histatin), and —251.66 (PRP). Lower interaction
energy values indicate stronger binding affinity and higher complex
stability; thus, we selected CGA for further analysis through interaction
visualization and MD simulations.

The docking visualization revealed that CGA forms several hydrogen
bonds and noncovalent interactions with key residues on the surface of
the PRP proteins, including GLY, arginine (ARG), tyrosine (TYR), and
GLN, which are involved in stabilizing the complex. The 2D interaction
diagram (Fig. 1) indicated hydrogen bonds between the hydroxyl groups
of CGA and residues GLY A:38 and TYR A:40 as well as electrostatic
interactions with positively charged residues such as ARG A:28 and ARG
A:32.

Molecular visualization revealed that CGA interacts with several key
residues in the histatin protein, primarily through hydrogen bonding
and hydrophobic interactions (Fig. 2). Conventional hydrogen bonds
were formed between the carboxyl and hydroxyl groups of CGA and
residues ARG A:25, ASP A:27, and GLY A:28, indicating strong and
specific binding within the active site of histatin. In addition, we
observed m-alkyl interactions between the aromatic ring of CGA and
residues LYS A:32 and ARG A:31, further enhancing the stability of the
complex via hydrophobic forces. Van der Waals interactions were also
identified at residues LYS A:30, TYR A:29, PHE A:33, and HIS A:34.
However, we detected an unfavorable steric clash (unfavorable bump) at
residue HIS A:26, suggesting spatial incompatibility at that site, which
may have a negative effect on the overall binding affinity and stability of
the CGA-histatin complex.

Molecular visualization showed that CGA interacts with PRP via GLY

Interactions

] van der waals

- Conventional Hydrogen Bond
[T] carbon Hydrogen Bond

residues (GLY A:132, A:136, A:137) and proline residues (PRO A:133,
A:134, A:135, A:138) (Fig. 3). The binding mechanism was predomi-
nantly mediated by conventional hydrogen bonding between the hy-
droxyl/carboxyl groups of CGA and the oxygen/mitrogen atoms of
proline residues, along with van der Waals interactions. We also
observed C-H hydrogen bonds between the hydrogen atoms of proline
residues and the carbonyl group of CGA, contributing to complex sta-
bilization. However, we noted a steric clash (unfavorable bump) at
residue PRO A:196, indicating a possible spatial mismatch at that
location. This could affect the affinity and stability of the CGA binding to
PRP as a whole.

Root mean square deviation (RMSD) analysis indicated that the
system maintained structural stability throughout the MD simulation.
The RMSD values ranged from 4.2 to 4.6 A (Fig. 4), with no sharp
fluctuations indicative of major conformational changes. Although the
RMSD values were relatively high, the consistently stable trend we
observed after the initial simulation phase shows that the system
reached equilibrium. This indicates that the complex remained struc-
turally stable relative to its reference conformation during the simula-
tion period.

The RMSD analysis of the histatin-CGA complex revealed an initial
value of approximately 4.1 A, which gradually increased and stabilized
between 4.4 and 4.6 A throughout the simulation (Fig. 5). This stable
conformation was achieved relatively early, indicating that the complex
maintained structural integrity over time. Minor fluctuations remained
below the 5 A threshold, suggesting that the histatin~CGA interaction
was stable and did not undergo significant conformational changes.
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Fig. 1. Interaction of chlorogenic acid with statherin.
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Fig. 2. Interaction of chlorogenic acid with histatin.
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Fig. 3. Interaction of chlorogenic acid with Proline-Rich Protein (PRP).

We could not perform the MD simulation of the CGA-PRP complex
due to the highly flexible and extended structure of the PRP, which
resulted in minimal stable interactions with the ligand. Consequently,
the system failed during the initial preparation phase, and the RMSD
data as a measure of complex stability could not be obtained.

After immersion of the specimens in coffee, we observed significant
changes in the color parameters (Fig. 6). The lightness value (L*)
decreased from 83.569 + 1.98 to 71.873 £ 3.236, indicating that the
surfaces of the specimens became darker due to coffee exposure. The a*
value, representing the red—green axis, increased from 1.375 + 0.867 to
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2.992 + 0.784, indicating a shift toward the red spectrum. The b* value,
which reflects the yellow-blue axis, increased from 15.848 + 1.928 to
18.585 + 1.682, indicating enhanced yellow coloration on the surface.
The total color change (AE*ab) was recorded at 12.286 + 3.645, which
exceeds the clinically perceptible threshold, signifying a visually
noticeable discoloration (Table 2).

Overall, our results demonstrate that immersion in coffee caused the
specimens to become significantly darker, redder, and yellowerm, which
is consistent with the typical staining pattern associated with pigmented
beverages such as coffee.
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Fig. 4. Molecular dynamics simulation of chlorogenic acid with statherin.
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Fig. 5. Molecular dynamics simulation of chlorogenic acid with histatin.

Color Parameters Before and After Treatment
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Fig. 6. Color measurement Results using a chromameter.

The paired samples correlation analysis (Table 3), revealed a weak
and non-significant correlation between the pre- and post-treatment L*
values (r = 0.128, p = 0.257), indicating inconsistent changes in light-
ness among samples. In contrast, moderate and statistically significant
correlations were observed for both the a* (r = 0.380, p < 0.001) and b*
(r = 0.424, p < 0.001) parameters, suggesting that chromatic variations
in the red-green and yellow-blue axes occurred in a more consistent
manner. These results imply that the treatment produced variable effects
on brightness but more uniform tendencies in color tone changes.

4. Discussion

Based on the results of the molecular docking analysis, the three
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Table 2
Results of tooth color measurement before and after coffee immersion (chro-
mameter analysis).

Before After
L* 83.569 + 1.98 71.873 + 3.236
a* 1.375 + 0.867 2.992 + 0.784
b* 15.848 + 1.928 18.585 + 1.682
dE*ab 12.286 + 3.645

Note: L* indicates lightness, ranging from 0 (black) to 100 (white). a* represents
the position on the red-green axis; positive values indicate red, and negative
values indicate green. b* represents the position on the yellow-blue axis; posi-
tive values indicate yellow, and negative values indicate blue. AE*ab is the total
color difference between two samples, calculated using the CIE76 formula.
Higher values indicate a greater color change.

Table 3
Paired Samples Correlations between Pre- and Post-Treatment CIE L*, a*, and b*
Values.

Variables N Correlation (r) Sig. (p)
Lo & Ly 16 0.128 0.257
ap & a1 16 0.380 <0.001
bo & by 16 0.424 <0.001

Note: Significant correlations were observed for a* and b* parameters (p <
0.05), whereas the L* parameter showed no significant relationship.

compounds that exhibited the highest binding affinity to salivary pro-
teins were CGA, arabinogalactan, and galactomannan. These com-
pounds showed the lowest total interaction energy (E-total), indicating
the formation of the most stable complexes. The docking process func-
tions by positioning a ligand at the target receptor site and calculating
the binding energy, which reflects the energy required to form the
interaction.” A lower energy value signifies a stronger interaction, and
this interaction strength is directly correlated with the activity level of
the ligand-receptor complex. The interaction between CGA and salivary
proteins involves significant hydrogen bonding and hydrophobic
interactions.

Further analysis of the MD trajectories revealed that CGA predomi-
nantly interacts with the N-terminal domain of statherin, which is rich in
phosphorylation sites. This interaction is stabilized by the multiple
hydrogen bonds between the hydroxyl groups of CGA and the phosphate
groups of statherin. In addition, hydrophobic interactions between the
aromatic ring of CGA and proline residues in statherin contribute to the
stability of the complex. The spatial distribution of polar and nonpolar
residues plays a key regulatory role in protein interactions. The hydro-
phobic effect, which causes nonpolar residues to cluster together, aids in
maintaining the stability of the complex, while internalized polar resi-
dues are stabilized by intramolecular hydrogen bonds.'? This interplay
of forces may interfere with the normal function of statherin, which
helps prevent the precipitation of calcium phosphate on the tooth sur-
face, potentially contributing to tooth discoloration.

In contrast, MD simulations involving CGA and PRP proved chal-
lenging due to PRP's extensive and highly flexible structure, which de-
mands significant computational resources. As the number of atoms in
the system increases, both the computational time and memory re-
quirements grow exponentially.” Furthermore, conventional MD sim-
ulations are typically limited to nanosecond-to-microsecond timescales,
whereas important conformational changes in large proteins often occur
over much longer durations.'? The failure to achieve stable MD simu-
lations for the CGA-PRP complex highlights the need for advanced
computational techniques, such as enhanced sampling or replica ex-
change methods, to capture more accurate insights into the dynamic
behavior of PRP during its interaction with CGA. Even with these limi-
tations, the docking studies and simulations for statherin and histatin
show that CGA can bind well to these proteins, providing useful insights
into the mechanisms of tooth discoloration.
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CGA, as a phenolic compound, interacts with polar and aromatic
residues on the protein surface through hydrogen bonds and n-n
stacking interactions. Polar residues form hydrogen bonds with each
other and with the surrounding solvent, whereas aromatic residues
engage in van der Waals and n-stacking interactions, enhancing the
binding affinity of CGA.'®> The n—n stacking mechanism enhances the
binding affinity of small-molecule inhibitors to enzyme pockets con-
taining aromatic residues. These aromatic interactions are critical for
protein stability, constituting one of the major noncovalent intermo-
lecular forces. This force arises from the intermolecular overlap of
p-orbitals in conjugated = systems and becomes stronger as the number
of m electrons increases.'? Other studies have shown that CGA forms
hydrogen bonds with residues such as GLN59, VAL43, and TRP19 in
pB-lactoglobulin as well as ASN50, ASN156, and SER160 in myofibrillar
proteins, depending on the surrounding pH conditions. These in-
teractions may alter the protein's structure and affect its functional
properties. 15

Colorimetric analysis using a chromameter has been shown to be
effective and objective, particularly in the assessment of dental color. It
operates based on a tristimulus color-sensing system (red, green, blue)
and converts the measurements into L*, a*, and b* values within the
CIELAB color space.'® The immersion of the tooth samples in a coffee
solution resulted in significant changes in tooth color parameters,
marked by a decrease in lightness (L*), an increase in the a* value

Journal of Oral Biology and Craniofacial Research 16 (2026) 93-100

(toward red), and an increase in the b* value (toward yellow).17 The
average total color change (AE*ab) exceeded 20, indicating a visibly
noticeable discoloration. This staining is attributed to the adsorption of
melanoidin molecules from coffee, primarily polyphenolic compounds
such as CGA, onto the tooth surface.'® The discrepancies in the color
measurements before and after coffee immersion could be minimized by
soaking the specimens in distilled water for 48 h (2 x 24 h) to simulate
the moist conditions of the oral cavity.'>*°

The molecular interactions between CGA and salivary proteins,
namely, statherin, histatin, and PRP, as evidenced by binding energy
data, demonstrated strong affinities, with interaction energies reaching
—240 kJ/mol or lower. In the molecular models, CGA forms multiple
hydrogen bonds with polar residues such as GLN and TYR, as well as van
der Waals interactions with residues such as GLY. Van der Waals forces
occur when atoms are in very close proximity, producing weak,
nonspecific attractive forces that operate effectively over only short
distances.”! Hydrogen bonds arise when a hydrogen atom in one
molecule interacts with a more electronegative atom in another.’” In
contrast, hydrophobic interactions occur between nonpolar molecules
that do not form hydrogen bonds with water.”> Together, these in-
teractions facilitate the adsorption of coffee-derived molecules onto the
protective salivary protein layer on teeth, thereby enhancing pigment
retention.

The phenolic -OH functional groups in CGA play a critical role in

Us
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Fig. 7. Reaction mechanism of tooth discoloration induced by coffee.
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hydrogen bonding with salivary protein surfaces, while its aromatic ring
promotes hydrophobic interactions, leading to stable aggregation on the
tooth surface. As a result, coffee molecules adhere not only through
physical interactions but also via stable chemical bonding, intensifying
discoloration. The reduction in L* values reflects a loss of brightness due
to the accumulation of dark pigments, while the increase in a* and b*
values indicate a color shift toward red and yellow—hallmarks of coffee-
induced staining. Dark brown pigmentation is a prominent physical
characteristic of melanoidins.?’ Nonenzymatic browning is a key
mechanism in extrinsic tooth discoloration (Fig. 7) and primarily in-
volves the Maillard reaction—a chemical process between carbohy-
drates (e.g., pentoses and hexoses) and amino compounds (including
amino acids, peptides, and proteins).? This reaction proceeds through
condensation and polymerization steps, ultimately generating complex
brown pigments known as melanoidins. The formation of melanoidins is
accelerated under alkaline conditions (high pH) and in the presence of
elevated concentrations of free amino groups.°

Additionally, we have explored the possibility of developing in-
hibitors that could prevent staining, suggesting specific strategies or
types of compounds that could be further investigated. One possible
direction is to develop small-molecule inhibitors or peptides that stop
CGA from binding to salivary proteins. Another method is to modify
CGA's ability to bind by implementing chemical modifications.” This
could lead to the manufacturing of oral care products that reduce the
staining effect of coffee and other drinks high in polyphenols. This
approach offers a more comprehensive view of how our findings can be
used in real-life applications to create oral health products that prevent
tooth discoloration.

The in vitro experimental design provides valuable insights into the
staining capacity of coffee and its interaction with salivary proteins; yet,
it is essential to acknowledge the study's limitations. The key issue is that
the settings in the lab are considerably different from those in the mouth,
which is continually changing. In vitro models fail to fully replicate the
many variables influencing staining in the mouth cavity, including
saliva flow, which facilitates the dilution and removal of staining
chemicals. Alterations in the pH of the oral cavity, influenced by dietary
intake or the efficacy of saliva in neutralizing acids, might affect the
adhesion of polyphenols such as chlorogenic acid (CGA) to tooth sur-
faces. The salivary pellicle, which naturally develops on the enamel
surface, is crucial for preventing stains from entering the oral cavity. In
our in vitro investigation, the absence of this natural pellicle may have
led to more pronounced staining than would occur in the oral cavity.
Future research should validate these molecular findings in dynamic
oral situations using in situ or in vivo models.

5. Conclusion

This research offers compelling evidence that chlorogenic acid from
coffee significantly contributes to tooth discoloration through its inter-
action with salivary proteins, notably proline-rich protein, histatin, and
statherin. CGA and these proteins have strong and persistent in-
teractions in molecular docking tests, with binding energies ranging
from —240.5 to —251.66 kJ/mol, indicating high binding affinities;
complex stability is also supported by MD simulations. Chromameter
analysis of tooth color post-immersion in coffee showed significant
discoloration, with a total color change (AEab) of 12.286, exceeding the
clinically perceptible threshold.

These results indicate that focusing on the molecular interactions
between CGA and salivary proteins may be a viable approach towards
developing preventive strategies against coffee-related tooth discolor-
ation. Designing inhibitors that disrupt these interactions could make
oral care products work better, diminishing the detrimental impact of
dietary polyphenols on tooth discoloration.
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