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A B S T R A C T

To evaluate the available evidence regarding in-vitro studies carried out with atomic force microscopy (AFM) to 
study the adhesion of oral bacteria under the research question: “Which adhesion parameters have been reported for 
oral bacteria attachment to surfaces following AFM experiments?”

This review was carried out following PRISMA guidelines. The Pubmed, Web of Science and Scopus databases 
were accessed and original articles reporting in-vitro findings on AFM-based oral bacteria adhesion experiments 
were included. Study selection and data extraction was performed by two independent researchers. Of the initial 
249 screened articles, 24 were included in the final analysis.

Overall, the adhesion of oral bacteria to 12 different biomaterial surface types has been explored with AFM 
including soft materials, dental materials, and other materials. S. mutans was the most frequently studied bac
terial species in its early attachment to biomaterials. Regarding AFM-based adhesion parameters, the maximum 
adhesion force, adhesion energy, rupture and contour lengths, and number of rupture events between oral 
bacteria and substrates have been quantified and reported.

Initial oral bacterial attachment to biomaterials is modulated by a range of cell, environmental, and surface- 
derived properties. Further research is needed to transfer this knowledge into the clinical setting.

1. Introduction

Despite current progress in diagnostics and treatment, dental caries 
and periodontal disease are still some of the most prevalent diseases 
worldwide, with an overall prevalence of oral diseases of around 3,47 
billion cases [1,2]. These pathologies are promoted by complex micro
bial biofilms on the surface of the tooth [3]. More specifically, the 
dysbiosis of resident biofilms by the overgrowth of certain pathological 
species – such as Streptococcus mutans in dental caries and Porphyr
omonas gingivalis in periodontal disease – increases the local biofilm 
virulence and leads to tissue destruction [4]. Biofilm formation is a 
complex process that is initiated by the attachment of bacteria to sur
faces [5]; therefore, the characterization of bacterial adhesion to tissues 
and biomaterials is crucial in finding novel ways to modulate or prevent 
disease in the oral cavity.

The adhesion of oral bacteria to biotic and abiotic surfaces follows a 
well-described process. In the initial stages, bacteria present in saliva 
approach the substrate due to salivary flow and interact with the surface 

through reversible Van der Waals and electrostatic forces [6]. These 
interactions usually occur at a bacterium-surface distance of > 50 nm. If 
this physicochemical adhesion stage is favorable, the bacterium can 
come into close contact (<50 nm) with the surface and allow bacterial 
adhesins to generate irreversible attachment and promote bacterial di
vision and extracellular matrix deposition [7]. Overall, adhesive forces 
between bacteria and surfaces depend on substrate characteristics, 
bacterial strain, and the surrounding environmental conditions [8]. 
Consequently, efforts are being placed to elucidate the factors deter
mining bacterial adhesion and biofilm formation regarding cariogenic 
and periodontal biofilm formation.

As a result, over the years many techniques have been developed and 
optimized to study the behavior of bacterial adhesion. Among the most 
employed are microbiology-based assays (i.e., colony-forming units) 
and microscopy examination with electron and fluorescence micro
scopy. However, these techniques have several limitations including 
difficulties in differentiating adherent vs non-adherent bacteria, limited 
sensitivity, growth condition variability, and sample destruction during 
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preparation and analysis [9]. Therefore, the development of advanced, 
non-invasive microscopy techniques such as atomic force microscopy 
(AFM) has revolutionized the field of bacterial adhesion studies [10]. 
AFM allows the simultaneous characterization of topographic and me
chanical characteristics of samples in real-time, under 
near-physiological conditions [11]. Within the field of dentistry, its use 
has become relevant to study bacterial attachment to biomaterials, cells, 
tissues, and other bacteria of interest. The most common AFM tech
niques include bacterial force spectroscopy, a technique in which single 
bacteria are immobilized non-destructively and kept alive to probe their 
adhesive properties in real-time against substrates of interest [12,13]
(Fig. 1). Bacteria can also be attached directly to the surface to study 
how surface or environmental factors modify the adhesive behavior of 
cells (Fig. 1). In both of these cases, AFM allows for the exploration of 
bacterial adhesion with microscale and nanoscale sensitivities. Thus, 
experimental data on adhesion force, adhesion work, and rupture 
lengths can be obtained for single cells all the way down to subcellular 
structures such as bacterial fimbriae, adhesins, and capsule [14].

However, despite the increasing use of AFM and bacterial force 
spectroscopy for exploring the mechanobiology of oral bacterial 
attachment, there are no reports that systematically summarize the 
available scientific evidence regarding the use of these approaches in 
dental research. Therefore, the objective of this systematic review is to 
evaluate the available evidence regarding studies carried out in vitro 
with AFM to study the adhesion of oral bacteria under the research 
question “which adhesion parameters have been reported for oral bac
teria attachment to surfaces following AFM experiments?”

2. Materials and methods

2.1. Databases and search strategy

This systematic review followed the guidelines of the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA), 
and the search protocol was registered on the Open Science Foundation 
(OSF) platform. To facilitate the systematic literature search, the 
research question was formulated using the PICO strategy (Population: 
Oral bacteria; Intervention: AFM-based adhesion experiments; Com
parison: none; Outcome: any reported adhesion parameters). The 
PubMed, Web of Science, and SCOPUS databases were last accessed in 
October 2023 to search for articles using specifically designed search 
strategies for each database (Supplementary Table 1). Original articles 
reporting in-vitro findings on AFM-based oral bacterial adhesion exper
iments and written in English were included. Exclusion criteria 
encompassed articles that used AFM solely for surface analysis and did 

not report on adhesion parameters, studies that employed patient- 
derived tissues or saliva, review and perspective articles, and full-text 
articles that were not retrievable for analysis.

2.2. Study selection and data extraction

Study selection and data extraction was performed independently by 
two researchers (AO and VB). In cases of disagreement between the two 
researchers, the third researcher (SA) resolved the differences. From the 
initial search, 249 article abstracts were identified and screened, after 
which duplicated records (106 articles) as well as papers not related to 
the research question (91 articles) were removed (Fig. 2). Consequently, 
52 articles were included for complete assessment. The information 
extracted from each article included the title, authors, DOI, journal 
name, year of publication, main objective, type of oral bacteria, type of 
surface, AFM adhesion outcomes, and main study conclusions. All these 
parameters were tabulated and summarized using a custom pre- 
designed Excel spreadsheet.

Following the in-depth analysis of these 52 articles, a further 28 were 
excluded for 10 reasons pertaining to the previously determined inclu
sion and exclusion criteria. These reasons included experiments using 
saliva, experiments using non-oral bacteria, use of patient-derived cells 
or tissues, use of AFM for surface roughness and topography instead of 
bacterial adhesion, and use of bacterial derivates or biofilms instead of 
cells, amongst others (Fig. 2). Therefore, a final number of 24 articles 
were included for full assessment and are presented in this review.

3. Results

Overall, 12 different surfaces were reported as substrates for bacte
rial AFM adhesion experiments involving oral bacteria in the literature. 
These included soft materials (collagen, laminin, and fibronectin), 
restorative dental materials (clinically relevant biomaterials such as ti
tanium and resins), and other materials (e.g., glass, polystyrene) 
(Table 1). Other materials such as glass, polystyrene, or bare AFM tips 
for experiments were also used as they allowed for the study of general 
substrate factors influencing adhesion such as hydrophobicity, attach
ment time, topography, and environmental conditions that are trans
ferrable to oral biomaterials [15–18]. On the other hand, dental and soft 
materials were mostly selected to explore the adhesive behavior of 
relevant oral microorganisms in conditions that closely resemble the 
in-vivo situation, and in some cases, associated to physiological or 
pathological conditions such as bacterial tissue invasion or peri
implantitis [19–22]. Regarding the bacterial strains, S. mutans was the 
most studied microorganism and reports explore its adhesion to relevant 
biological and biomaterial surfaces such as collagen, fibronectin, lami
nin, glass ionomer, composites, zirconia, and hydroxyapatite (Table 1). 
To a lesser extent, the real-time adhesion of other relevant early and late 
colonizing oral microbes such as Strepcococcus sanguinis, Streptococcus 
oralis, and Porphyromonas gingivalis have also been studied with 
AFM-derived experiments (Table 1).

From an experimental point of view, the published protocols either 
involved functionalizing AFM probes with bacteria to examine their 
adhesion against a substrate of interest, or immobilizing living bacteria 
to a substrate to be probed with a bare or coated AFM tip (Fig. 1). From 
these experiments, the most reported AFM-based adhesion parameter 
was the maximum adhesion force between the bacterium and the sub
strate (Table 1). For oral bacteria, the reported maximum adhesion 
forces ranged from high pN to low nN values. Also, other relevant values 
such as the adhesion energy (also known as work of adhesion), minor 
unbinding forces, rupture or detachment length, total number of un
binding events, and contour lengths are shown [18,19,23,24]. Further
more, all the studies that explored the role of contact time on adhesion 
concluded that the longer times lead to higher attachment forces be
tween bacteria and the surface. Besides contact time, experimental 
variables such as type of buffer, contact force, and probing velocity are 

Fig. 1. Schematic representation of main atomic force microscopy (AFM) 
experimental setups to study the adhesion of oral bacteria to surfaces. Bacterial 
cells can be non-destructively immobilized either to a surface or to the tip of 
functionalized AFM probes to probe bacterial adhesion in real-time.
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also reported and mostly showed an impact on adhesion results 
(Table 1).

Furthermore, significant adhesion differences were observed upon 
variations of the surface composition and the type of microbial strain 
used. For example, Schuh et al. and Leiva-Sabadini et al. found that 
glycation increases the adhesion of S. mutans but not S. sanguinis to type- 
I collagen surfaces [19,20]. González-Benito et al. showed that the 
incorporation of TiO2 into dental resins increased the adhesion forces 
and rupture length related to S. mutans attachment [23]. The opposite 
effect was observed by Dhall et al. when barium titanate was added to 
composites, as it reduced the attachment force of the bacteria [25]. 
Surface roughness was also found to promote S. mutans adhesion to 
zirconia [26]. Regarding bacterial cell differences, Wang et al. demon
strated that the deletion of the gtfB and gtfC genes, associated to gly
cosyltransferase (Gtfs) production, led to a reduction in the adhesion of 
S. mutans to glass ionomer and dental composite biomaterials [27]. 
Deletion of other relevant genes, such as wapA, spaP, and luxS were also 
found to alter the adhesion of S. mutans to silicon nitride, laminin, and 
glass [16,28,29]. Finally, it is also relevant to mention that fluor pre
treatment of hydroxyapatite surfaces reduced the early adhesion of 
S. carnosus, S. oralis, and S. mutans when explored with AFM [30]. 
Similarly, the use of arginine was found to inhibit the early adhesion of 
S. mutans as well as the longer rupture lengths observed between the 
bacterial cell and surface [15]. Further information regarding detailed 
AFM adhesion results from these studies can be found summarized in 
Table 1.

4. Discussion

From the available results, it can be derived that there are many 
crucial biological parameters that influence oral bacterial adhesion onto 
substrates (Table 1). Among these, a higher contact time (also known as 
dwelling time) between the bacteria and surface leads to increased 
adhesion forces when probed with AFM. This can be explained by the 
process of bond strengthening, in which the bacteria can rearrange their 
membrane or cell wall components over time to optimize surface 
attachment that has also been observed in AFM experiments involving 
non-oral microorganisms [31,32]. This property can be clinically rele
vant, for example in patients that have a diminished crevicular fluid or 
salivary flow as this is a fundamental protective process that can remove 
bacteria from the surface [33]. Furthermore, one of the most important 
molecules mediating early bacterial attachment are adhesins, a family of 
surface receptors with the ability to sense the surface and adhere via a 
combination of physico-chemical and biological interactions [34,35]. 
Some relevant bacterial adhesins associated to oral biomaterial and 
tissue colonization include collagen-binding proteins such as SpaP, 
WapA, Gtfs, and the surface adhesion protein FimA [36,37]. Thus, the 
use of mutant strains defective in an adhesin (or another molecule) of 
interest is a frequently used method to understand the mechanisms 
behind bacterial adhesion. In all these cases, the deletion of an adhesin 
or Gtfs of interest leads to a reduction in the measured adhesion forces 
when explored with AFM [16,27–29,38].

Despite being a purely in-vitro method, bacterial adhesion experi
ments with AFM can provide important knowledge regarding clinical 

Fig. 2. PRISMA flowchart summarizing the article identification and screening process.
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Table 1 
Summary of included studies on oral bacterial adhesion with atomic force microscopy (AFM).

1) Soft materials:
• Collagen:
Authors Year Bacteria Probe type and 

spring constant
Measurement 
conditions

Surface Type Surface roughness AFM adhesion outcomes* Main findings

Leiva-Sabadini, C. et al. 2023 S. mutans UA159 
S. sanguinis SK36

BL-TR400PB 
iDrive 
cantilevers (k 
~0.09 N/m)

Liquid, PBS buffer Type-I collagen gels 
(non-glycated and 
glycated with 
methylglyoxal, MGO)

Not specified Median adhesion work 
(aJ): 
S. mutans: control (19.3) 
v/s glycated (34.7) 
S. sanguinis: control 
(48.8) v/s glycated 
(35.55). 
Mean single-unbinding 
forces (nN) S. mutans: 
control (0.07 ± 0.04) v/s 
glycated (0.3 ± 0.33) 
S. sanguinis: control 
(0.14 ± 0.1) v/s glycated 
(0.12 ± 0.07). 
Rupture and contour 
lengths: 
Median ~200 nm; most 
ruptures < 400 nm. 
Minor unbinding peaks 
(nN): 
S. mutans: control (265); 
glycated (400). 
S. sanguinis: control 
(795); glycated (446)

Increase in adhesion work 
and single-unbinding forces 
for S. mutans following 
collagen glycation, with the 
opposite observed for S. 
sanguinis. 
With respect to rupture and 
contour lengths, no changes 
were observed between 
native and glycated collagen 
for both strains.

Schuh, C.M.A.P. et al. 2020 S. mutans UA159 
S. sanguinis SK36

BL-TR400PB 
iDrive 
cantilevers (k 
~0.09 N/m)

Liquid, PBS buffer Type-I collagen gels 
(non-glycated and 
glycated with glucose 
and MGO)

92.3 ± 6.7 nm for 
control surfaces; 100.4 
± 7.1 nm for glucose- 
crosslinked collagen; 
and 87.6 ± 5.2 nm for 
methylglyoxal (MGO)- 
crosslinked collagen

Maximum adhesion 
force (nN): 
At 0 and 5 s dwelling 
times 
S. mutans: 0.14 (control); 
0.21 (glucose); 0.23 
(MGO). 
S. sanguinis: 0.44 
(control); 0.26 (glucose); 
0.23 (MGO).

A significant increase in 
adhesion was observed with 
S. mutans when probed 
against collagen gels 
modified with glucose or 
MGO. On the contrary, S. 
sanguinis presented a 
significant decrease in its 
adhesion following collagen 
glycation. In all cases, 
increased time led to 
increased adhesion.

•Fibronectin:
Busscher, H.J. et al. 2008 S. mutans L11 

S. intermedius NCTC 
11324

NP with a 
nominal tip 
radius of 20 nm 
(k~0.06 N/m)

Liquid, PBS buffer Fibronectin-Coated 
AFM tips in high and 
low ionic strength PBS

Not specified Repulsive force at 
contact (nN): 
S. mutans: 
Median: PBS (10.8) v/s 
PBS/10 (5.5) 
Mode: PBS (10.9) v/s 
PBS/10 (2.3) 
Range: PBS (24.2) v/s 
PBS/10 (18.2) 
S. intermedius: 
Median: PBS (8.2) v/s 
PBS/10 (7.8) 
Mode: PBS (7.2) v/s PBS/ 
10 (9.6) 
Range: PBS (15) v/s PBS/ 
10 (10.7) 

S. mutans showed higher 
values of repulsive force at 
contact when compared to S. 
intermedius in high ionic 
strength PBS. On the 
contrary, S. intermedius 
showed increased values 
when in low ionic strength 
PBS. 
The repulsive force median 
range for S. intermedius 
between high and low ionic 
strength PBS is smaller when 
compared to S. mutans. 
In general, S. mutans shows 
higher values of adhesion 

(continued on next page)
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Table 1 (continued )

Repulsive force range 
(nm): 
S. mutans: 
Median: PBS (38) v/s 
PBS/10 (19) 
Mode: PBS (6) v/s PBS/ 
10 (15) 
Range: PBS (225) v/s 
PBS/10 (38) 
S. intermedius: 
Median: PBS (35) v/s 
PBS/10 (29) 
Mode: PBS (22) v/s PBS/ 
10 (33) 
Range: PBS (390) v/s 
PBS/10 (133) 
Adhesion force (nN): 
S. mutans: 
Median: PBS (0.2) v/s 
PBS/10 (0.2) 
Mode: PBS (0.1) v/s PBS/ 
10 (0.2) 
Range: PBS (4.7) v/s 
PBS/10 (4.3) 
S. intermedius: 
Median: PBS (0.1) v/s 
PBS/10 (0.0) 
Mode: PBS (0.0) v/s PBS/ 
10 (0.0) 
Range: PBS (3.2) v/s 
PBS/10 (0.9)

force when compared to S. 
intermedius, for both high 
and low ionic strength PBS.

•Laminin: ​ ​ ​ ​ ​ ​ ​ ​
Busscher, H.J. et al. 2007 S. mutans LT11 þ antigen 

I/II isogenic mutant 
(IB03987)

NP with a 
nominal tip 
radius of 20 nm 
(k~0.06 N/m)

Liquid; 2 mM 
potassium 
phosphate, 50 mM 
potassium 
chloride, 1 mM 
calcium chloride 
buffer

Laminin films Not specified Repulsive force at 
contact (nN): 
S. mutans LT11: 
Median: pH 5.8 (6.3) v/s 
pH 6.8 (5.7) 
Mode: pH 5.8 (6.6) v/s 
pH 6.8 (3.7) 
Range: pH 5.8 (9.0) v/s 
pH 6.8 (9.4) 
S. mutans IB03987: 
Median: pH 5.8 (8.9) v/s 
pH 6.8 (8.3) 
Mode: pH 5.8 (9.4) v/s 
pH 6.8 (8.3) 
Range: pH 5.8 (12.7) v/s 
pH 6.8 (11.6) 
Repulsive force range 
(nm): 
S. mutans LT11: 
Median: pH 5.8 (28) v/s 
pH 6.8 (28) 
Mode: pH 5.8 (41) v/s pH 
6.8 (32) 
Range: pH 5.8 (120) v/s 
pH 6.8 (83) 
S. mutans IB03987: 

Significant differences 
between repulsive forces at 
contact between both S. 
mutans strains. Furthermore, 
the pH did not have a 
significant effect on 
adhesion. 
Overall, adhesion forces 
were greater for S. mutans 
LT11, acquiring a significant 
difference with S. mutans 
IB03987 at pH 6.8. 

(continued on next page)
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Table 1 (continued )

Median: pH 5.8 (40) v/s 
pH 6.8 (29) 
Mode: pH 5.8 (40) v/s pH 
6.8 (31) 
Range: pH 5.8 (205) v/s 
pH 6.8 (104) 
Adhesion force (nN): 
S. mutans LT11: 
Median: pH 5.8 (0.0) v/s 
pH 6.8 (¡0.1) 
Mode: pH 5.8 (0.0) v/s 
pH 6.8 (¡0.1) 
Range: pH 5.8 (¡5.0) v/s 
pH 6.8 (¡4.9) 
S. mutans IB03987: 
Median: pH 5.8 (0.0) v/s 
pH 6.8 (0.0) 
Mode: pH 5.8 (0.0) v/s 
pH 6.8 (0.0) 
Range: pH 5.8 (¡1.5) v/s 
pH 6.8 (¡2.1)

2) Restorative dental materials:
• Glass ionomer composite (GIC)
Wang, R. et al. 2022 S. mutans UA159, gtfB and 

gtfC mutants (ΔgtfB and 
ΔgtfC)

Tipless AFM 
probe CSC37/ 
tipless/Cr-Au 
(k~0.3 N/m)

Liquid, PBS buffer GIC (Fuji IX, GC Corp.) 20 ± 5 nm Cell–surface adhesion 
forces of S. mutans on 
GIC (nN): 
Wild type: 1.48 ± 0.66 
ΔgtfB: 0.97 ± 0.55 
ΔgtfC: 0.73 ± 0.54

The adhesion force of S. 
mutans UA159 (wild type) to 
GIC was significantly higher 
than for both mutant strains. 
Furthermore, results 
between mutants appeared 
to be alike.

•Composites:
Wang, R. et al. 2022 S. mutans UA159, gtfB and 

gtfC mutants (ΔgtfB and 
ΔgtfC)

Tipless AFM 
probe CSC37/ 
tipless/Cr-Au 
(k~0.3 N/m)

Liquid, PBS buffer Composite resin (Z250; 
3 M ESPE Dental 
Products)

20 ± 5 nm Cell–surface adhesion 
forces of S. mutans on 
composite resin (nN): 
Wild type: 1.01 ± 0.55 
ΔgtfB: 0.68 ± 0.43 
ΔgtfC: 0.61 ± 0.32

The adhesion force of S. 
mutans UA159 (wild type) to 
composite resin was 
significantly higher than for 
both mutant strains. 
Furthermore, results 
between mutants appeared 
to be alike.

González-Benito, J. 
et al.

2017 S. mutans ATCC25175 Tipless NP¡010 
cantilever 
(k~0.06 N/m)

Liquid, PBS buffer PVDF/TiO2 

nanocomposites with 
different TiO2 

composition (0 %, 1 %, 
2 %, 5 % and 10 % by 
weight)

PVDF¡0 %: 1.90 ± 0.20 
(Rq (µm)), 1.34 ± 0.22 
(Ra (µm)) 
PVDF¡1 %: 0.51 ± 0.30 
(Rq (µm)), 0.38 ± 0.25 
(Ra (µm)) 
PVDF¡2 %: 1.43 ± 0.42 
(Rq (µm)), 0.89 ± 0.31 
(Ra (µm)) 
PVDF¡5 %: 7.00 ± 0.93 
(Rq (µm)), 4.28 ± 0.70 
(Ra (µm)) 
PVDF¡10 %: 0.37 
± 0.22 (Rq (µm)), 0.26 
± 0.18 (Ra (µm)) 
PVDF¡0 % (bottom): 
0.09 ± 0.01 (Rq (µm)), 
0.05 ± 0.01 (Ra (µm)) 
PVDF¡5 % (bottom): 

Mean adhesion force 
(nN): 
PVDF: 0.404 ± 0.235 
PVDF/TiO2 5 %: 1.277 
± 0.510 
Mean rupture length 
(nm): 
PVDF: 67.7 ± 27.2 
PVDF/TiO2 5 %: 82.5 
± 21.8

Modifying PVDF with 5 % 
TiO2 led to higher S. mutans 
adhesion forces when 
compared to pure PVDF. 

(continued on next page)
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Table 1 (continued )

0.23 ± 0.04 (Rq (µm)), 
0.17 ± 0.03 (Ra (µm))

Dhall, A. et al. 2021 S. mutans UA159 Tipless PNP-TR- 
TL¡50 
cantilever

Liquid, PBS buffer Nanocomposite disks 
with and without 
Barium Titanate (BTO)

30 wt% BTO: 80 nm; 
control 20 nm (Sa)

Binding force 
distribution: 
S. mutans ¡ control 
disks: ~50 % of the 
adhesion force values 
between 1 and 1.6 nN. 
Maximum force: 2.51 
nN. 
S. mutans ¡ BTO- 
nanocomposite disks: 
~70 % of the adhesion 
force values between 0.4 
and 1 nN. Maximum 
force: 1.09 nN.

S. mutans showed lower 
adhesion forces when 
interacting with 
nanocomposite disks 
modified with BTO in 
comparison to control disks.

• Zirconia:
Yu, P. et al. 2016 S. mutans UA159 CSC37/Tipless 

cantilevers 
(k~0.3 N/m)

Liquid, PBS buffer Zirconia disks sorted in 
3 groups with varying 
surface roughness: 
coarse, medium, and 
fine

Surface roughness (Ra): 
Coarse: 23.94 ± 2.52 nm 
Medium: 17.00 
± 3.81 nm 
Fine: 11.89 ± 1.68 nm

Mean adhesion force 
(nN): 
Coarse: ~ 6 
Medium: ~ 4 
Fine: ~ 2

The adhesion of S. mutans 
increased at higher surface 
roughness, with significant 
results being observed 
among the three groups.

• Titanium:
Aguayo, S. et al. 2016 S. sanguinis ATCC 10556 NP-S10 probes 

(k ¼ 0.3 N/m)
Liquid, TRIS buffer 
and 2 mg/ml 
chlorhexidine 
solution in TRIS 
buffer

Titanium surfaces Titanium (Ra): 0.61 
± 0.01 μm conventional 
profilometry; 0.17 ± 0.02 
μm AFM profilometry

Adhesion force (nN): 
0 s contact time: 
0.32 ± 0.00 
1 s contact time: 
1.07 ± 0.06 
60 s contact time: 
4.85 ± 0.56 
Adhesion work (aJ): 
0 s contact time: 
19.28 ± 2.38 
1 s contact time: 
104.60 ± 7.02 
60 s contact time: 
1317.26 ± 197.69

Increased contact times 
between S. sanguinis and Ti 
yield higher adhesion forces, 
predominantly through 
short-range forces. 
Chlorhexidine treatment of 
the surface increased 
adhesion forces.

Doll-Nikutta, K. et al. 2022 S. oralis ATCC 9811 
A. naeslundii DSM 43013 
V. dispar DSM 20735 
P. gingivalis DSM 20709 
A. actinomycetemcomitans 
JP2 strain (HK1651, CCUG 
56173)

FluidFM 
Nanopipette 
(k ¼ 0.6 N/m)

Liquid, PBS and 
RTF (anaerobe- 
reduced transport 
fluid) buffers

Titanium surfaces Arithmetic mean 
roughness (Ra) ¼ 0.3 
± 0.05 µm 
Average surface 
roughness (Rz) ¼ 2.6 
± 0.1 µm 
Maximum roughness 
depth (Rmax) ¼ 3.3 
± 0.2 µm

Maximum adhesion 
force (nN): 
S. oralis: 
PBS (2.19 ± 1.34) v/s 
RTF (0.47 ± 0.51) 
A. naeslundii:  
PBS (0.56 ± 0.31) v/s 
RTF (0.40 ± 0.28) 
V. dispar: 
PBS (0.28 ± 0.20) v/s 
RTF (0.18 ± 0.12) 
P. gingivalis: 
PBS (0.45 ± 0.33) v/s 
RTF (0.51 ± 0.44) 
A. ac rough colonies: 
PBS (0.37 ± 0.23) v/s 
RTF (0.24 ± 0.30) 
A. ac smooth colonies: 
PBS (0.37 ± 0.23) v/s 
RTF (0.28 ± 0.13)

Adhesion results tend to be 
buffer specific, where overall 
PBS shows higher values 
compared to RTF. 
Bacterial adhesion in both 
buffers were significantly 
different for each species 
except for P. gingivalis. 
Maximum adhesion forces 
for A. ac from rough and 
smooth colonies were only 
different in RTF buffer.

(continued on next page)
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Table 1 (continued )

Doll, K. et al. 2019 S. oralis ATCC¡9811  FluidFM 
Nanopipette 
(k ¼ 0.6 N/m)

Liquid, PBS buffer Titanium with and 
without antifouling 
pre-treatment (SLIPS)

Not specified Max adhesion force (nN): 
Adhesion time 0 s: 
Titanium (0.82 ± 0.50) 
v/s SLIPS (0.84 ± 0.56) 
Adhesion time 10 s: 
Titanium (1.44 ± 1.00) 
v/s SLIPS (1.24 ± 0.63) 
Adhesion time 30 s: 
Titanium (3.67 ± 2.16) 
v/s SLIPS (2.70 ± 1.34)

Increase in maximum 
adhesion force as contact 
time increases for both 
surfaces was found. Only 
significant differences were 
observed at 30 second 
adhesion times.

Imran Rahim, M. et al. 2021 S. oralis ATCC 9811 
P. gingivalis DSM 20709

FluidFM 
Nanopipette 
(k ¼ 0.6 N/m)

Liquid, PBS buffer Titanium with and 
without S. oralis pre- 
coating

Not specified Maximum adhesion 
force (nN): 
S. oralis: 
Uncoated titanium: ~ 
3–5 
Coated titanium: ~ 0.3–1 
P. gingivalis: 
Uncoated titanium: ~ 
2–3 
Coated titanium: ~ 
0.2–0.5

For both bacterial species, 
maximum adhesion forces 
were increased on uncoated 
titanium compared to S. 
oralis coated titanium

•Hydroxyapatite:
Loskill, P. et al. 2013 Clinical isolates S. mutans 

and S. oralis 
S. carnosus TM 300

Tipless 
MLCT¡0 and 
PNP-TR_TL 
cantilevers

Liquid, PBS buffer Hydroxyapatite 
surfaces with and 
without fluor

RMS: 5 nm Relative adhesion force 
(nN): 
S. carnosus: 
Untreated surface: ~ 1.0 
Treated surface: ~ 0.6 
S. mutans: 
Untreated surface: ~ 1.0 
Treated surface: ~ 0.5 
S. oralis: 
Untreated surface: ~ 1.0 
Treated surface: ~ 0.5

Fluoride treatment reduced 
adhesion force for all three 
bacteria when compared to 
untreated hydroxyapatite 
surfaces.

1) Other materials:
•Glass:
Das, T. et al. 2011 S. mutans L11 with and 

without eDNA
Tipless DNP¡0 
cantilevers  

Liquid, high and 
low ionic strength 
PBS buffer

Glass – hydrophobic 
and hydrophilic

Not specified Maximum adhesion 
force (nN): 
Increased with dwelling 
times from 0 to 120 s 
Hydrophilic surfaces: 
< ~10 
Hydrophobic surfaces: 
< ~35 
Rupture distance (nm): 
Hydrophilic surfaces: 
< ~500 
Hydrophobic surfaces: 
< ~1000 in 150 mM PBS; 
< ~200 in 15 mM PBS. 
Number of adhesion 
peaks (n): 
Hydrophilic surfaces: 
~2–6 
Hydrophobic surfaces: 
< ~2

Bacterial adhesion increased 
at higher cell-surface contact 
times. eDNA promoted 
streptococcal attachment, 
particularly on hydrophobic 
surfaces. Also, ionic strength 
increased adhesion forces.

Preedy, E. et al. 2014 S. epidermidis RP62 and 
ATCC 12228 

Not specified Liquid, PBS buffer Borosilicate glass, with 
and without bovine 
serum albumin (BSA) 

Roughness scale (nm) 
ranges: 
Micro: 

Median adhesion forces 
(nN): 
S. epidermidis RP62: 

Adhesion forces between 
clean glass and S. mutans 
were the lowest compared to 

(continued on next page)
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Table 1 (continued )

S. aureus ATCC 25923 
S. mutans NCTC 10449

coating and different 
micro and nanoscale 
roughness 
5 groups (A: control; B- 
C-D-E: increasing 
roughness)

0.250–94.40 nm 
Nano: 
0.259–62.15 nm 
Micro after BSA coating: 
1.54–145.88 nm 
Nano after BSA coating: 
1.35–4.25 nm

Clean glass samples: 
Group A (4.25), B (4.2), C 
(11.5), D (17.5) and E 
(42) 
BSA-coated glass 
samples: Group A (2.75), 
B (3.25), C (4.0), D (2.5) 
and E (6.25) 
S. epidermidis ATCC 
12228: 
Clean glass samples: 
Group A (2.0), B (7.6), C 
(6.0), D (4.6) and E (7.8) 
BSA-coated glass 
samples: Group A (1.5), 
B (2.75), C (6.0), D (2.75) 
and E (5.5) 
S. aureus ATCC 25923: 
Clean glass samples: 
Group A (5.75), B (9.25), 
C (9.75), D (10.5) and E 
(9.0) 
BSA-coated glass 
samples: Group A (2.75), 
B (3.0), C (1.5), D (5.25) 
and E (1.25) 
S, mutans NCTC 10449: 
Clean glass samples: 
Group A (4.75), B (2.5), C 
(3.0), D (3.2) and E 
(3.75) 
BSA-coated glass 
samples: Group A (0.75), 
B (5.5), C (12), D (14) 
and E (24)

other species, independent of 
surface roughness. 
S. epidermis RP62 
demonstrated the highest 
adhesion force on clean 
glass, increasing its value as 
the surface roughness 
increased. On the other 
hand, S. mutans showed the 
highest adhesion values on 
BSA-coated glass in 
comparison to other 
bacterial species, which 
increased with surface 
roughness.

Sjollema, J. et al. 2017 S. aureus NCTC 8325–4 
S. mutans LT11 and IB 
03987 
S. salivarius HB7 and 
HBC¡12

Tipless NPO 
cantilevers (k: 
0.04 N/m)

Liquid; 10 mM 
potassium 
phosphate buffer, 
pH 6.8

Glass (Menzel GmbH, 
Braunschweig, 
Germany)

Not specified Adhesion force (nN): 
S. aureus NCTC8325–4: 
(1.4 ± 0.2) 
S. mutans: LT11 (1.8 
± 0.2) v/s IB03987 (0.6 
± 0.2) 
S. salivarius: HB7 (1.1 
± 0.1) v/s HBC¡12 (1.0 
± 0.1)

Bacterial adhesion is 
modulated by reversibly 
binding tethers that detach 
and reattach to surfaces. 
Compared to previous 
studies, the adhesion force 
values for these studied 
strains are within a similar 
range (low nN) to previously 
studied bacteria.

Wang, C. et al. 2019 S. mutans UA 
159 þ isogenic mutant 
form (ΔluxS)

Tipless NP-O10 
cantilever (k: 
0.03–0.12 N/m)

Liquid; 1 mM 
CaCl2, 2 mM 
potassium 
phosphate, 50 mM 
KCl buffer at pH 6.8

Glass (Thermo 
Scientific, 
Braunschweig, 
Germany) 

Not specified Initial adhesion force 
(nN): 
Wild type 0.7 ± 0.1 
ΔluxS 0.8 ± 0.5 
Stationary adhesion 
force (nN): 
Wild type 4.1 ± 1.3 
ΔluxS 3.3 ± 2.7

S. mutans adhesion forces 
were associated to specific 
gene expression in the 
biofilm, such as brpA and 
gbpB. Initial adhesion forces 
were all in the sub-nN range 
for the parent and the 
isogenic mutant strain. 
Overall, results support the 
notion that force sensitivity 
of bacterial attachment 
modulates their biofilm 
behavior.

(continued on next page)
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Table 1 (continued )

•Bare AFM  
tip (silicon  
nitrate):

Vadillo-Rodríguez, V. 
et al.

2004a S. mitis ATCC 9811, ATCC 
33399, 244, 272, 357, 398, 
BMS, BA, T9

‘V’-shaped 
silicon nitride 
cantilevers (k: 
0⋅06 N/m)

Liquid, 0.1 M KCl 
solution

Bare AFM tip Not specified Mean adhesion force 
(nN): 
ATCC 9811: 0.5 ± 0.3 
ATCC 33399: 1.4 ± 0.8 
244: 1.8 ± 1.0 
272: 1.0 ± 0.4 
357: 0.7 ± 0.2 
398: 1.5 ± 0.7 
BMS: 1.1 ± 0.4 
BA: 1.4 ± 0.3 
T9: 2.2 ± 0.9

Values of mean adhesion 
forces for the different S. 
mitis strains varied between 
0.5 and 2.2 nN, depending on 
the different strain types. 

Vadillo-Rodríguez, V. 
et al.

2004b S. thermophilus B isolate ‘V’-shaped 
silicon nitride 
cantilevers (k: 
0⋅06 N/m)

Liquid, 40 mM 
potassium 
phosphate solution 
at pH 2 and 7

Bare AFM tip Not specified Maximum adhesion 
force (nN): 
Time 10 s: pH 2 (~1) v/s 
pH 7 (~1.5) 
Time 50 s: pH 2 (~2.5) v/ 
s pH 7 (~2) 
Time ~90s: pH 2 (~3.5) 
v/s pH 7 (~2.75) 
Time 130 s: pH 2 (~2.75) 
v/s pH 7 (~3.5) 
Time 170 s: pH 2 (~2.5) 
v/s pH 7 (~4) 
Time 200 s: pH 2 (~4) v/ 
s pH 7 (~3.5)

Adhesion force for S. 
thermophilus increased over 
time at both studied pH.

Cross, S.E. et al. 2007 S. mutans UA 140 and Gtf 
mutants

OTR4 silicon 
nitride 
cantilevers (k: 
0.02 N/m)

Liquid, BHI buffer Bare AFM tip Not specified Mean rupture force (pN): 
Wild-type control, 6 h 
and 12 h sucrose-treated 
cells: 84.1 ± 156.0, 
304.3 ± 281.9 and 
375.6 ± 563.2, 
respectively 
UA140 gtfB: control cells 
46.1 ± 80.6 v/s 12 h 
sucrose-treated 53.0 
± 148.3 
UA140 gtfC: control cells 
42.0 ± 28.5 v/s 12 h 
sucrose-treated 43.9 
± 68.8 
UA140 gtfD: control cells 
42.7 ± 22.4 v/s 12 h 
sucrose-treated 111.3 
± 128.2 
UA140 gtfBC: control 
cells 35.1 ± 22.4 v/s 
12 h sucrose-treated 
53.2 ± 46.0 
UA140 gtfBCD: control 
cells 36.3 ± 17.3 v/s 
12 h sucrose-treated 
37.4 ± 14.2

S. mutans cells adhere to 
surfaces mainly through 
glucans in the presence of 
sucrose. Also, the adhesion 
force increases in a time 
dependent manner.

Vadillo-Rodríguez, V. 
et al.

2003 S. mitis ATCC 9811, ATCC 
33399, 244, 272, 357, 398, 
BMS, BA, T9

‘V’-shaped 
silicon nitride 

Liquid, deionized 
water or 0.1 M KCl 
solution

Bare AFM tip Not specified Average adhesion force 
in water (nN): 
ATCC9811 (1.3 ± 0.6); 

Adhesion forces were higher 
in water than 0.1 M KCl for S. 
mitis ATCC9811, 357, and BA. 
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Table 1 (continued )

cantilevers (k: 
0⋅06 N/m)

ATCC33399 (1.3 ± 0.8); 
244 (0.9 ± 0.4); 272 (1.3 
± 0.7); 357 (1.3 ± 0.3); 
398 (1.8 ± 1.0); BMS 
(1.5 ± 0.8); BA (2.9 
± 1.2); T9 (1.4 ± 0.8) 
Average adhesion force 
in 0.1 M KCl (nN): 
ATCC9811 (0.5 ± 0.4); 
ATCC33399 (1.4 ± 0.9); 
244 (1.8 ± 1.1); 272 (1.0 
± 0.5); 357 (0.7 ± 0.3); 
398 (1.5 ± 0.7); BMS 
(1.1 ± 0.4); BA (1.4 
± 0.3); T9 (2.2 ± 1.0)

Adhesion forces were lower 
in water than 0.1 M KCl for S. 
mitis 244, 398, and BMS. S. 
mitis ATCC33399, 272, and 
T9 strains did not show 
adhesion differences. 

Zhu, L. et al. 2006 S. mutans UA 140 and its 
wapA deficient mutant

Sharpened 
silicon nitride 
cantilevers (k: 
0.02 N/m)

Liquid, BHI buffer Bare AFM tip Control bacteria mean 
surface roughness 
Wild-type: 7.20 
± 1.31 nm 
wapA mutant: 5.43 
± 0.74 nm 
Sucrose exposed mean 
surface roughness 
Wild-type: 9.76 
± 0.95 nm 
wapA mutant: 9.63 
± 0.93 nm 

Mean rupture force (pN): 
wapA mutant: 43 ± 13 
UA140 wild-type: 84 
± 156 
Range of rupture events 
(pN): 
wapA mutant: ~20–80 
UA140 wild-type: 
~20–330

The cell surface of the wapA 
mutant was less adhesive 
than the wild type. Overall, 
wild-type bacteria showed 
considerably more frequent 
adhesion events than the 
mutant cell, suggesting that 
WapA plays a crucial role in 
aggregation and biofilm 
formation.

Sharma, S. et al. 2014 S. mutans UA 140, in 
presence or absence of 
arginine or glycine

Sharpened 
silicon nitride 
MLCT 
cantilevers (k: 
0.01 N/m)

Liquid, PBS buffer Bare AFM tip Biofilm surface 
roughness was 
measured as Ra, Rq, and 
Rmax: 
Arginine: 52 nm, 
42.8 nm and 297 nm, 
respectively. 
Arginine-free: 89.1 nm, 
67.3 nm and 515 nm, 
respectively,

Mean adhesion force 
(nN): 
Control: 3.5 ± 0.6 
Arginine: 
Biofilm grown under 
0.5 mg ml¡1: 3.1 ± 2.4 
Biofilm grown under 
1 mg ml¡1: 1.4 ± 0.7 
Biofilm grown under 
5 mg ml¡1: 1.3 ± 0.6 
Glycine: 
Biofilm grown under 
1 mg ml¡1: 3.7 ± 1.4 
Biofilm grown under 
5 mg ml¡1: 3.8 ± 1.8 
Mean rupture lengths 
(nm): 
Absence: 1400 ± 800 
(peak 1); 6500 ± 100 
(peak 2)  
Arginine: 
Biofilm grown under 
0.5 mg ml¡1: 1500 
± 100 (peak 1); 5900 
± 100 (peak 2)  
Biofilm grown under 
1 mg ml¡1: 1600 ± 100 
(peak 1); 4800 ± 200 
(peak 2)  
Biofilm grown under 

Arginine concentrations of 
1 mg ml¡1 and above 
diminished the adhesion 
forces of S. mutans, 
clustering at less than 2 nN. 
Glycine did not show the 
same effect. 
Furthermore, the rupture 
length population associated 
to the larger peak showed a 
gradual and significant 
reduction upon treatment 
with arginine, suggesting a 
potential anti-biofilm effect 
for the molecule.
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Table 1 (continued )

5 mg ml¡1: 1500 ± 100 
(peak 1); 4500 ± 200 
(peak 2)  
Glycine: 
Biofilm grown under 
1 mg ml¡1: 1900 ± 100 
(peak 1); 5800 ± 200 
(peak 2)  
Biofilm grown under 
5 mg ml¡1: 1500 ± 500 
(peak 1); 5700 ± 200 
(peak 2)

Liu, B.H. and Yu, L-C. 2017 S. mutans ATCC 25175 RTESPA silicon 
probes 

Not specified Bare AFM tip Not specified Mean adhesion force 
(nN): 
Initial attachment: 
~150nN 
EPS regions: ~60 
(20 min, initial 
adhesion) to ~85 
(120 min).

Adhesion forces increase 
with biofilm maturation, 
suggesting EPS secretion 
over time, particularly in the 
region surrounding the live 
cells. Early attachment 
shows reduced adhesion 
force compared to mature 
biofilms.

•Polystyrene:
Wang, C. et al. 2019 S. mutans UA 

159 þ isogenic mutant 
form (ΔluxS)

Tipless NP-O10 
cantilevers (k: 
0.03–0.12 N/m)

Liquid; 1 mM 
CaCl2, 2 mM 
potassium 
phosphate, 50 mM 
KCl buffer at pH 6.8

Tissue-grade 
polystrene (Greiner 
Bio-One GmbH)

Not specified Initial adhesion force 
(nN): 
Wild type: 0.5 ± 0.4 
ΔluxS: 0.2 ± 0.1 
Stationary adhesion 
force (nN): 
Wild type: 4.1 ± 0.8 
ΔluxS: 4.7 ± 2.6

Initial forces were all in the 
sub-nN range for both 
strains, and the final 
stationary forces were 
similar amongst the 2 
studied bacteria. In both 
cases, the adhesion force 
increased with longer 
contact times (from 0 to 
30 ss).

Wang, C. et al. 2019 S. mutans UA 
159 þ isogenic mutant 
form (ΔluxS)

Tipless NP-O10 
cantilevers (k: 
0.03–0.12 N/m)

Liquid; 1 mM 
CaCl2, 2 mM 
potassium 
phosphate, 50 mM 
KCl buffer at pH 6.8

Bacterial-grade 
polystyrene (Greiner 
Bio-One 
GmbH, Frickenhausen, 
Germany)

Not specified Initial adhesion force 
(nN): 
Wild type: 0.8 ± 0.5 
ΔluxS: 1.0 ± 0.6 
Stationary adhesion 
force (nN): 
Wild type: 6.1 ± 2.4 
ΔluxS: 8.4 ± 7.3

The luxS mutant showed an 
increased adhesion force to 
the surface compared to the 
wild-type parent strain.

•Silicon rubber:
Wang, C. et al. 2019 S. mutans UA 

159 þ isogenic mutant 
form (ΔluxS)

Tipless NP-O10 
cantilevers (k: 
0.03–0.12 N/m)

Liquid; 1 mM 
CaCl2, 2 mM 
potassium 
phosphate, 50 mM 
KCl buffer at pH 6.8

Silicon rubber (ATOS 
Medical B.V., 
Zoetermeer, The 
Netherlands)

Not specified Initial adhesion force 
(nN): 
Wild type 1.2 ± 0.4 
ΔluxS 0.9 ± 0.6 
Stationary adhesion 
force (nN): 
Wild type 19.2 ± 14.0 
ΔluxS 20.2 ± 13.7

Bond maturation happened 
at a slower rate in the S. 
mutans parent strain. 
Compared to glass surfaces, 
the difference in adhesion to 
silicone rubber surfaces was 
significant within each 
strain.

k: cantilever spring constant
* : as adhesion forces are vectorial, in some studies they are reported as negative values. Thus, this table only reports the absolute values of adhesion.
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parameters that govern oral bacterial adhesion to tissues. For example, it 
is interesting to observe that early oral colonizers demonstrate an 
increased affinity with a range of natural and artificial surfaces in the 
oral cavity [21,39]. This suggests that early oral colonizers – particularly 
oral streptococci – have evolved a plethora of mechanisms that allow 
them to interact with the host even in the absence of a salivary pellicle 
[40]. Furthermore, AFM assays involving oral bacterial adhesion to soft 
biomaterials usually yield lower experimental adhesion parameters 
compared to hard surfaces or materials. This is probably due to substrate 
compliance during surface-bacteria binding that allows for a reduced 
number of molecular interactions during the experiment [20]. 
Furthermore, other clinically extrapolatable variables that modulate 
bacterial attachment include surface roughness, surface glycation, 
presence of fluor, and presence of antifouling agents [19,26,30,41,42]. 
Nevertheless, further studies are needed to examine if the impact of 
these parameters on early bacterial adhesion also transfers to the biofilm 
maturation level, as well as to the promotion or inhibition of biofilm 
dysbiosis associated with oral diseases [4].

Among the most studied bacteria, the adhesion of S. mutans and 
particularly the UA 159 strain to surfaces is the most frequently used in- 
vitro model for AFM experimentation. One possible explanation for this 
is that its genome is fully sequenced and therefore allows for the asso
ciation of adhesion experiments with other biological and molecular 
results [43,44]. Overall, S. mutans is one of the most studied microbes in 
association with dental caries and therefore its adhesion to biological 
and artificial surfaces has been explored in several published reports 
[45]. It is also implicated in remote tissue invasion and colonization that 
is particularly associated to its collagen binding properties [46–48]. On 
the other hand, the colonization of titanium substrates by early colo
nizers such as S. sanguinis and S. oralis has been explored in the context 
of dental implant biofilm formation, as well as adhesion by the patho
genic P. gingivalis that is strongly associated with biofilm dysbiosis and 
peri-implant tissue destruction [49]. Therefore, AFM-based experiments 
are highly relevant for understanding the role of bio-tribocorrosion on 
peri-implant physiopathology [50] and searching for novel surface 
configurations and molecules that can inhibit biofilm formation in this 
context.

From an experimental point of view, it remains important to 
comprehend the AFM adhesion parameters being reported in each 
paper. For example, the most used measurement is the maximum 
adhesion force that reflects the strongest interaction point between the 
bacterial cell and surface [51]. For oral bacteria, results consistently 
show maximum adhesion forces in the nN and pN range, similar to what 
is seen in AFM experiments involving other bacteria [52,53]. However, 
it is also possible to evaluate the adhesion work that portrays the overall 
cell-surface interaction throughout the whole unbinding process [54]. 
Therefore, when many minor molecular surface interactions are present 
between the cell probe and substrate, the energy of adhesion is the most 
reliable parameter to understand the overall adhesion process. Overall, 
adhesion force and adhesion energy measurements can both be found in 
the AFM literature, with some reports providing both maximum adhe
sion force and energy simultaneously [24]. Also, values for rupture 
lengths and contour lengths that represent the distance in which the cell 
or receptor detaches from the surface can also be found [15,18,19,28]. 
Overall, longer interaction distances are indicative of a stronger adhe
sive interaction between bacteria and surface or of the stretching of 
cellular components (such as the cell membrane or adhesins) as well as 
of the mechanical properties of the surface [51]. Finally, when molec
ular interactions are present (mostly in the form of “sawtooth” patterns 
in the force-distance curves) it is also possible to quantify the specific 
adhesion force of the adhesins involved in binding of the substrate [14]. 
Taken altogether, this array of adhesion parameters can paint a picture 
of the dynamics of bacterial adhesion to surfaces at both the cellular and 
sub-cellular levels.

On the other hand, there are several experimental settings that can 
impact the data resulting from AFM-based adhesion experiments. 

Ideally, all adhesion experiments involving bacteria should be carried 
out in buffer conditions instead of air to maintain bacterial viability and 
be biologically comparable with the in-vivo bacteria-substrate interac
tion [52]. Furthermore, it is crucial to ideally select soft AFM cantilevers 
with reduced spring constants (~0.01–0.1 N/m) to be able to detect 
adhesion forces in the cellular and sub-cellular range (nN to pN) [19,52, 
55]. The choice of force-spectroscopy over dynamic modes is also usu
ally preferred to quantify bacterial adhesion parameters and maintain a 
precise control of the applied force during the experiment. As observed 
in the analyzed studies, bacteria can experimentally be either immobi
lized to the AFM tip or the substrate to probe their adhesive behavior, 
which will depend on factors such as the particular biological question 
being assessed, the cellular morphology of the microorganisms, and 
technical capacities (Fig. 1, Table 1). Overall, these parameters are 
crucial to ensure the reproducibility and biological significance of AFM 
findings regarding oral bacterial adhesion to biomaterials.

As with other in-vitro studies, there are some limitations that must be 
considered when discussing the primary papers included in this review. 
Firstly, AFM experiments are in-vitro experiments that although carried 
out in near-physiological conditions, may not be indicative of how 
bacteria effectively attach in some in-vivo situations. The oral cavity is a 
highly complex and multivariable niche, and it remains difficult to 
completely translate it into a laboratory setting [56,57]. Furthermore, as 
AFM is such a sensitive technique, the presence of multiple variables in 
the experimental setup (such as patient-derived specimens or saliva) can 
difficult standardization of results and reproducibility. Thus, the study 
of the adhesion of oral bacteria to relevant surfaces is frequently 
explored in a ‘simplified’ approach compared to the true oral setting, 
such as by the use of physiological buffers at a stable physiological 
temperature [58]. Nevertheless, AFM bacterial spectroscopy can yield 
quantifiable data regarding oral bacterial adhesion at the cellular and 
molecular level that is not possible to obtain with most other microscopy 
techniques and microbiological assays. Taken altogether, living cell 
bacterial adhesion experiments with AFM can explore the dynamics of 
oral bacteria colonization of surfaces and generate new knowledge on 
how to develop new approaches against biofilm formation in the context 
of oral biofilm-mediated diseases. This knowledge should be considered 
for the design of new molecules and oral biomaterials to selectively 
reduce bacterial adhesion and thus decrease the probability of devel
oping biofilm-mediated diseases in the oral cavity.

5. Conclusions

This review highlights the current use of AFM to study the real-time 
adhesion of living oral bacteria onto tissues and biomaterials of clinical 
interest. The included studies demonstrate that bacterial attachment is 
modulated by cell-surface contact time, surface roughness and anti
fouling properties, bacteria strain type, glycation, and the presence or 
absence of fluor. Current antibacterial approaches should consider these 
variables when designing molecules and surfaces to counteract oral 
biofilm formation and prevent the development of disease in the oral 
cavity.
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