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Introduction
In recent years, populations worldwide have experienced a 
rapid increase in life expectancy that has brought forward 
many challenges in diagnostics and treatment for the elderly 
(Kontis et al. 2017). In dentistry, aging is associated with 
highly prevalent oral pathologies such as dental caries and 
especially root caries (Thomson 2014). Once the root surface 
becomes exposed, demineralization of the superficial dentin 
layer due to diet-related pH changes, bacterial activity, or 
restorative dentistry procedures can expose the underlying col-
lagen matrix (Takahashi and Nyvad 2016). The collagen matrix 
becomes an essential substrate for streptococcal adhesion via 
specific surface adhesion proteins (i.e., adhesins) known as 
collagen-binding proteins (Cbps). Most notoriously, among 
initial colonizers, Streptococcus mutans expresses clinically 
relevant Cbps such as SpaP (Sullan et al. 2015; Avilés-Reyes  
et al. 2017), which are critical for dentinal caries progression in 
both animal and human studies as well as for invasion into tis-
sues and the bloodstream for remote infections (Nomura et al. 
2009). The adhesion of bacteria to surfaces is considered the 
initial factor for biofilm formation to take place, and the physi-
cochemical, mechanobiological, and molecular properties of 
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Abstract
The adhesion of initial colonizers such as Streptococcus mutans to collagen is critical for dentinal and root caries progression. One of 
the most described pathological and aging-associated changes in collagen—including dentinal collagen—is the generation of advanced 
glycation end-products (AGEs) such as methylglyoxal (MGO)–derived AGEs. Despite previous reports suggesting that AGEs alter 
bacterial adhesion to collagen, the biophysics driving oral streptococcal attachment to MGO-modified collagen remains largely 
understudied. Thus, the aim of this work was to unravel the dynamics of the initial adhesion of S. mutans to type I collagen in the 
presence and absence of MGO-derived AGEs by employing bacterial cell force spectroscopy with atomic force microscopy (AFM). Type 
I collagen gels were treated with 10 mM MGO to induce AGE formation, which was characterized with microscopy and enzyme-linked 
immunosorbent assay. Subsequently, AFM cantilevers were functionalized with living S. mutans UA 159 or Streptococcus sanguinis SK 36 
cells and probed against collagen surfaces to obtain force curves displaying bacterial attachment in real time, from which the adhesion 
force, number of events, Poisson analysis, and contour and rupture lengths for each individual detachment event were computed. 
Furthermore, in silico computer simulation docking studies between the relevant S. mutans UA 159 collagen-binding protein SpaP and 
collagen were computed, in the presence and absence of MGO. Overall, results showed that MGO modification increased both the 
number and adhesion force of single-unbinding events between S. mutans and collagen, without altering the contour or rupture lengths. 
Both experimental and in silico simulations suggest that this effect is due to increased specific and nonspecific forces and interactions 
between S. mutans UA 159 and MGO-modified collagen substrates. In summary, these results suggest that collagen alterations due 
to aging and glycation may play a role in early bacterial adherence to oral tissues, associated with conditions such as aging or chronic 
hyperglycemia, among others.
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the substrate play a key role in the initial bacterial attachment 
(Hojo et al. 2009; Berne et al. 2018). In dental biofilms, these 
initial surface colonizers mostly comprise streptococci, includ-
ing S. mutans and S. sanguinis, among others (Yukari et al. 
2021).

Nowadays, new attention has been placed on investigating 
age-related changes in collagen, as it is one of the main struc-
tural components of dentin and periodontal tissues (Bailey  
et al. 1998; Gurav 2013). One of the most described aging-
associated changes in collagen is nonenzymatic glycation, a 
process that leads to the generation of advanced glycation end-
products (AGEs) (Nass et al. 2007), such as pentosidine and 
methylglyoxal (MGO) (Gkogkolou and Böhm 2012). MGO is 
derived from the metabolism of glucose and has the ability of 
attaching to lysine and arginine residues on collagen molecules 
(Wetzels et al. 2017), driving the formation of MGO-mediated 
adducts and crosslinks in a time-dependent manner. Thus, the 
accumulation of AGEs is higher in aged tissues, being most 
prominent in those with slow or negligible collagen turn-
around, such as dentin (Semba et al. 2010; Ahmed et al. 2017). 
Although the effect of AGEs in modulating human cell attach-
ment is well explored (Egaña-Gorroño et al. 2020), their role in 
altering bacterial adhesion and biofilm formation remains 
poorly understood. Recently published work suggested that 
MGO-derived AGE accumulation in an in vitro collagen model 
increases the stiffness of collagen fibrils and enhances early 
adhesion of S. mutans over S. sanguinis (Schuh et al. 2020), 
implying that MGO-derived AGEs may potentially promote 
dysbiosis during early stages of collagen attachment. However, 
the particular biophysics of bacterial–surface interactions 
remains unknown. Thus, the aim of this work was to unravel 
the dynamics of the initial adhesion of S. mutans to collagen in 
the presence and absence of MGO-derived AGEs by employ-
ing bacterial cell force spectroscopy.

Methods

Type I Collagen Gel Fabrication

In total, 1-mg/mL type I collagen gels were made from rat tail 
collagen (Gibco) as previously described in a 96-well plate 
(Schuh et al. 2020). After a 24-h incubation, gels were incu-
bated with 10 mM MGO (Sigma) for 7 d at 37°C to induce 
MGO-AGE formation in the collagen matrix. Incubation with 
phosphate-buffered saline (1× PBS) was used as a control.

MGO-AGE Quantification in the Collagen Matrix

Following incubation with MGO, AGE formation was assessed 
with enzyme-linked immunosorbent assay (ELISA) and colla-
gen autofluorescence. For ELISA, supernatants were removed 
from the wells and gels were frozen on day 7 and stored at 
−80°C until further analysis. Gels were homogenized with 
micro-pistils and incubated with RIPA buffer (1×; Sigma) 
overnight. Gel remnants were removed by centrifugation (10 
min, 1.000 × g), and protein content was measured with the 

BCA assay (ThermoFisher). Samples were normalized to 100 
µg/mL with double distilled water (ddH2O). The MGO-derived 
hydroimidazolone MG-H1 was measured using competitive 
ELISA (Abcam) according to the manufacturer’s instructions. 
Briefly, protein-binding 96-well plates were coated with conju-
gate in PBS and incubated overnight at 4°C. After blocking 
with assay diluent for 1 h, wells were incubated with sample or 
assay standard (50 µL) for 10 min. Subsequently 1× anti–MG-
H1 antibody (50 µL) was added for 1 h. Wells were washed and 
incubated with a secondary antibody (horseradish peroxidase 
[HRP] conjugated). The assay was developed with substrate 
solution (R&D Systems), and the reaction was stopped with 1 
M H2SO4 and analyzed with a Tecan Sunrise microplate reader 
at 450 nm. For collagen autofluorescence, gels were prepared 
and incubated as above in black-sided 96-well plates for 7 d. 
Autofluorescence was measured at 360 nm excitation and 460 
nm emission on days 0, 1, 4, and 7 using a multimodal micro-
plate reader (Synergy HT; Biotek).

Scanning Electron Microscopy and Atomic  
Force Microscopy Topographical 
Characterization of Collagen Gels

For scanning electron microscopy (SEM) preparation, PBS- 
and MGO-treated collagen (MG-H1col) were fixed with 4% 
paraformaldehyde for 12 h, followed by an ethanol series 
dehydration (25%, 50%, 75%, 90%, and 3 washes in 100% 
ethanol) and critical point drying in hexamethyldisiloxane. 
Samples were then sputter-coated with gold and observed with 
a JEOL JSM-IT300 LV SEM. Furthermore, atomic force micros-
copy (AFM) topographical images were obtained with indi-
vidually tuned TAP300GD-G cantilevers (BudgetSensors) in 
intermittent contact mode in ambient conditions. For this, non-
fixed gels were physisorped onto uncoated glass cover slips. 
Then, 2 × 2-µm scans were performed on top of fibrillar col-
lagen regions, and 3-dimensional (3D) reconstruction images 
were created using proprietary Asylum Research AFM soft-
ware (v. 16.10.211).

Bacterial Probe Functionalization and Force 
Spectroscopy Experiments

BL-TR400PB iDrive cantilevers (k ~0.09 N/m; Asylum 
Research) were functionalized by immersion in a 50-µL drop-
let of 0.01 M poly-L-lysine solution (PLL; Sigma) for 2 min. 
Excess PLL was rinsed off with ultrapure water and cantilevers 
were airdried for 10 min. Subsequently, S. mutans UA 159 and 
S. sanguinis SK 36 were employed. After 24-h growth at 37°C 
and 5% CO2, bacteria were adjusted to a concentration of ~1 × 
108 colony-forming units (CFU)/mL in 1× PBS and gently vor-
texed for homogenization. A 50-µL droplet of the bacterial 
solution was placed on the cantilever and incubated for 2 min. 
Cantilevers were then gently washed with 1× PBS to remove 
nonadhered bacteria and immediately transferred to the AFM 
for experiments.
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Single-cell force spectroscopy measurements between func-
tionalized bacterial cantilevers and collagen substrates were 
carried out in a hydrated environment (PBS). The Asylum 
iDrive mode using magnetic actuated cantilever autotuning was 
employed, and bacterial cantilevers were approached to the col-
lagen surface with a loading force of 0.2 nN and a constant 
speed of 0.5 Hz. A dwelling time of 5 s was used to ensure 
appropriate adhesion between bacteria and collagen surfaces. 
Measurements were performed on 5 independent gels (50 force 
curves per surface, n = 250 curves per group). The overall adhe-
sion work and single-unbinding event rupture forces, rupture 
lengths, and contour lengths were computed from the recorded 
force curves using proprietary Asylum Research AFM soft-
ware. Furthermore, a Poisson analysis was performed on the 
data set to calculate short- and long-range force components 
from bacterial AFM unbinding experiments (Chen et al. 2011).

Computational 3D Structures

The crystal structure of type I collagen, obtained from the 
Protein Data Bank (PDBid: 7CWK), was submitted to the H++ 
server to add hydrogen atoms and to compute the pKa values 
of ionizable groups. Then, collagen modified with MGO to 
form MG-H1 was generated using the PyMOL program, and 
the Molecular sculpting function was used as a real-time 
energy minimizer (The PyMOL Molecular Graphics System, 
version 2.0; Schrödinger, LLC). The whole structure of SpaP 
protein was obtained using the AlphaFold Protein Structure 
Database (https://alphafold.ebi.ac.uk/), which is based on arti-
ficial intelligence (AI) to predict the 3D structures. Chimera 
(Pettersen et al. 2004) was used to add hydrogen atoms. To 
generate each protein–protein complex, docking studies were 
carried out using HDock server (Yan et al. 2020). A hybrid 
algorithm of template-based and template-free docking was 
used to generate the most probable protein–protein complexes 
as well as associated docking scores. The electrostatic potential 
studies were done using Adaptive Poisson-Boltzmann Solver 
(APBS) (Baker et al. 2001) in AutoDockTools.

Statistical Analysis

All resulting data were tabulated and analyzed using GraphPad 
Prism 9 (GraphPad Software). After outlier detection, the data 
set was tested for normal distribution. Statistical significances 
were assessed with t tests or Kruskal–Wallis tests, considering 
a significance value of P < 0.05.

Results

Collagen Substrate Characterization

In total, 1-mg/mL collagen gels were fabricated according to 
previously published methods and incubated with 10 mM 
MGO for 7 d to promote AGE formation. ELISA analysis of 
resulting gels confirmed the incorporation of the relevant 
MGO-derived hydroimidazolone MG-H1 AGE into collagen 
after 7 d, which was accompanied by a significant increase in 

collagen autofluorescence (relative fluorescence units [RFUs]; 
Fig. 1A, B). SEM imaging displayed changes in fibril ultra-
structure and morphology after a 7-d MGO incubation, which 
was confirmed by AFM imaging (Fig. 1C).

Real-Time Nanoscale Adhesion of Oral 
Streptococci onto MGO-Modified Collagen

With the use of nondestructive PLL-based immobilization, 
functionalized bacterial AFM probes were constructed to 
quantify the real-time adhesion of S. mutans and S. sanguinis 
onto native and MGO-modified collagen substrates (Fig. 1D). 
Initially, adhesion work was determined to assess the overall 
adhesive interaction between the probe and collagen surfaces, 
including the initial peak and single-unbinding events indica-
tive of molecular bacteria–substrate interactions (Beaussart 
and El-Kirat-Chatel 2019). S. mutans was found to signifi-
cantly increase its adhesion work when probed against 
MG-H1col, compared to native collagen (Fig. 1E). However, 
the opposite was observed for S. sanguinis, as MGO modifica-
tion reduced its binding to collagen.

As a second step, the single-unbinding events observed 
between bacterial probes and collagen were explored. 
Therefore, the rupture force and length for individualized 
unbinding events were calculated in the Asylum Research pro-
prietary software for all experimental conditions (Fig. 2A, B). 
Overall, when adhering to native collagen, S. sanguinis dem-
onstrated a higher number of individual molecular interactions 
across 250 retractions (n = 795) compared to S. mutans (n = 
265); however, MGO incorporation into collagen gels increased 
the number of molecular interaction sites for S. mutans (n = 
400) across the same number of total recorded probe–surface 
interactions. Furthermore, S. mutans also displayed a signifi-
cant increase in its molecular binding forces when probed 
against the MGO-modified surface, as well as a wider spread 
in data toward increased interactions. For S. sanguinis, reduced 
rupture force medians for native and modified collagen were 
observed. No changes in rupture length (Fig. 2B) or contour 
length (Fig. 2C) were observed for either bacterial type associ-
ated with MGO incorporation into collagen.

To further visualize the association between rupture force 
and length, every recorded minor unbinding event observed 
between cell probes and the different collagen substrates was 
also plotted as a separate point on a grid (Fig. 3). In this format, 
the increase in molecular binding forces between S. mutans and 
MGO-altered becomes more obvious, compared to the interac-
tions between the probes and native collagen substrates (Fig. 3).

Poisson Analysis of Streptococcal Unbinding 
from Native and MGO-Modified Collagen

A Poisson analysis was performed for all individual unbinding 
peaks on the retract curves according to previous approaches 
(Chen et al. 2011) to determine the involvement of specific and 
nonspecific forces driving streptococcal adhesion to collagen. 
Our results indicated that attractive forces dominated the interac-
tion between streptococcus and collagen for all conditions. Most 

https://alphafold.ebi.ac.uk/
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Figure 1.  Molecular and ultrastructural characterization of in vitro collagen substrates. (A) Enzyme-linked immunosorbent assay quantification of 
MG-H1 accumulation within collagen gels after a 7-d incubation with methylglyoxal (MGO) (****P < 0.0001, paired t test). (B) Increase in collagen 
autofluorescence is seen for the MGO-incubated gels up to 7 d, expressed as relative fluorescence units (RFUs, n = 3 gels). (C) Scanning electron 
microscopy (SEM) (scale bar 2 µm) and atomic force microscopy (AFM) 3-dimensional reconstruction (from height scans, 2 × 2 µm) for both control 
collagen (incubated with phosphate-buffered saline 1×) or 10 mM MGO. (D) Diagrammatic representation of AFM force curves obtained between 
a bacterial probe and collagen substrates (inset: experimental force curve obtained between a Streptococcus sanguinis probe and native collagen). 
The rupture force (FR) corresponds to the adhesion value for each individual detachment and the rupture length (LR) to the distance before it 
unbinds. The contour length is the predicted full length for the protein obtained with the worm-like chain (WLC) modeling in the AFM software. (E) 
Work of adhesion recorded for Streptococcus mutans (Sm) and Streptococcus sanguinis (Ss) probes on native and MGO-modified collagen substrates 
(****P < 0.0001, Mann-Whitney test).

Figure 2.  Mechanobiology of the streptococcal–collagen interaction at the subcellular level. (A) Violin plots for the force of individualized rupture 
events between streptococcal probes and collagen, demonstrating increased adhesion for Streptococcus mutans against methylglyoxal (MGO)–modified 
collagen (***P < 0.001, ****P < 0.0001; Kruskal–Wallis test). (B) Violin plots for the rupture length of individualized unbinding events between 
streptococcal probes and collagen substrates (ns, nonsignificant). (C) Histograms (fitted to Gaussian curves) for predicted contour lengths using the 
worm-like chain model for both S. mutans and S. sanguinis.
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important, there was a substantial increase in both the 
specific and nonspecific forces between S. mutans 
and MGO-modified collagen, with the opposite being 
true for S. sanguinis (Table).

Computational Modeling Suggests 
Increased S. mutans–MGO Affinity via 
Changes in Specific Cbp Affinity

As a final step, we performed a protein docking 
simulation as a model to elucidate if MG-H1col can 
in fact increase S. mutans Cbp affinity to collagen 
from a theoretical standpoint. For this, we decided 
to use SpaP, a well-characterized S. mutans UA 159 
collagen-binding adhesin that is not expressed by  
S. sanguinis SK 36 (Appendix Fig. 1). Furthermore, 
the molecular structure for SpaP is well character-
ized and predicted, and its collagen-binding region 
is well documented and characterized.

Docking studies were carried out to obtain the 
Col/SpaP and MG-H1col/SpaP complexes (Fig. 4). 
Using the HDOCK server, docking score values for 
Col/SpaP and MG-H1col/SpaP were −244.84 and 
250.23, respectively. The best model in each case 
shows the interaction of SpaP with the 3 collagen 
chains (labeled chain E, chain F, and chain G). The 
docking score value differences can be explained 
based on the contact area and specific interactions 
established for each complex (Fig. 4B, E). Thus, in 
Col/SpaP, interaction from the nitrogen of hydroxy-
proline moiety in collagen with N1055 and Q1026 
was observed. In addition, hydrogen bonds and van 
der Waals interactions with A1061, S1063, D1031, 
and Y1101 contributed to stabilizing the complex 
(Fig. 4B). Considering that an excess of MGO 
leads to the generation of MG-H1col via arginine 
modification, it is essential to mention that the 
S1096 and D1031 in SpaP interact with the arginine 
residues of Col.

On the other hand, the increased SpaP–MG-
H1col docking score (as shown in Fig. 4D–F) 
results from a more prominent interaction region 
between the protein and modified collagen, leading 

Figure 3.  Single-unbinding event frequency and forces for Streptococcus mutans 
is modulated by methylglyoxal (MGO)–modified collagen. Plot of the adhesion 
force versus rupture length for each single-binding event between collagen gels and 
(A) S. mutans UA 159 and (B) Streptococcus sanguinis SK 36. Insets: diagrammatic 
representation of the retraction stages between the bacterial atomic force 
microscopy (AFM) probe and collagen with respect to the x-axis. From left to right: 
bacteria in complete contact with the collagen surface, initial retraction with most 
of the recorded single-unbinding events, and probe completely removed from the 
collagen surface.

Table.  Biophysical Parameters Assessed for the Single-Unbinding Events of Streptococcus sanguinis and Streptococcus mutans Probed against Native and 
MGO-Modified Collagen Gels.

Poisson Analysis

Characteristic
Number of  
Unbindings

Median Single-Unbinding 
Force (nN)

Mean Single-Unbinding 
Force (nN)

Short-Range  
Force (nN)

Long-Range  
Force (nN)

S. mutans UA159 control 265 −0.06 −0.07 ± 0.04 −0.04 ± 0.02 −0.04 ± 0.03
S. mutans UA 159 MGO 400 −0.19 −0.3 ± 0.33 −0.18 ± 0.01 −0.13 ± 0.01
S. sanguinis SK 36 control 795 −0.11 −0.14 ± 0.1 −0.19 ± 0.02 −0.1 ± 0.02
S. sanguinis SK 36 MGO 446 −0.1 −0.12 ± 0.07 −0.08 ± 0.02 −0.07 ± 0.03

MGO, methylglyoxal.

Figure 4.  Computational modeling of the interaction between methylglyoxal 
(MGO)–modified collagen and the biologically relevant SpaP collagen-binding protein 
of Streptococcus mutans. (A, D) The complexes Col/SpaP and Col/MG-H1 are shown. 
The corresponding interacting segments of chain E to F with SpaP are displayed as 
surface. (B, E) The main interactions are detailed. (C, F) The charge distribution 
corresponding to the contact area is displayed (contoured from −5 [red] to +5 [blue] 
kT/e), using Adaptive Poisson-Boltzmann Solver calculations.
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to a more stable complex with SpaP. Furthermore, the electro-
static potential in a more extended area stabilizes the complex. 
The main interactions between MG-H1col/SpaP were gener-
ated with N1331, I1324, A1319, K1116, K1329, K1141, and 
Y1152, among others (hydrogen bonds are shown in Fig. 4E).

Discussion
The aging process generates significant changes in tissues, 
including the time-dependent accumulation of AGEs. Among 
these, MGO-derived AGEs are biologically relevant in den-
tistry as they are known to accumulate in oral tissues such as 
dentin and periodontal ligament (Delle Monache et al. 2021; 
Schuh et al. 2022). Notably, the interaction of MGO with argi-
nine residues in proteins including collagen induces formation 
of the clinically relevant AGE MG-H1. The increase in colla-
gen fluorescence following MGO incubation may be explained 
by MG-H1 carbonylation (Morimoto et al. 2017) (Fig. 1) or via 
the formation of other fluorescent MGO-derived AGEs in the 
matrix (Ahmed et al. 2003). These results confirm previous 
reports that MGO-modified collagen undergoes nanomechani-
cal and ultrastructural changes (Panwar et al. 2015; Schuh et al. 
2020).

As glycation, including MGO-AGEs, is known to modulate 
the adhesion of host cells (Bansode et al. 2020) and resident 
oral bacteria (Ozer et al. 2015; Schuh et al. 2020; Śmiga et al. 
2021), the effect of MGO modification on the individual bio-
physics of S. mutans and S. sanguinis cellular and molecular 
adhesion to collagen was explored. Using AFM-based force 
spectroscopy, the formation of many molecular interactions 
between S. mutans and S. sanguinis cells and native collagen 
surfaces was observed at low (0.2 nN) contact forces (Fig. 2, 
Table). MGO modification of collagen substrates increased the 
number and adhesion force of single-unbinding events for  
S. mutans, with the opposite effect being observed for S. san-
guinis. Subsequently, no changes in rupture length or contour 
length were observed for either bacterial type associated with 
MGO incorporation into collagen (Fig. 2), suggesting that the 
increase in adhesion force between S. mutans–MGO is due to 
stronger single adhesin–collagen interactions and is not due to 
the recruitment of another subpopulation of adhesins (e.g., 
with a different molecular length). In literature, similar minor 
rupture lengths of mainly <500 nm were observed for AFM 
experiments with S. mutans and S. sanguinis against a range of 
surfaces (Hwang et al. 2015; Aguayo et al. 2016; Wang et al. 
2020). Furthermore, force spectroscopy experiments with iso-
lated S. mutans collagen-binding SpaP demonstrate similar 
rupture lengths and forces (Heim et al. 2015; Sullan et al. 
2015). Therefore, the present results are within the expected 
values for streptococci probed against soft, compliant biologi-
cal surfaces at reduced probe loading forces (Wan et al. 2020).

There can be many potential ways to explain the increase in 
S. mutans binding to MGO-modified collagen seen in our sys-
tem, including geometrical factors and changes in the molecu-
lar conformation of the collagen molecule following AGE 
incorporation. In this work, in silico approaches employing the 

relevant S. mutans UA159 SpaP Cbp (Ajdić et al. 2002) sug-
gest that MGO modification of type I collagen increases the 
docking affinity between this adhesin and the substrate. The 
present simulations show that the generation of MG-H1 within 
the region of collagen known to interact with SpaP increases 
the contact area and docking score for the collagen–SpaP com-
plex (Fig. 4). These data support the bacterial probe force spec-
troscopy results showing increased binding forces between 
MGO-modified collagen and S. mutans UA 159 but not S. san-
guinis SK 36, particularly as SpaP is not expressed by S. san-
guinis (Appendix Fig. 1). The molecular length of SpaP is also 
consistent with the rupture and contour lengths probed with 
AFM in vitro in S. mutans (Fig. 2); nevertheless, oral strepto-
cocci use a range of adhesins and other structures to attach to 
surfaces, and further work should elucidate the role of other 
relevant streptococcal Cbps in the binding to AGE-modified 
collagen substrates (Álvarez et al. 2022).

Furthermore, recent work has shown that another important 
oral pathogen, Porphyromonas gingivalis, attaches more 
robustly to glycated collagen surfaces (Śmiga et al. 2021) and 
that AGE accumulation in tissues promotes pathologic bacte-
rial adhesion in the urinary tract (Ozer et al. 2015). Altogether, 
these reports suggest that adhesion to glycated tissues may be 
an important virulence factor across different strains of  
disease-generating bacteria from our microbiome and that it 
may not be particular to S. mutans UA 159 or oral streptococci. 
This is biologically relevant as collagen is one of the most rel-
evant substrates for initial attachment to the teeth and remote 
tissues and, as such, plays an essential role in pathogenic adhe-
sion by early colonizers, particularly in the context of root car-
ies in elderly and diabetic individuals (Singh et al. 2012; 
Avilés-Reyes et al. 2017). The implications of aging-associ-
ated collagen changes on oral bacterial invasion and transloca-
tion to other organs remain to be explored. Also, additional 
studies should explore the possible effect of other relevant col-
lagen AGEs, such as pentosidine, on bacterial adhesion and 
early biofilm progression, as well as their potential impact on 
surface colonization by bacterial aggregates in the oral cavity 
in the context of health and disease (Simon-Soro et al. 2022).

Conclusion
Higher S. mutans adhesion onto MGO-modified collagen is 
mediated by increasing the number and force of specific cell–
substrate interactions at the subcellular level, as explored with 
living bacterial AFM probes and bacterial force spectroscopy. 
Both short-range and long-range adhesive forces were 
increased for the S. mutans–MGO collagen interaction. Neither 
of these effects was observed for S. sanguinis using the same 
approach, suggesting that this effect is strain specific and asso-
ciated with the particular bacterial adhesins expressed by  
S. mutans UA159. Computational in silico approaches using 
the relevant S. mutans UA159 adhesin SpaP suggest an increase 
in the docking affinity between this adhesin and collagen mol-
ecules following MGO incorporation. Overall, the adhesion of 
oral streptococci to glycated tissues may be an important 
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virulence factor for biofilm formation in the mouth and, as 
such, should be further characterized as a way to continue 
improving clinical caries prevention in diabetic individuals 
and the elderly.
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