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ABSTRACT 

Freshwater biofilms play an essential ecological role but they also adversely affect human 

activities through undesirable biofouling of artificial submerged structures. They form 

complex aggregates of microorganisms that colonize any type of substratum. In 

phototrophic biofilms, diatoms dominate in biomass and produce copious amount of 

extracellular polymeric substances (EPS) that make them efficient early colonizers. 

Therefore, a better understanding of diatoms adhesive properties is essential to develop 

new anti-biofouling strategies. In this context, we used atomic force microscopy (AFM) to 

decipher the topography and adhesive mechanisms of the common freshwater diatom 

Nitzschia palea. Images in physiological conditions revealed typical ultrastructural features 

with a few nanometers resolution. Using single-cell force spectroscopy, we showed that N. 

palea strongly adhere to hydrophobic surfaces as compared to hydrophilic ones. Chemical 

force spectroscopy with hydrophobic tips further confirmed that adhesion is governed by 

surface-associated hydrophobic EPS distributed in clusters at the frustule surface, and 

mostly composed of (glyco)-lipids as revealed by Raman spectroscopy. Collectively, our 

results demonstrate that AFM-based nanoscopy, combined with Raman spectroscopy, is a 

powerful tool to provide new insights into the adhesion mechanisms of diatoms. 
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INTRODUCTION 

Phototrophic biofilms are essential ecological players in all freshwater environments, acting 

at the interface between the water column and any immersed surface and contributing to 

the global biogeochemical fluxes.1 Besides their role in aquatic ecosystems, biofilms cause 

biofouling of industrial structures, therefore increasing drag forces and impacting human 

activities with an estimated global economic loss of US$ 277 million per year.2-4 They are 

formed by complex aggregates of microorganisms including fungi, bacteria, protozoa and 

microalgae, among which diatoms often dominate the biomass.1,5-6 Diatoms are a diverse 

and abundant group of eukaryotic unicellular photosynthetic organisms, motile or non-

motile and characterized by the presence of a highly ornamented siliceous exoskeleton 

called frustule. They are known to produce copious amount of extracellular polymeric 

substances (EPS) which can represent between 50 and 90% of total organic biofilm biomass, 

depending on environmental conditions.7 EPS are involved in direct adhesion, locomotion 

and colony formation.8-10 Their production has been highlighted as the main factor 

explaining why diatoms are such efficient early colonizers, independently of the nature of 

the immersed substrates.11-12 Despite the importance of freshwater diatoms in ecology and 

biofouling, the mechanisms governing their adhesion remain poorly investigated as 

compared to marine diatoms or other common fouling microorganisms.6,9,13-15 In particular, 

very little is known on how freshwater diatom cells interact with different substrates, 

although these organisms are likely to encounter in situ numerous microhabitats of various 

chemical nature, potentially influencing their adhesion capabilities.16-19 However, 

understanding the specific interactions that individual cells maintain with the substrate or 

with other cells is required when one wants to control biofilm formation. Indeed, the 
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adhesion of each individual cell plays a role in the general structure of the biofilm (e.g. in 

terms of patchiness, thickness or biodiversity), ultimately influencing its functioning.20 

In the last two decades, atomic force microscopy (AFM) has increasingly contributed 

to deciphering molecular mechanisms governing microbial adhesion.21-23 Here we used AFM-

based methodologies to decipher the topography and adhesive properties of the common 

freshwater diatom Nitzschia palea at the nanoscale. We first used AFM imaging to unravel 

typical morphological features of live cells. Then, we used single-cell force spectroscopy 

(SCFS) to probe N. palea adhesion towards substrates of different chemical properties. Our 

results demonstrate that N. palea presents strong adhesion forces towards hydrophobic 

surfaces. The distribution of hydrophobic features was also probed at the molecular level by 

chemical force microscopy (CFM), revealing that adhesive EPS are forming adhesive patches 

on the cell surface. Finally, we used Raman microspectroscopy -a label-free and non-

destructive method- to characterize the biochemical composition of diatoms in physiological 

conditions.24 Raman spectra suggest that EPS promoting N. palea adhesion are mostly 

(glyco)-lipids. Overall, our work demonstrates that AFM combined with Raman spectroscopy 

is a valuable approach to decipher adhesive properties of diatoms.  

RESULTS AND DISCUSSION 

Nanoscale imaging of N. palea cell surface. We first imaged the ultrastructure of N. 

palea using AFM in PeakForce mode. Figure 1 shows images obtained in air (Fig. 1a-c) and in 

physiological conditions i.e. in liquid culture medium (Fig. 1e-g). A diatom frustule is 

composed of two thecae (epi/hypo-theca) that overlap as a Petri dish. Each theca consists of 

a silica valve and several girdle bands outlining the cell, both ornamented in a highly complex 

species-specific manner. N. palea is a pennate diatom, which exhibits a bilateral symmetry. 
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Cells presented elongated shapes with long axis of 15.7 ± 1.9 µm and short axis of 4.2 ± 0.8 

µm (Fig. 1a and d, lengths measured on 12 cells). Images of entire cells showed that N. palea 

valves are isopolar and linear-lanceolate: sides along the long axis are parallel and taper 

sharply on both ends, thereby delimiting similarly shaped (subcapitate) apices. The cell 

surface presented stripes aligned with the short axis. At higher magnification, images 

revealed that stripes correspond to striae of pores arranged in lines parallels to the short 

axis. The distance between two pores of the same line was about 60 nm and the inter-line 

distance was about 200 nm. As most pennate diatoms, N. palea cells also possess a slit along 

the long axis called raphe and which was visible at the margin of the valve on high-resolution 

images (Fig. 1f, white arrow). This topographical analysis is in line with the previous 

descriptions of this species.25-26 Moreover, the striae were barely visible at lower 

magnification, probably due to the presence of a layer of mucilage, mostly composed of 

EPS.27 It was also visible at higher magnification as all pores seemed obstructed by this 

mucilage. EPS layer is known to be extruded by the cell through the pores and the raphe, 

and to encapsulate the whole frustule.9,28  

Morphological differences were observed between images obtained in air and liquid 

conditions. Cross sections revealed that cells imaged in air presented a smaller height than 

cells imaged in liquid (1.8 ± 0.6 µm vs 3.3 ± 0.2 µm, respectively), which probably reflect cells 

collapsing during the drying process (Fig. 1d,h). Such artefact has been reported for other 

species.29-30 Here, we showed that the drying step affects both the morphology of the whole 

cell and the pores as dried cells presented asymmetric deformed shapes arboring ovoidal 

pores whereas the latest were spherical with a diameter of ~120 nm for cells maintained in 

liquid. Drying of the mucilage filling the pores also appears through changes in the root 

mean square (rms) cell surface roughness, which increases from 3.85 ± 0.57 nm to 6.61 ± 
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0.32 nm (calculated on 1 µm x 1 µm areas) for cells imaged in liquid and in air, respectively. 

Together with previous studies, these results demonstrate that AFM, performed in 

physiological conditions, is required to assess true topographical characterization of diatoms 

with limited artefacts.27,29,31-34 

N. palea cells adhere preferentially on hydrophobic surfaces. As diatoms are known 

to colonize surfaces of various physico-chemical properties,16,18 we compared the adhesive 

properties of N. palea cells towards hydrophobic and hydrophilic surfaces. We first 

investigated the macroscopic adhesion of diatoms, i.e. at the population scale. For that, cells 

were deposited on gold substrates of 113 mm² presenting similar physical properties (in 

terms of e.g. roughness and stiffness) but which differ in their chemical properties, i.e. 

functionalized with CH3 or OH terminated alkanethiols to obtain surfaces with hydrophobic 

and hydrophilic self-assembled monolayer (SAM), respectively. Surface wettability was 

further confirmed by water contact angle measurements. Hydrophobic and hydrophilic 

surfaces presented water contact angles of ~105° and ~20°, respectively, as measured by 

static sessile drop method.  After 4 h in the presence of 3 x 105 cells, surfaces were gently 

rinsed to remove loosely- and non-adhered cells before optical imaging. The number of N. 

palea adhered cells was 30 times higher on hydrophobic surfaces (~720 adhered cells.mm-²) 

than on hydrophilic surfaces (~24 adhered cells.mm-²; Fig. 2). This analysis suggests that N. 

palea preferentially adhere on hydrophobic substrates and correlates with phenotypes 

described for other raphid diatoms: the freshwater species Nitzschia amphibia18 and the 

marine species Phaeodactylum tricornutum,35 Seminavis robusta,19 Navicula perminuta,36-37 

Navicula incerta,38 Craspedostauros australis,37 and Amphora coffeaeformis.37,39 
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AFM-based analysis of N. palea adhesion. Beyond the possibility to image biological 

samples at high resolution, AFM has recently emerged as a powerful tool to decipher 

physico-chemical properties of microbial cells.22,40 Here we used two AFM force 

spectroscopy modes to gain a better insight into the mechanisms governing N. palea 

adhesion: i) single-cell force spectroscopy (SCFS) to probe the adhesion of whole cells 

towards hydrophobic and hydrophilic surfaces (Fig. 3a); and ii) chemical force microscopy 

(CFM) to quantify the hydrophobic/hydrophilic balance of the cell surface and map the 

distribution of adhesive molecules with few nanometers lateral resolution (Fig. 3b). For SCFS, 

tipless cantilevers coated with polydopamine -a biocompatible glue known to maintain cell 

viability-41-42 were used to pick up N. palea cells and measure individual force-distance 

curves. The originality of the methodology resides in the attachment of a single cell, allowing 

real comparison of the affinity of living diatoms for different surfaces under external applied 

forces. For CFM, hydrophobic and hydrophilic probes were obtained by functionalizing gold-

coated AFM tips with thiols terminated with methyl or hydroxyl groups and the probes were 

used to record force-volume maps at the surface of cells immobilized on the substrate.  

SCFS reveals strong adhesion of N. palea on hydrophobic surface. To quantify the 

adhesion strength of individual N. palea cells, we first used SCFS to probe cell adhesion on 

different surfaces. Figure 4 shows the adhesion force and rupture length histograms 

together with representative force-distance curves obtained for six different cells probed on 

hydrophobic and hydrophilic surfaces. On hydrophobic surfaces, most force curves 

presented adhesive peaks (adhesion frequency ~100 %) with an adhesion force ranging from 

250 to 1500 pN and rupture distance ranging from 250 to 4000 nm (Fig. 4a). The 

corresponding force-distance curves signatures displayed multiple peaks documenting the 

unfolding of biopolymers, i.e. EPS macromolecules. These EPS are exposed at the cell surface 
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to promote adhesion and are unfolded under external load applied here through the 

cantilever retraction. These features are reminiscent of the adhesive properties described 

for the marine diatom Navicula sp.43 The adhesion frequency was significantly lower on 

hydrophilic substrates with all cells presenting an adhesive frequency below 50 % and half of 

the cells displaying no adhesion at all (Fig. 4b; cells 1-3). For cells 4-6, adhesion forces ranged 

from 100 to 1000 pN and rupture distances from 100 to 3500 nm. When adhesion was 

detected on hydrophilic surfaces, the force-distance curves featured simpler signatures than 

observed on hydrophobic surface, with 1-3 peaks. This behaviour contrasts with that 

reported for Navicula sp. where similar adhesion was recorded on both hydrophobic and 

hydrophilic substrates.43  

The adhesive properties described above correspond to the phenotype observed for most 

cells. One of the advantages of using single-cell technique is that isolated behaviour, which 

would be hidden in macroscopic tests, can be highlighted. Here, some heterogeneities were 

detected in the cell population with cells presenting hyper-adhesive or non-adhesive 

phenotypes. Figure 5 shows the results obtained for two hyper-adhesive cells for which the 

adhesion frequency reached 100 % on hydrophobic surfaces and was > 70 % on hydrophilic 

surfaces. By contrast, for cells presenting non-adhesive phenotypes, almost no adhesive 

events were recorded on both hydrophobic and hydrophilic surfaces (Fig. 6). In the case of 

Navicula sp. previously reported, cells adhered similarly to hydrophobic and hydrophilic 

surfaces, it was therefore not possible to determine whether the adhesion was mediated by 

different EPS or only one type presenting affinity regions for both hydrophobic and 

hydrophilic substrates.43 Here, the heterogeneity observed suggests that: i) some cells seem 

not to produce adhesive EPS, surely linked to their growth state, and ii) other cells are able 
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to produce various types of EPS as adhesion to hydrophilic substrates is not always 

coincident with hydrophobic adhesion and leads to different force signatures. 

EPS are not homogeneously distributed at the cell surface. We then wanted to decipher the 

precise distribution of the adhesive biomolecules at the surface of N. palea cells and to 

determine the physico-chemical properties of these compounds. Figure 7 shows force-

volume maps of 2 x 2 µm2 recorded at the surface of N. palea cells with AFM tips decorated 

with methyl or hydroxyl groups (Fig. S1 presents similar data obtained on different cell 

locations). When cells were probed with hydrophobic tips (Fig. 7a-d), ~20 % of force curves 

displayed adhesive events, corresponding to a surface density of ~50 hydrophobic adhesive 

molecules per µm² at the center of the diatom cell. Some cells featured higher adhesion with 

up to ~80 % of force curves corresponding to adhesive events (Fig. S1 a and b). This 

correlates with the hyper-adhesive phenotype observed during SCFS measurements (see 

above). Most hydrophobic forces ranged from 100 to 500 pN and the rupture lengths were 

distributed from 100 to 4000 nm. The force signatures revealed multiple peaks, some with 

regular sawtooth patterns, suggesting that different domains of biopolymers are stretched 

and unfolded when subjected to external force applied with the hydrophobic tip. Similar 

features were reported for the marine diatoms Phaeodactylum tricornutum,44 Toxarium 

undulatum,45-46 Craspedostauros australis and the freshwater diatom Pinnularia viridis.27 

Mapping with hydrophilic tips resulted in a lower adhesion frequency (6-8 %), confirming 

that N. palea cells have more tendency to interact with hydrophobic entities (Fig. 7e-h). Here 

again, some cells presented hyper-adhesive phenotypes with ~20 % of force curves showing 

adhesion between the hydrophilic tips and the cell surface (Fig. S1 g and h). The adhesion 

force and rupture lengths ranges were comparable to the results obtained with hydrophobic 

tips but the force signatures presented only simple peaks documenting a single extension 
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without unfolding of intramolecular domains. With both hydrophobic and hydrophilic tips, 

the distribution of adhesive events seemed to form clusters suggesting that EPS are grouped 

as adhesive patches on N. palea surface. Moreover, recording maps at different cell 

locations revealed that EPS accumulate more at the cell center than at the apexes (Fig. S1). 

(Glyco)-lipids is the major EPS of N. palea cells. EPS macromolecules can present different 

domains or regions to mediate adhesion to a wide range of surfaces.43,47 Here, our SCFS and 

CFM results suggest that N. palea produces mostly EPS with affinity for hydrophobic 

substrates, but that other EPS types, which permit adhesion on hydrophilic supports, are 

also present but less abundant. In diatoms, hydrophobic interactions can be promoted by 

hydrophobic polysaccharides, proteins, proteoglycans and lipids whereas adhesion to 

hydrophilic substrates involves acidic-neutral polysaccharides.10,43,46,48-53 Here, we used 

Raman microspectroscopy to obtain chemical information on the EPS driving N. palea 

adhesion (Fig. 8). Spectra were recorded on isolated and aggregated cells, on which EPS are 

expected to be present in high quantity to ensure cohesiveness. Assignments were made 

according to previous Raman studies on different reference molecules and on other 

microalgae.54-57 The bands mainly correspond to proteins, lipids and carbohydrates. Such 

composition was already reported for other diatoms.58 The signature of the amorphous silica 

from the frustule was not resolved due to weak intensities of their scattering bands.59-61 The 

spectral fingerprints were very different from individual cells to aggregates. The spectra of 

single cells showed bands at 1303, 1454 and 1735 cm-1 assigned to fatty esters. No specific 

band from possible unsaturated fatty acids was observed in the region between 3000 and 

3050 cm-1, indicating that they were mostly composed of saturated alkyl chains. Depending 

on the position of the recorded spectrum, these bands have different intensities, indicating a 

non-homogeneous distribution of the biomolecules as suggested also by CFM (see above). 
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Bands at 1003 cm-1, between 1200 and 1250 cm-1, and between 1600 and 1700 cm-1 were 

assigned to proteins. Few carbohydrates were observed in the spectra in region 1000-1150 

cm-1. Carbohydrates are usually very complex and highly branched molecules that could be 

involved in hydrophobic interactions through an enrichment in methyl groups of the 

terminal residues such as rhamnose, fucose and xylose.10,62 On aggregated cells, the main 

bands were at 1302, 1440, 1656, 1730 and 1746 cm-1, and assigned to triacylglycerol lipids.54 

A band at 3008 cm-1 assigned to C-H stretching on C=C bonds was also observed indicating 

the occurrence of unsaturated C=C bonds in their alkyl chains. Overlapped bands in regions 

800-900 cm-1 and 1000-1200 cm-1 were assigned to carbohydrate moieties possibly linked to 

the lipids forming hydrophobic EPS (it was not possible to assign the bands to specific 

carbohydrates). Methylated sugars were not detected (bands at 1440-1470 cm-1 for CH3 

bending and 2815-2850 cm-1 for CH3 symmetric stretching), suggesting that the adhesion 

mechanisms of N. palea on hydrophobic substrates differ from that reported for P. 

tricornutum.10 Altogether, these results indicate that during exponential growth, N. palea 

adhesion is mostly promoted by (glyco)-lipids which are not homogenously distributed at the 

cell surface. As previously reported, this composition may change depending on the cell 

growth stage or environmental conditions.10,62,63  

CONCLUSIONS  

Freshwater biofilms are involved in ecosystem cycles and are also responsible for 

biofouling of industrial structures.1-4,6 Diatoms are major actors of freshwater biofilms, 

therefore understanding the mechanisms that governs their adhesion is a key challenge to 

control ecosystem equilibrium and to develop new anti-biofouling strategies.9,11-12 The 

application of AFM and Raman spectroscopy to biological samples gives a new vision of the 
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physico-chemical properties governing interactions at the interface between microbial cells 

and their environment.22-24 Here, we have used AFM combined with Raman spectroscopy to 

decipher the adhesion of the freshwater diatom N. palea. The ultrastructure of N. palea cell 

surface was revealed by AFM imaging and linked to the exposure of adhesive EPS. Using 

SCFS, we have shown that N. palea diatoms adhere strongly on hydrophobic surfaces and 

this adhesion involves the unfolding of surface-associated biopolymers. By contrast, the 

adhesion on hydrophilic surface is lower and seems to involve polymers of different nature, 

i.e. without unfoldable domains. At higher resolution, the use of AFM tips decorated with 

functional groups revealed that adhesive EPS form adhesive patches on the cell surface. 

Finally, through Raman spectroscopy analysis, the major EPS of N. palea have been identified 

as (glyco)-lipids. To conclude, this work provides quantitative information on diatoms 

adhesion and complements the traditional methods (adhesion tests and electron 

microscopy) used to characterize diatoms surface properties. The multi-scale approach used 

here allows the deciphering of adhesive properties in conditions close to natural 

environments, i.e. with living cells subjected to external forces. We anticipate that the 

application of such methodology to other diatoms will contribute to a better understanding 

of surface colonization and biofilm formation in streams and rivers.  

METHODS 

Microorganisms and growth conditions. The N. palea strain, initially isolated from biofilm in 

the river Garonne (South-West France), was cultivated in the artificial liquid culture medium 

COMBO64 in a growth cabinet (20°C, 50 µmol photons/m2/s). The culture was maintained in 

exponential growth phase by weekly dilution in fresh medium.  
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Preparation of hydrophobic and hydrophilic surfaces. For hydrophobic and hydrophilic 

model surfaces, glass coverslips (Ø12 mm) were coated with ~10 nm of Cr and ~30 nm of Au, 

cleaned by UV/ozone for 15 min and then self-assembled monolayers of alkanethiols were 

formed by immersion overnight in the dark in a solution of 1 mM 1-dodecanethiol (Sigma) or 

1 mM 11-mercapto-1-undecanol, respectively. Before use, surfaces were rinsed with ethanol 

and dried with N2. Surface wettability was determined by static water contact angle 

measurements. 

Adhesion assay. 300 µL of an exponentially growing N. palea suspension at 1 x 106 cells.mL-1 

were deposited on hydrophobic and hydrophilic surfaces of 113 mm² size. After 4 h, non-

adhered cells were removed by gentle rinsing in 3 consecutive baths of fresh COMBO 

medium and surfaces were transferred to the inverted microscope (DMi8, Leica 

Microsystems) equipped with a Hamamatsu digital camera (Orca-flash4.0lt) for imaging.  

Atomic Force microscopy imaging. 300 µL of N. palea suspension were deposited on 

hydrophobic surfaces and let to settle for 3 hours. For dry imaging, surfaces were rinsed 3 

times by gentle immersion in ultrapure water and dried overnight at 37°C before imaging. 

For liquid imaging, surfaces were gently rinsed in COMBO medium and then transferred to 

the AFM liquid set-up while avoiding dewetting of the sample. For both conditions, images 

were obtained in peak force tapping mode of a Dimension Icon AFM (Bruker corporation, 

Santa Barbara, CA), using SNL cantilevers (Bruker corporation, nominal spring constant of 

~0.24 N m-1) with a maximum applied force of 5 nN.  

AFM-based single-cell force spectroscopy. SCFS measurements were performed at room 

temperature (20 °C) in COMBO medium using a Bioscope Resolve AFM (Bruker corporation, 

Santa Barbara, CA) and tipless cantilevers (NP-O10 Microlevers, Bruker Corporation, nominal 
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spring constant of ~0.06 N m-1) coated with polydopamine by immersion for 1 h in a solution 

of Tris buffer (10 mM, pH 8.5) containing 4 mg.mL-1 dopamine hydrochloride. The spring 

constants of the cantilevers were measured using the thermal noise method. Hydrophobic 

and hydrophilic surfaces were attached with double-sided tape at the bottom edges of a 

glass Petri dish and 50 µL of N. palea cell suspension were deposited at the center of the 

Petri dish containing 5 mL of fresh COMBO medium. For single cell bioprobe, the tipless 

cantilever was brought into contact with an isolated cell and then retracted and transferred 

over hydrophobic and hydrophilic surfaces for force measurements.  Multiple force curves 

were recorded alternatively at different spots of the two model surfaces using a maximum 

applied force of 1.5 nN, a contact time of 50 ms and a retraction speed of 2000 nm.s-1. 

Adhesion histograms and rupture length histograms were obtained by calculating on each 

curve the maximum adhesion peak and the last rupture event, respectively.  

AFM-based chemical force spectroscopy. CFM measurements were performed at room 

temperature (20 °C) in COMBO medium using a Bioscope Resolve AFM (Bruker corporation, 

Santa Barbara, CA) and gold coated AFM tips (NPG-10 Microlevers, Bruker Corporation, 

nominal spring constant of ~0.06 N m-1). For tips functionalization, cantilevers were 

immersed overnight in the dark in 1 mM 1-dodecanethiol (Sigma) or 1 mM 11-mercapto-1-

undecanol to obtain hydrophobic or hydrophilic tips, respectively. Before use, cantilevers 

were rinsed with ethanol and dried with N2. Force-volumes of 32 x 32 pixels2 were recorded 

on different areas of 2 x 2 µm2 at the surface of N. palea cells previously deposited on a 

hydrophobic surface attached at the bottom of a glass Petri dish. The cell surface was 

located by optical microscopy and force-distance curves were recorded with a maximum 

applied force of 500 pN, a contact time of 250 ms and a retraction speed of 5000 nm.s-1. 
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Adhesion maps, adhesion histograms and rupture length histograms were obtained by 

calculating the last rupture event on each curve. 

Raman microspectroscopy. Raman spectra were collected in the range of 600 - 3050 cm-1 

with a Renishaw inVia Qontor spectrometer equipped with a Leica confocal microscope. 

Measurements were recorded using an Olympus 60 water immersion objective. The 

instrument was equipped with an Edge filter to eliminate the Rayleigh scattering, 2400 

grooves per millimeter grating, and the Renishaw Centrus detector. The excitation source was 

at 532 nm and the power was 250 mW. 200 µL of N. palea suspension were laid on a Ge disk 

and the spectra were recorded in situ. Acquisition time was 30 sec. Spectra were base line 

corrected with a polynomial function from the Wire 5.2 software. 

SUPPORTING INFORMATION 

Figure S1: CFM on different areas of diatom cells. 
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Figures legends 

Figure 1. AFM imaging reveals the ultrastructure of N. palea diatom cells. Low (a, e) and 

high (b, c, f, g) resolution deflection images of N. palea cells deposited on hydrophobic 

substrates. Images were acquired using peak force tapping mode in air (a-c) and in COMBO 

medium (e-g). The white arrow in f indicates the raphe. (d,h) Vertical cross sections taken in 

the corresponding height images, i.e. images a, plain line and c, dashed line for sections in d;  

and images e, plain line and g, dashed line for sections in h. Similar data were obtained in 

multiple experiments using different AFM tips and cell cultures.  

 

Figure 2. Microscale analysis of N. palea adhesion. Optical microscopy images (phase 

contrast) showing the adhesion behaviour of N. palea on hydrophobic (left) and hydrophilic 

(right) substrates. Insets correspond to images from a duplicate experiment. 

 

Figure 3. Single-cell force spectroscopy and chemical force microscopy to decipher diatom 

adhesion. (a) Zoomed and large scale optical images of a single N. palea cell (black arrow) 

attached at the apex of tipless cantilevers (left) before force measurements on hydrophobic 

and hydrophilic surfaces (right). (b) AFM tri-dimensional image of N. palea cell immobilized 

on a hydrophobic surface (left) before force volume mapping (black mesh) with AFM tips 

functionalized with hydrophobic or hydrophilic groups (right). 

 

Figure 4. Single-cell analysis reveals strong adhesion of N. palea cells on hydrophobic 

surfaces. Maximum adhesion force and rupture length histograms together with 

representative adhesive profiles obtained by recording multiple force-distance curves (n > 

200 for each cell) between single N. palea cells attached on tipless cantilevers and 

hydrophobic (a) or hydrophilic surfaces (b). The adhesion on hydrophobic surfaces was 

stronger than on hydrophilic surfaces and presented multiple peaks on the force-distance 

signatures. (6 cells from 4 independent experiments are presented). 
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Figure 5. Hyperadhesive N. palea cells adhere on both hydrophobic and hydrophilic 

surfaces as revealed by SCFS. Maximum adhesion force and rupture length histograms 

together with representative adhesive profiles obtained by recording multiple force-distance 

curves (n > 200 for each cell) between single N. palea cells attached on tipless cantilevers 

and hydrophobic (a) or hydrophilic surfaces (b). In the case of hyperadhesive phenotypes, 

cells presented adhesion towards both hydrophobic and hydrophilic surfaces. (2 cells from 2 

independent experiments are presented). 

 

 Figure 6. Some N. palea cells present non-adhesive phenotypes as revealed by SCFS. 

Maximum adhesion force and rupture length histograms together with representative 

adhesive profiles obtained by recording multiple force-distance curves (n > 200 for each cell) 

between single N. palea cells attached on tipless cantilevers and hydrophobic (a) or 

hydrophilic surfaces (b). For non-adhesive cells, almost no adhesive events were recorded on 

both hydrophobic and hydrophilic surfaces. (2 cells from 2 independent experiments are 

presented). 

 

Figure 7. Chemical force spectroscopy analysis of N. palea cell surface. (a, c, e, g) Adhesion 

force maps (2 x 2 µm2; z range = 1 nN) recorded with hydrophobic (a, c) or hydrophilic tips 

(e, g) at the surface of N. palea cells maintained in COMBO buffer. (b, d, f, h) Corresponding 

adhesion force and rupture length histograms (n = 1024) with representative force curves. 

Adhesion frequency was higher with hydrophobic tips and force curves presented multiple 

peaks. For each condition, 2 cells from independent experiments with different tips are 

presented. 

 

Figure 8. Raman spectra of N. palea cells in COMBO medium. Spectra from 6 different areas 

on an individual cell (bottom) and on a cell aggregate (top) are presented. The spectrum 

corresponding to aggregated cells was y-shifted for clarity. Key: , stretching; , bending; , 

twisting; a, antisymmetric; s, symmetric; Phe, phenylalanine; TAG, triacylglycerol. 
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Figure 6 
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Figure S1 

 



31 

Laviale et al. 

ToC 

 


