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a b s t r a c t 

Cyanobacteria respond to light stimulation, activating localised assembly of type IV pili for motility. The 

resulting phototactic response is highly dependent on the nature of the incoming light stimulus, and the 

final motility parameters depend on the surface properties. Conventionally, phototaxis studies are carried 

out on hydrogel surfaces, such as agarose, with surface properties that vary in time due to experimen- 

tal conditions. This study considers five substrates, widely utilized in microfluidic technology, to identify 

the most suitable alternative for performing reliable and repeatable phototaxis assays. The surfaces are 

characterised via a contact angle goniometer to determine the surface energy, white light interferome- 

try for roughness, zeta-potentials and AFM force distance curves for charge patterns, and XPS for surface 

composition. Cell motility assays showed 1.25 times increment on surfaces with a water contact angle of 

80 ° compared to a reference glass surface. To prove that motility can be enhanced, polydimethylsiloxane 

(PDMS) surfaces were plasma treated to alter their surface wettability. The motility on the plasma-treated 

PDMS showed similar performance as for glass surfaces. In contrast, untreated PDMS surfaces displayed 

close to zero motility. We also describe the force interactions of cells with the test surfaces using DLVO 

(Derjaguin-Landau-Verwey-Overbeek) and XDLVO (extended DLVO) theories. The computed DLVO/XDLVO 

force-distance curves are compared with those obtained using atomic force microscopy. Our findings 

show that twitching motility on tested surfaces can be described mainly from adhesive forces and hy- 

drophobicity/hydrophilicity surface properties. 

Statement of significance 

The current article focuses on unravelling the potential Micro-Electro-Mechanical System (MEMS) com- 

patible surfaces for studying phototactic twitching motility of cyanobacteria. This is the first exhaustive 

Abbreviations: AFM, Atomic Force Microscopy; DLVO, Derjaguin-Landau-Verwey-Overbeek; EDTA, Ethylenediaminetetraacetic acid; IPA, Isopropyl alcohol; iSCAT, Interfer- 

ometic scattering microscopy; LOC, Lab-on-a-Chip; LW, Lifshitz–Van der Waals; MEMS, Micro-Electro-Mechanical Systems; OTS, Trichloro(octadecyl)silane; PAAm, Polyacry- 

lamide; PCR, Polymerase chain reaction; PDMS, Polydimethylsiloxane; PEGDMA, Poly(ethylene glycol) dimethacrylate; PGMEA, Propylene glycol methyl ether acetate; SAM, 

Self Assembled Monolayer; T4P, Type IV Pili; VdW, van der Waals; VSI, Vertical Scanning Interferometer; WCA, Water Contact Angle; XDLVO, Extended DLVO; XPS, X-ray 

Photoelectron Spectroscopy; γ + , Electron acceptor; γ − , Electron donor; γ LW , Lifshitz–van der Waals surface energy component; γ AB , Lewis Acid-Base surface energy 

component; γ LW−AB , Total surface energy component. 
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. Introduction 

Cyanobacteria are an ancient group of microorganisms, whose 

epresentatives can be found nowadays in almost all ecosystems. 

he defining characteristic of these prokaryotes is the use of light 

s an energy source. Through oxygenic photosynthesis, cyanobac- 

eria were responsible for the oxygenation of the atmosphere, en- 

bled the evolution of higher plants, and play an important role in 

he carbon cycle in aquatic habitats [1] . As a consequence, in or- 

er to ensure a highly efficient photosynthetic process, cyanobac- 

eria have developed an efficient light harvesting system and, in 

any cases, the ability to position themselves at favourable lo- 

ations with respect to light sources. Cyanobacteria exhibit true 

hototaxis, that is, direct movement towards optimal illumination 

r away from harmful irradiation [2] . Phototactic movement over 

olid surfaces by most cyanobacteria is a form of twitching motil- 

ty that is based on dynamic protein complexes, the type IV pili 

T4P) [3–6] . These consist of extremely high aspect ratio filaments 

xtending from the pores in the outer membrane that interact 

ith the substrate surface [7] . Since many mechanistic aspects gov- 

rning the twitching motility have not yet been fully understood, 

he interaction of the cyanobacteria with chemically different sur- 

aces is of interest and relevant for both technological applications 

nd understanding of their environmental distribution. The aim of 

his work is to identify the key surface characteristics influenc- 

ng cell motility of cyanobacteria, with a particular focus on tech- 

ologically, commonly used surfaces. While this paper focuses on 

yanobacteria, we consider that our approach and the results ob- 

ained in this work can also serve as a guideline applicable to other 

icroorganisms, such as the commonly known twitching model 

rganism Pseudomonas aeruginosa . 

In the present work, we conjecture that research on organisms 

howing twitching/T4P motility, in particular those studies that fo- 

us on the interaction between the microorganisms and their un- 

erlying support surfaces, could benefit from numerous advances 

n the field of lab-on-a-chip (LOC) technologies achieved during 

he past several decades. In 1990 Manz et al. [8] introduced the 

rst concept that later evolved into what is known today as LOC 

r miniaturized total analysis systems (μTAS). Taking advantage of 

he already existing microfabrication facilities, LOC devices have 

ained in complexity and functionality, offering high precision in 

andling minute volumes of sample and reagents, exquisite control 

n the experimental environment, and overall expediting the anal- 

sis time in a large number of applications. Several examples of 

OC real-world applications include DNA analysis [9] , immunoas- 

ays [10] , protein separation [11] , cell analysis [12] , and PCR (Poly-

erase chain reaction) [13] . Directly related to the present work, 

ynthetic ecosystems to harbour tiny biotic species became fea- 

ible with the advent of nanofabrication and microfluidics. These 

icro-environments can be used to image single cells over pro- 

onged duration [14] , to monitor the smallest crevices that a bac- 

erium can penetrate through [15] , to record community behaviour 

esponses [16] , electron transport in a bacterium [17,18] , and by 

eplicating the environmental conditions in a LOC device, to suc- 

essfully culture species that are otherwise difficult to grow under 

aboratory conditions, and carry out genomic analysis [19] . 
2

oupled with phototaxis experiments, to understand the forces contribut-

ethods shown in this paper can be further extended to study other sur-

 exhibiting twitching motility. 

 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

LOC technologies, however, have not been so widely adopted 

or phototaxis studies. A notable achievement was the rapid iso- 

ation of strains with improved photosynthetic efficiencies of a 

odel green alga, C. reinhardtii , using competitive phototaxis in a 

icrofluidic screening device [20] . In another report, nanoacquaria 

or Phormidium , a filamentous cyanobacterium, were fabricated by 

irect femtosecond laser writing in a photostructurable glass [21] . 

hese devices were used to determine the influence of light inten- 

ity and wavelength on the gliding behaviour of Phormidium . Addi- 

ionally, two other papers reported on the realization of microflu- 

dic bioreactors for cell growth, or long term monitoring of cell di- 

ision in cyanobacteria [22,23] . Yu et al. have built a microfluidic 

ell-culture device coupled to an image analysis pipeline for robust 

ineage reconstruction [23] . These PDMS-based microfludic devices 

ere coated with 0.01% polylysine for two hours to promote at- 

achment of the bacteria. An interesting observation with this type 

f device was that the cells exhibit a considerably higher motility 

uring the dark periods of the light-dark cycles, thus suggesting 

hat the cells have enough energy in the dark. By evaluating the 

rag forces in microfluidic flow chambers, the adhesion forces of 

ype IV and type I pili of Xylella fastidiosa have been measured [24] .

icrofluidic chambers have also been used by Cruz et al. to eval- 

ate the effect of various Ca 2 + concentrations on the twitching 

peed of X. fastidiosa [25] . 

The most commonly used substrates in cyanobacterial studies 

re hydrogel phototaxis plates, based mainly on agar or agarose. 

 typical experiment involves the macroscopic observation of 

avelength-dependent movement of cyanobacteria by following 

he movement of finger-patterned front edges of a bacterial colony 

n a Petri dish over several days in an incubator [26–28] . The 

idespread use of hydrogels was due to their exposing soft sur- 

aces, whilst being a suitable medium providing nutrients to the 

ell population over long periods of time. For certain applications, 

owever, other types of substrates are preferred instead. For ex- 

mple, the pilus retraction of P. aeruginosa mutants was imaged by 

nterferometic scattering microscopy (iSCAT) on quartz substrates 

nd such a method could also be useful to study the pilus move- 

ent of cyanobacteria in the presence of light [29] . However, the 

pplication of interferometric imaging to nanometric structures be- 

omes impossible if hydrogels are used. Additionally, hydrogel sub- 

trates hinder the imaging process due to a constant drift in the 

icroscope focal plane, caused by rapid evaporation from the sur- 

ace. Apart from the optical consequences of the experimental set- 

p, the constant evaporation was found to modify hydrogel surface 

roperties, directly affecting the number of motile twitching cells 

nd their velocities [30] , with further consequences for the robust- 

ess of the study. Thus, the nature of the substrate surface and its 

tability are of critical importance when studying twitching motil- 

ty in cyanobacterial colonies. Besides the common use of hydro- 

els to study the motility of cyanobacteria, glass [31] and collodion 

oated glass [32] have been used with promising results. 

For detailed studies of phototaxis mechanisms it is essential 

o have a high degree of spatial control over various experimen- 

al conditions and stimuli such as nutrient delivery, temperature, 

umidity, or light. Whereas conventional hydrogel-based platforms 

o not offer the required control over the cell micro-environment, 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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icro-Electro-Mechanical Systems (MEMS) technologies and LOC 

evices hold, in principle, all the cards that enable exquisite mi- 

roscale spatial control over these inputs. Moreover, the field of 

EMS offers a wide range of synthetic substrates, as well as a 

road palette of processes to fine-tune the properties of these 

ubstrates at different levels, either through chemical composi- 

ion, surface modification, or via micro and nano structuring. These 

pportunities have not yet been fully explored and exploited by 

he cyanobacteria research community. By implementing a micro- 

ngineering approach, it is the purpose of this paper to consider 

everal well-known MEMS-compatible substrates, to quantify the 

ehaviour of cyanobacteria on a range of surfaces, and to analyze 

hem in comparison to substrates traditionally used for cyanobac- 

erial research, thus opening the door to a more wide-spread use 

f MEMS substrates and devices within the research community. 

The present work analyzes several substrate materials, se- 

ected based on bio-compatibility, suitability for micro-fabrication 

rocesses, and optical transparency for microscope imaging. 

ection 2 of the manuscript details the materials used in the ex- 

eriments, the experimental setups, as well as the methods for 

ata interpretation. More specifically, in order to understand the 

nfluence of surface parameters on bacterial motility, due to the 

ifferences in the nature of the coatings, contact angle, zeta- 

otential, force-distance curves via AFM, rigidity, and surface com- 

osition measurements via X-ray photoelectron spectroscopy (XPS) 

ave been conducted. All experimental results are presented in 

ection 3 of the manuscript, while Section 4 presents a detailed 

iscussion and interpretation based on the outcome of the pho- 

otaxis assays complementing these results with the Derjaguin- 

andau-Verwey-Overbeek (DLVO) and the extended DLVO (XDLVO) 

olloidal theories. 

This is the first work providing an in-depth understanding of 

he surface characteristics suitable for phototaxis studies targeting 

yanobacteria. This critical step is essential to translate phototaxis 

tudies from bulk volatile hydrogel set-ups to more stable, con- 

ned and controllable microfluidics and LOC platforms. 

. Materials and methods 

The materials and methods of the substrate preparation, 

ell handling, the measurements and the DLVO/XDLVO for- 

ulations are explained in detail in the subsequent sections. 

he materials used in the study are glass, SU-8, PDMS, OTS 

trichloro(octadecyl)silane) and different concentrations of collo- 

ion (nitrocellulose) - 0.2%, 0.02%, 0.0135% and 0.007% in isoamyl 

cetate. The PDMS was prepared with 10:1, 20:1, 40:1 and 60:1 

ase curing agent ratios to study the effect of rigidity on motil- 

ty. Additionally, 10:1 PDMS whose contact angle was tuned to ap- 

roximately 40 ° by oxygen plasma treatment was also used as a 

est substrate. The surface characterization techniques include wa- 

er contact angle measurements and subsequent surface energy 

alculations, roughness, rigidity, electrokinetic measurements and 

otentiometric acid/base titrations, XPS and force distance mea- 

urements using AFM. The motility of Synechocystis sp. PCC 6803 

hich is 3 μm in diameter was studied on the different test sub- 

trates. The experimental setup of the motility studies and the 

ost-processing steps to evaluate the motility index and the ve- 

ocity of the bacteria are shown in Fig. 1 . We define the motility

ndex as the ratio between the percentage of motile bacteria on a 

est substrate and the percentage of motile bacteria on glass. The 

LVO/XDLVO force distance curves were computed using the sur- 

ace energies (extracted from the contact angle measurements) and 

he streaming potentials. The force curves describe the force inter- 

ctions of the bacterial cell body and the surface. 
3 
.1. Preparation of substrates 

.1.1. Collodion 

Serial dilution of collodion (collodion solution for microscopy, 

% in amyl acetate, Sigma-Aldrich) in isoamyl acetate (isoamyl ac- 

tate natural, ≥97%, Sigma Aldrich) was performed to obtain con- 

entrations of 0.2%, 0.02%, 0.0135% and 0.007%. A volume of 100 μl 

f the diluted solutions was dispensed onto a microscope slide and 

hen spin-coated for 25 s with 480 rpm using a KLM spin coater 

KL-SCC-200). The microscope slide was cleaned with acetone and 

sopropyl alcohol (IPA) and dried with nitrogen for 2 min before 

he spin coating. The thickness of the coating changes from 10 nm 

o 30 nm with increasing collodion concentration. 

.1.2. OTS 

A solution containing 400 μM of OTS (trichloro(octadecyl)silane 

90%, Sigma-Aldrich) in toluene (toluene anhydrous, 99.8%, Sigma- 

ldrich) was prepared in a Petri dish in an argon environment. 

he glass slides were placed in the solution for 2 h in a desicca- 

or under vacuum. After the incubation period, using fresh toluene, 

ethanol followed by IPA in a shaker for 2 min each was used for 

leaning the glass slides. Finally, samples were baked at 100 °C for 

0 min. 

.1.3. PDMS 

PDMS surfaces were prepared using a Sylgard 184 silicone elas- 

omer kit (Dow Inc.). Rigidity variation was achieved using poly- 

er mixtures with different base to curing agent ratios [60:1, 

0:1, 20:1, 10:1, 5:1]. Samples were prepared by spin coating a 

iven polymer mixture with 960 rpm for 5 min on microscopic 

lass slides. The thickness of these samples measured using VSI 

vertical scanning interferometer, Bruker Contour Gt-X equipped 

ith the Vision 64 software) was 30 μm. Oxygen plasma treat- 

ent of the PDMS samples was performed at 100 W for 10 s 

sing a 4TEC plasma etcher (4-TEC Vakuum-Anlagenbau GmbH, 

ierkirchen, Germany) and the resulting samples were stored at 

0 °C. The motility experiments on the plasma-treated samples 

ere carried out once the contact angle reached about 40 °. 

.1.4. SU-8 

Microscopic glass slides were cleaned with acetone and IPA 

nd subsequently air dried. After dehydration bake for 10 min 

t 200 °C the glass slides were treated with oxygen plasma for 

 min at 100 W. SU-8 3025 photoresist was spin-coated onto the 

lides using the Primus STT 15 Spinner. The spin coating parame- 

ers were 40 0 0 rpm for 65 s to obtain a height of 15 μm. The spin

oated substrates after soft bake for 14 min were flood exposed 

o 400 mJ/cm 

2 of UV light using the mask-aligner (EVG®620 EV 

roup). Post exposure bake involved 1 min at 65 °C followed by 

 min at 95 °C and 1 min at 65 °C. Samples were developed in

GMEA (propylene glycol methyl ether acetate) for 20 min. 

.2. Bacterial strains and culture conditions 

Synechocystis sp. PCC 6803 wild type from the Pasteur Cul- 

ure Collection, originally acquired from the lab of S. Shestakov 

Moscow, Russia) in 1993, was used in this study. Cells were 

potted on motility plates prepared with 0.3% (w/v) agarose 

n BG11 medium [33] supplemented with 0.2% glucose, 0.3% 

odium thiosulphate and 10 mM tris(hydroxymethyl)methyl-2- 

minoethansulfonic acid (TES) (pH 8.0). The motility plate in an 

paque box with a one-sided opening was placed in an incubator 

Thermoshaker, Gerhardt, Germany) at 30 °C for at least 120 h. The 

late was illuminated from the open side using three 525 nm LEDs 

RGB LEDs, World Trading Net GmbH, Germany) with intensities in 
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Fig. 1. Experimental set-up for phototaxis studies of Synechocystis cells and the subsequent image processing steps leading to relative motility measures. The motility index 

is defined as the ratio of the percentage of motile cells on the substrate under study to that on glass. 
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he range of 13.5 and 0.5 μmol photons m 

−2 s −1 . After the incu-

ation period, the bacteria showed positive phototaxis by forming 

nger-like projections [27] . For motility experiments, motile cells 

rom the front of the fingers were re-suspended in fresh BG11. A 

0 μl drop of the suspension was dispensed on the substrate, and a 

overslip ( 15 × 15 mm 

2 , Roth) was placed on top of it. After 5 min,

he sides of the coverslip were sealed with nail polish to prevent 

vaporation. The sample was kept in the dark and was undisturbed 

or an additional 15 min before measurements. The mean value 

nd standard deviation of the number of bacteria within the imag- 

ng field of view (2048 pixel × 2048 pixel) on each substrate are 

eported in Table A.1. The range is around 80–270 cells for the dif- 

erent substrates used in the study. 

.3. Phototaxis assay and motility quantification 

The bacterial movement was imaged with a 40 × lens 

40 ×/.75NA, Nikon) mounted to a microscope (Ergolux200, LE- 

CA). Videos were recorded with 10 0 0 ms exposure for 5 min at 

.33 fps using a camera (Panda 4.2, PCO AG) fitted to the mi- 

roscope shielded from ambient light using dark curtains. Before 

he measurements, cells were illuminated (525 nm, 11.1 μmol pho- 

ons m 

−2 s −1 ) at least 5 min from a single direction. The sub-

trate was mounted on the microscope using a custom made 

older fitted with 2 RGB LEDs (470/525/625 nm, World Trading 

et GmbH) positioned on either side of the substrate to switch the 

ight direction. The recorded bacterial movement was tracked using 

he BacterialMobilityQuant [3] . The resulting tracks obtained from 

he BacterialMobilityQuant were filtered using a customised script 

ritten in R (R CoreTeam, 2013) [34] . The filtering operation re- 
4 
oved cells that did not appear within 25 consecutive frames, cells 

aster than 0.4 μm s −1 and cells showing displacement above 8 μm 

etween two frames. This protocol for processing the cell tracking 

o remove cells that show motion artifacts is taken from Schuerg- 

rs et al. [3] . The fraction of motile cells from the filtered popula-

ion was calculated with custom written Python code (Python Ver- 

ion 3.7.6 [35] ). Bacteria were considered motile, if their velocity 

as above 0.05 μm s −1 . Supplementary videos of phototaxis assay 

n SU-8, 10:1 PDMS (3 replicates) and Plasma PDMS have 50 times 

aster frame rate. 

.4. Surface characterization techniques 

.4.1. Contact angle measurements 

The contact angles of all the substrates discussed above were 

easured using three probe liquids, namely water, diiodomethane 

upplied by Thermo Fisher Scientific Chemicals, Inc. and glyc- 

rol (glycerin Rotipuran® ≥99.5%, Roth). A CS8620Ci, Teli cam- 

ra equipped with a lens (Zoom 70XL microscope lens, Opto Son- 

erbedarf) was used to observe the suspended droplet. The con- 

act angles were measured using the SCA20 (OCA) software. Three 

 μl droplets were deposited on random locations per sample for 

ach of the three probe liquids and the contact angles values were 

ecorded. This was repeated three times for each kind of substrate 

sed in the study. In order to plot the DLVO/XDLVO curves, the 

urface free energy components γ (see Section 2.4.2 ) values of the 

acteria need to be known. To this end, contact angle measure- 

ents have been performed in a similar manner on a bacterial film 

rown on a microscope slide. Cells were diluted in BG11 and grown 
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n microscope slides for 120 h at 30 °C in the incubator. Then, they 

ere left to dry at 30 °C for 1 h before the measurement. 

.4.2. Surface energy calculations 

From the measured contact angle values, surface energy was 

alculated using the Lifshitz–van der Waals (LW) acid-base ap- 

roach [36] using the Cahn Radian DCA advantages software. Com- 

ared to other contact angle based surface energy techniques, the 

elected three-probe liquid approach not only yields the disper- 

ive ( γ LW ) and polar ( γ AB ) components, but also splits the polar 

omponent in the electron acceptor ( γ + ) and electron donor com- 

onents ( γ −) of the surface free energy ( Eq. (1) ) [37] . 

1 + cos θ ) γl = 2 

(√ 

γ LW 

s γ LW 

l 
+ 

√ 

γ + 
s γ

−
l 

+ 

√ 

γ −
s γ

+ 
l 

)
(1) 

ere, θ is the measured contact angle value, and the indices s and 

correspond to the surface and the liquid respectively. The values 

or γ LW 

l 
, γ −

l 
and γ + 

l 
of the probe liquids are generally known, as 

or instance reported in reference [38] . Then γl can be obtained 

rom the summation of the dispersive ( γ LW ) and polar ( γ AB = 

 

γ + γ −) components of the liquid. 

.4.3. Electrokinetic measurements and potentiometric acid/base 

itrations 

Zeta-potentials of the tested flat surfaces were determined via 

treaming current measurements using the SurPass instrument 

Anton Paar, Graz, Austria). Samples were cut to 10 mm × 20 mm 

ectangles. Two identical samples were glued on the stamps of 

he adjustable gap cell. Subsequently, the channel width was ad- 

usted as close as possible to 100 μm. A flow check was done to 

ake sure that the pressure-flow relation was linear and iden- 

ical from both flow directions. A titration in 1 mM NaCl solu- 

ion, adjusted to pH 10 using 1 M NaOH was carried out down 

o pH 3 using 100 mM HCl titrant solution. Streaming current was 

easured with those samples. Each pH value involved 6 measure- 

ents (3 from each flow direction). The equilibration time prior 

o measurement was 900 s and during this time the channel was 

insed with the respective solution at a pressure of 100 mbar. In a 

econd series of experiments, the objective was to determine the 

eta-potential for the substrates in the relevant BG11 solution. This 

olution is complex and contains metal ions and molecules that 

ill cause differences compared to 1 mM NaCl at the same pH 

hilst potentially contaminating the SurPass set-up. Consequently, 

he set-up was modified to avoid such contamination. More specif- 

cally, a two-step procedure was followed: 

1. In the SurPass the gap cell was prepared as described above. 

A flow check was carried out and four measurements (with 

6 runs each) at constant pH in 1 mM NaCl were carried out. 

2. In a second set-up the gap cell was connected outside the Sur- 

Pass instrument to the electrodes and an external pump (Legato 

200) was used to generate pressure ramps from plastic syringes 

containing the target solution. The SurPass software was used 

to record the data in rinsing mode (i.e., pressure, current, volt- 

age, and cell resistance, as well as pH and conductivity). This 

was first done using the same 1 mM NaCl solution used in step 

1 to verify that the two set-ups gave identical results. Subse- 

quently, the measurements were repeated in BG11 solution. 

The electrokinetic behaviour of both the bacteria and the SiO 2 

anoparticle surrogates (since bacteria could not be glued to the 

ip) were analysed in suspensions using the Brookhaven nano ap- 

aratus. Measurements were carried out both using NaCl solu- 

ion (1 mM) and BG11. The zeta-potentials were obtained using 

he Smoluchovsky equation. Additionally, potentiometric acid-base 

itrations of the bacteria were carried out again both in 1 mM NaCl 
5 
nd BG11. A known volume of cell suspension was added to a so- 

ution of known volume to yield the desired electrolyte composi- 

ion. Subsequently, the suspension was titrated by HCl solution of 

nown concentration. To obtain the proton related surface charge, 

itration results for the same system without the cells were sub- 

racted. In 1 mM NaCl, no measurable proton related charge was 

etected on the bacteria. In BG11 titrations (corrected for blank 

G11 solution), a negative charge was observable. 

.4.4. Surface roughness and thickness 

A VSI (Vertical Scanning Interferometer, Bruker Contour Gt-X 

quipped with a Vision 64 software) was used to evaluate the 3D 

opography of various substrates based on the captured fringe pat- 

erns arising from the optical path length difference between the 

eam from the sample and the reference beam. A 2.27 mm 

2 area 

as analysed with the Vision 64 software to determine the aver- 

ge roughness R a . Measurements were performed on three spots 

er sample, with three samples per substrate. 

.4.5. Rigidity 

Nanoindentation measurements were performed using a 

anoindenter G200 (Keysight Technologies, Santa Rose, US). PDMS 

amples (see Section 2.1.3 ) were cut in 25 × 25 mm 

2 pieces and 

ounted onto the test cylinders of the instrument. For each base 

o curing agent ratio, the sample was tested on at least 5 different 

ocations. Due to the machine limitations in detecting the surface 

f the sample, two flat diamond punches with diameter D of 

0 μm and 20 μm were used as indentation heads. The softer 

amples, 60:1 PDMS and 40:1 PDMS were tested with the bigger 

at punch, while the other samples were tested with a smaller flat 

unch. The indentation depth was kept smaller than 10% of the 

DMS film thickness accounting for the film/substrate system [39] . 

rom the resulting slope S of the unloading curve, the reduced 

odulus E r = S/D was calculated. Then, the elastic modulus of the 

ample E s was determined by the equation 

1 

E r 
= 

(1 − v 2 
i 
) 

E i 
+ 

(1 − v 2 s ) 

E s 
(2) 

here the indices i and s refer to the diamond head and the PDMS 

ample, respectively, E denotes the Young modulus and v the Pois- 

on ratio. These values have been calculated and reported in refer- 

nce [40] . 

.4.6. X-ray photoelectron spectroscopy 

XPS measurements were performed using a K-Alpha+ XPS spec- 

rometer (ThermoFisher Scientific, East Grinstead, UK). The Thermo 

vantage software was used for data acquisition and processing. All 

lms deposited on glass substrate were analyzed using the Al K α
ine of a microfocused, monochromated X-ray source (400 μm spot 

ize). K-Alpha+ charge compensation system was employed during 

nalysis, using electrons of 8 eV energy, and low-energy argon ions 

o prevent any localized charge build-up. The spectra were fitted 

ith one or more Voigt profiles (binding energy (BE) uncertainty: 

0.2 eV) and Scofield sensitivity factors were applied for quantifi- 

ation [41] . All spectra were referenced to the C 1s peak (C-C,C-H) 

t 285.0 eV binding energy controlled by means of the well-known 

hotoelectron peaks of metallic Cu, Ag, and Au, respectively. 

.4.7. AFM force-distance curves 

The substrates were cut to 10 mm squares and glued onto AFM 

afers. Force-distance measurements were performed in a liquid 

rop of BG11 solution, previously filtered with 0.2 μm Sartorius®- 

lters. Colloidal AFM SiO 2 probes (Novascan®) of 877 nm diameter 

nd 0.131(30) N m 

−1 spring constant, calibrated by thermal tuning, 

ere used during the measurements. The measurement parame- 

ers were set at a scan rate of 0.99 Hz and a trigger threshold of
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5–100 nN. All AFM force measurements were performed with a 

ypher Asylum Research AFM (Oxford instruments) at 30 °C. Force- 

istance curves were calculated as a heuristic approach. The poten- 

ial effect of indentation during the measurements and subsequent 

ffects on the presented forces was not further investigated as it is 

ot the scope of this work. Therefore, we show preliminary force- 

istance curves calculating the tip-to-sample distance (“D”) as the 

um of the piezo position (Zp) and the cantilever deflection (Zc), 

efining the zero-point based on the linear slope in the compli- 

nce region. The AFM measurements were performed in at least 

wo different points over each surface, collecting around 10 curves 

er point. This was done in two independent occasions, roughly 

iving 30–60 curves per substrate. 

.5. DLVO and XDLVO theories of colloidal stability 

The interactions between the bacteria and the surface can be 

tudied using DLVO and XDLVO theories which provide the de- 

endency between interaction energy and separation distance. The 

VLO theory takes into account the effects of the Lifshitz–van der 

aals forces and of the electrostatic double layer between the sur- 

ace and the bacterium. The extended theory, XDLVO, addition- 

lly includes acid-base interactions and hydrophobicity effects. The 

quations pertaining to the DLVO/XDLVO theory are listed in the 

ppendix A.3. A series of experimental parameters is required in 

rder to express the dependency between interaction energy and 

istance. The electrostatic effects are evaluated based on experi- 

entally obtained zeta-potentials (see Section 2.4.3 ). Lifshitz–van 

er Waals and acid-base components of the surface energy are 

btained from the contact angle measurements. The potential en- 

rgy versus separation distance curves provided by the DLVO and 

DLVO theories are important in predicting the behaviour of par- 

icles, in this case bacteria. In general, these curves may exhibit 

hree regions of interest, defined with increasing separation: the 

rimary minimum, primary maximum, and the secondary mini- 

um. The primary minimum indicates the position of direct co- 

lescence of particles, i.e., irreversible adhesion onto the surface, 

hile the primary maximum is the potential barrier that prevents 

ggregation. The secondary minimum indicates reversible adhesion 

o the surface. 

.6. Statistical analysis 

The measurement data are presented as mean values with stan- 

ard deviation (SD) indicated via error bars unless stated other- 

ise. 

. Results 

The multidimensional master plot presented in Fig. 2 sum- 

arises the main results of the present work. It constitutes the 

asis for further discussion and will be referred to throughout the 

ollowing sections. For all the substrates considered in the present 

ork, Fig. 2 relates bacterial velocity versus motility index, calcu- 

ated as described in Section 3.1 . As presented extensively in the 

ntroductory section, numerous factors may concomitantly influ- 

nce bacterial adhesion and motility. Fig. 2 indicates the hydropho- 

ic/hydrophilic character of each substrate that has been consid- 

red experimentally, split into three different value ranges of water 

ontact angle. Another factor that has proven to influence bacte- 

ial behaviour on different substrates is the chemical composition 

f the surface. Fig. 2 includes the information relevant for surface 

hemistry, and must be seen in conjunction with the XPS discus- 

ion in Section 3.6 . A full record of all measurements, assumptions 

nd their comparison with existing reports can be accessed in the 

upplementary information, Table A.2. 
6 
.1. Motility 

The percentage of motile cells for each of the substrates is cal- 

ulated as described in Section 2.3 . Glass is used as a reference 

ubstrate because all other coatings (PDMS, collodion, SU-8 and 

TS) have been deposited on the base microscope glass slides. 

hus, the percentage of motile cells on glass is used to normalise 

he motile population of cells on the other substrates (motility 

ndex) included in Fig. 2 . In this way, the results of this work 

re easily comparable to future studies if the same normalisation 

pproach is used. The reference motility value on glass was ob- 

ained on the same day of the experiment as the respective nor- 

alised substrates. Glass has an average motile bacteria population 

f 51.8(83)%. SU-8 and plasma treated PDMS perform best in terms 

f velocity, and together with the lowest collodion concentration 

0.007%) and the glass substrate form the group of substrates that 

erform best in terms of fraction of motile cells. Higher collodion 

oncentrations reduce the number of motile cells: the 0.02% and 

.0135% collodion coatings are situated below the threshold of the 

otile cells on the reference glass substrate, while further increas- 

ng the concentration results in completely immotile cells (data 

oints not shown in Fig. 2 ). This reduction can be attributed to the 

ncrease in the percentage of nitrogen atoms and will be discussed 

n conjunction with the XPS results in Section 3.6 . There is a sig- 

ificant reduction of the motile cell population in all tested non- 

reated PDMS substrates (20:1, 40:1, 60:1 not shown in the graph 

ue to very low motility values) and OTS. The average velocity of 

he cells on each substrate can also be inferred from Fig. 2 . 

.2. Contact angle and surface energy calculations 

The water contact angle (WCA) values for the substrates an- 

lyzed in this work are clustering around approximately 75 ° for 

U-8 and different collodion dilutions, and around 116 ° for the 

DMS variants, which is in agreement with literature [42,43] . OTS 

lso is in the hydrophobic range of WCA with a value of 106.7 °, 
hereas the plasma treated PDMS becomes hydrophilic with a 

CA of 45.5 ° after 48 h of treatment. Glass is the most hydrophilic 

ubstrate presented in Table A.2 and in the master plot ( Fig. 2 )

ith 29.2 °. Several other substrates with WCA values around 5 °- 
ave been also analyzed, such as oxygen plasmatreated glass and 

ommercially purchased super-hydrophilic substrates from Aquar- 

ay GmbH (Karlsruhe, Germany). We noticed that, for these sub- 

trates with a very pronounced hydrophilic character, cyanobacte- 

ia are floating within the liquid film formed on top, without ex- 

ibiting any adhesion or motility. 

Synechocystis cells display a strong polar, electron donor charac- 

er, with a considerably higher γ AB over γ LW and higher γ - over 
+ (Table A.2). The glass and plasma treated PDMS substrates also 

how a less pronounced polar character, with the γ AB component 

nly slightly less than γ LW and a rather strong hydrophilic be- 

aviour. All other substrates exhibit more dispersive energy inter- 

ctions (van der Waals, Keesom and Debye forces), with γ LW on 

verage one order of magnitude higher than γ AB , and therefore 

ave a hydrophobic tendency, with the SU-8 and the three collo- 

ion dilutions (0.007%, 0.0135% and 0.02 % ) falling in what we de- 

ned as the “moderate” range WCA values (diamond symbols in 

ig. 2 ), and OTS and non-treated PDMS formulations in the hy- 

rophobic range of WCA. In fact, lower values of the γ LW com- 

onent mean a weak dispersive attraction between the substrate 

nd the bacterium and this is the most significant contribution to 

he total energy for all substrates considered. 

A particular case is constituted by the collodion 0.2% dilution 

hich exhibits WCA and γ -parameter values very similar to all 

ubstrates showing good motility of the bacteria population (SU-8, 

lass and the other three collodion dilutions). However, collodion 



L.A.N. Julius, L. Matter, N. Schuergers et al. Acta Biomaterialia xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: ACTBIO [m5G; November 24, 2022;17:52 ] 

Fig. 2. The master plot is a scatter between the population of motile cells (motility index) versus the average velocity of the motile cells for the different substrates. The 

dimensionality of the plot is further extended by encoding the water contact angle (WCA) distributed in three ranges as the shape of the data point. Additionally, the colour 

of the markers signify substrates with a particular chemical nature and the chemical formulas are also indicated in the plot include in bubbles with the corresponding colour. 

The arrow indicates the shift in the motility index and cell velocity of the 10:1 PDMS sample after plasma treatment (PT-PDMS sample). 

Fig. 3. Zeta-potential for A) collodion samples, B) PDMS samples C) glass, OTS, SU-8 and Plasma PDMS samples in NaCl solutions and BG11 medium in absence of cyanobac- 

teria. 
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.2% exhibit no significant motility of the bacteria population. Fur- 

her XPS analysis in Section 3.6 is delineating the chemical compo- 

ition differences of the collodion 0.2% substrate compared to the 

ther collodion samples which show motility. 

.3. Electrokinetic measurements and potentiometric acid/base 

itrations 

We performed zeta potential measurements to understand the 

lectrostatic interactions between the bacteria and the surfaces. 

his approach has been performed in two steps, the first one deter- 

ining the zeta-potential for suspensions with bacteria alone and 

he second one for surface behavior without cyanobacteria. Mea- 

urements have been performed in 1 mM NaCl solution, which is 

idely used as a standard for zeta-potential measurements, as well 

s in BG11 medium, which is the relevant medium in the present 

ork and shown in Table A.2. Experimental results show that bac- 

eria carry a net negative surface charge with zeta-potentials of 

27 mV in BG11 medium and −44 mV in 1 mM NaCl at pH 8.0.

he zeta potential of Synechocystis sp. PCC 6803 suspended in BG11 

edium is stable for the relevant pH values (pH 7–9) as shown in 

igure A.1. For the substrates studied in this paper, we have eval- 

ated the zeta-potential in 1 mM NaCl and BG11 at pH 8.0 and 

he results are reported in Fig. 3 and tabulated in Table A.2 of 

he supplementary material. The measured zeta-potentials of OTS, 

U-8 and glass substrates in NaCl are in good agreement with the 

iterature [44–46] . The zeta-potential values for the collodion se- 
7 
ies in NaCl are around −60 mV, and no measurements for com- 

arison could be found in the existing literature. Fig. 3 shows a 

ifferent behaviour of the surface charge when zeta-potential is 

easured in BG11 solution. While the measurements in BG11 ex- 

ibit rather large standard deviation and therefore no clear trend 

an be observed, they consistently suggest a less pronounced neg- 

tive character of the analyzed substrates compared to the mea- 

urements in NaCl. Two aspects may explain this result. The ionic 

trength of the BG11 solution is about 20 mM (as estimated by a 

peciation calculation using the Geochemist’s workbench coupled 

o the database covering the components present in the BG11 so- 

ution [47] ) and an increase in the ionic strength will lower the 

agnitude of the zeta-potential in the absence of specific adsorp- 

ion. Figure A.2 shows an example where the NaCl concentration 

as been set at 1, 10, and 20 mM in the PDMS 60:1 system. The

ndependence of the isoelectric point as a function of the NaCl con- 

entration indicates the absence of specific adsorption in the NaCl 

ystems studied. The second aspect could be the composition of 

he BG11 solution. Compared to the monovalent electrolyte, the 

omposition of BG11 is complex: the solution contains for exam- 

le several multivalent cations at around μM concentration besides 

nionic components like EDTA (Ethylenediamine tetraacetic acid). 

he interaction of cations with the surface typically increases with 

H. It can lead to charge inversion if the adsorption of these ions 

vercompensates the negative charge of the bare surface. Accord- 

ng to the zeta-potential measurements, this occurs on glass, PDMS 

0:1 and PDMS 40:1, while the plasma treated PDMS, PDMS 20:1, 
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nd PDMS 60:1 have negative values. The SU-8, all collodion and 

TS samples also retain a negative zeta-potential. The low nega- 

ive zeta-potential values in BG11 compared to a non-specifically 

nteracting solution of similar ionic strength (e.g. 20 mM NaCl in 

igure A.2) might also be interpreted as a hint to specific adsorp- 

ion. As the zeta-potential falls sharply in highly concentrated so- 

utions, the effect of the electrostatic interaction energy between 

he bacterium and the surface would be low. Zeta-potential values 

etermined here for bacteria and for each substrate in BG11 will 

e used in conjunction with the DLVO/XDLVO theory to obtain a 

uantitative understanding of the developed interaction forces, to 

e compared with the twitching motility results (see Section 4 ). 

.4. Surface roughness and thickness 

An increase in surface roughness enlarges the available area for 

ell attachment. Higher roughness, when compared to the bac- 

erium size, might create trap points on the surface or obstacles 

hat hinder bacterial motility. The values for substrate thickness 

nd the average roughness of the surfaces studied in this paper 

re given in Table A.3. The roughness of all layers considered is 

etween 1 nm and 60 nm. As expected, glass and OTS form the 

moothest surfaces with average roughness around 2 nm. Collo- 

ion samples had values in the range of 2 nm–10 nm. The value for 

U-8 was about 19 nm for the spincoated thickness of 15 μm. 

he 32 μm thick PDMS samples had roughness values ranging 

rom 16 nm to 26 nm. Additional treatment of PDMS with oxy- 

en plasma promoted an increase in roughness to 42 nm, caused 

y the alterations introduced on the surface by plasma treatment. 

.5. Rigidity 

In the next part, we report the Young’s modulus of the differ- 

nt substrates used in this study. It has been previously demon- 

trated that the substrate rigidity influences the bacterial adhe- 

ion [48–50] therefore, we expect that rigidity will also have an 

nfluence on the bacterial motility. We study the impact of rigid- 

ty variation by tuning the PDMS composition. The systematic vari- 

tion in PDMS rigidity is accomplished by different degrees of 

ross-linking of the PDMS elastomer base and curing agent. The 

eduction of the curing agent added to the polymer mix yields 

horter polymer chains and hence lower stiffness. The stiffness 

f PDMS was quantified using nano-indentation measurements as 

entioned in Section 2.4.5 . The following Young’s modulus values 

ave been measured for base:curing agent weight ratios of 10:1, 

0:1, 40:1, and 60:1, respectively: 1.970(200) MPa, 0.940(65) MPa, 

.660(13) MPa and 0.130(26) MPa. These results are similar to val- 

es reported in literature [51] . The rigidity of PDMS has been re- 

orted to increase by a factor of 4 after plasma treatment for 

5 s [52] . The rigidity values from literature of glass and SU-8, 

sed in this study are 76.4 GPa [53] and 5.9 GPa [54] , respectively.

he rigidity of the OTS substrates was assumed to be similar to 

he glass as the OTS is a nano meter thick mono-layer and this 

s confirmed by the shape of the force-distance curve by the AFM 

easurements discussed on Section 3.7 . Although, no rigidity mea- 

urements were performed on the collodion substrates, the AFM 

easurements show that these substrates are softer compared to 

he glass surface. 

.6. X-ray photoelectron spectroscopy 

All samples have been analysed by XPS analysis. Fig. 4 presents 

 selection of the relevant elemental spectra for the different sub- 

trates. All collodion samples, i.e. nitrocellulose, show a clear spe- 

ific peak in C 1s at 287.4 eV attributed to -C-O-NO 2 present in 

ollodion. Complementary N 1s at 408.0 eV and O 1s at 533.8 eV 
8 
upport the presence of NO 3 groups. These peaks show an increase 

ith collodion concentration. As expected the glass does not ex- 

ibit any nitrogen species but only some usual slight carbon con- 

amination. The intensity of the silicon signal belonging to SiO 2 

Si 2p 3/2 at 103.0 eV) shows a decrease for the intermediate col- 

odion concentrations and a sharp drop of 70% in comparison to 

he glass substrate for the highest collodion concentration (0.2%). 

his attenuation of the silicon signal is due to the formation of a 

ollodion film on the glass (see Table A.3 for the thickness values). 

imilarly, for the glass modified with OTS, we can observe a de- 

rease of the intensity of Si 2p 3/2 at 103.0 eV (SiO x ). In addition,

he contribution of C 1s at 285.0 eV increases dramatically from 

.6 atomic percent (at.%) for the clean glass up to 33.1 at.% in OTS, 

roving the attachment of the alkyl chain of OTS (Table A.4). At the 

ame time, the underlying glass substrate is still detected since the 

ayer is expected to be only a few nm thick. The SU-8 modified 

lass in Fig. 4 shows an intensive C 1s contribution at 286.8 eV 

f C 

–O additionally to the main C 

–C, C 

–H peak at 285.0 eV stem-

ing from the aromatic rings and aliphatic carbons. The surface 

f PDMS was characterized by XPS before and after plasma treat- 

ent (see Fig. 4 , bottom panels). Independently of the PDMS for- 

ulation, the pristine surface shows clearly only one main C 1s 

eak at 284.2 eV attributed to the methyl groups bound to sil- 

con. The corresponding Si 2p doublet with Si 2p 3/2 at 101.6 eV 

green area in Fig. 4 ) can be detected in a ratio 1.9:1 for CH 3 :Si

lose to the theoretical ratio of 2:1. Some SiO 2 is also detected in 

 weak concentration. After plasma treatment, two further compo- 

ents with low intensity appear at 286.1 eV and 288.9 eV, proba- 

ly due to the oxidation of some methyl groups. Furthermore the 

 

–Si content from C 1s decreases dramatically from 42.8 at.% to 

2.8 at.% in the same manner as the corresponding Si –C species 

n Si 2p at 101.6 eV (Table A.4). Concomitantly, an increase of the 

ontributions of SiO 2 species in Si 2p with Si 2p 3/2 at 103.0 eV 

orange area in Fig. 4 Si 2p panel) can be observed, whereas the 

otal oxygen content at the surface increases from 29.8 at.% up 

o 57.7 at.%. These observations support a replacement of –CH 3 

roups by oxygen or hydroxide groups at the surface due to plasma 

reatment [55] . For the clean glass, the collodion and OTS modified 

lass substrates, also weak concentrations of Ca, Na, Sn, Zn and K 

an be detected as part of the glass (see Table A.4). 

.7. AFM force distance curves 

Commercial AFM cantilevers with approximately 1 μm diam- 

ter silica (SiO 2 ) beads were used to investigate the forces be- 

ween the silica tip and the different studied substrates in the 

resence of BG11 medium. The zeta-potentials of equivalent 1 μm 

iO 2 spheres (SSD40 0 0, 1.05 μm Silica (Dry), Bangs Laboratories 

nc.) were −25 mV after suspending them in BG11. This is simi- 

ar to the measured zeta-potential value of the bacterium in BG11 

t pH 8 (see Section 3.3 ). Also, the shape and size of the bead

re in a comparable range with the bacterium [3] . Thus, the sil- 

ca beads from the cantilevers have been considered as substi- 

utes to quantify the interaction force between the bacterium and 

he test substrates during AFM measurements. We report the ap- 

roach force-distance curves in Fig. 5 , showing quantitative in- 

ormation about potential interaction forces (e.g., van der Waals 

VdW) forces, electrostatic forces). The potential effect of inden- 

ation during the measurements of certain soft surfaces (i.e., some 

DMS and collodion sample types) is unknown and was not taken 

nto account. The error bars include the variability of more than 30 

eplicated curves per condition, representing analytical and/or ex- 

erimental variability for certain surfaces. The interaction between 

he complex components of BG11 solution and the surface func- 

ional groups (i.e. polymer chains, -NO groups, aromatic rings and 
3 
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Fig. 4. C 1s, N 1s and O 1s XPS spectra of glass, collodion 0.007%, 0.0135%, 0.02% and 0.2% ( top panel ). C 1s, Si 2p and O 1s for PDMS, PT-PDMS, OTS and SU8 covered glasses 

( bottom panel ). Most of intensities are normalized to the maximum. 

Table 1 

The adhesive force and their range of action measured during AFM 

retraction curves. 

Sample Estimated adhesive force (nN) Range (nm) 

PDMS series −181 . 0 ± 37 1352 ± 244 

PT-PDMS −36.0 257 

SU8 −25.5 183 

Glass −8.0 70 

Collodion Series −6 . 8 ± 4 . 6 66 ± 33 

OTS −0.4 5 
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liphatic chains, described in Section 3.6 ) can explain the observed 

ariability in the measurements. 

Generally, VdW forces are only expected to appear in the lower 

ange of separation (below 10 nm) [56] . The reference surface 

glass) is the only surface showing weak VdW forces and proba- 

le electrostatic attraction ( < 10 nN) below 15 nm (i.e., in accor- 

ance with XDLVO calculations, see Discussion in Section 4 ). Only 

he OTS surface shows a fully repulsive regime, with no electro- 

tatic repulsion apparent in the short range. The other surfaces 

SU8, PT-PDMS, PDMS and collodion) rather show attractive VdW 

orces though probably not only related to electrostatic effects, in 

omparison with theoretical calculations (see Section 4 ). The adhe- 

ive forces quantified using the retraction force-distance curves are 

eported in Table 1 and the curves are shown in Figure A.3. The 

ong range adhesive forces are practically absent for the OTS sam- 

le. The strongest adhesion is found for the native PDMS samples, 
9 
hile the rest of the samples (PT-PDMS, SU8, glass, collodion se- 

ies) have values in the range of −35 nN to −5 nN. The range of

nfluence of these adhesive forces varies proportional to the mea- 

ured force values ( Table 1 ). 

.8. DLVO/XDLVO curves 

DLVO/XDLVO theories are useful to understand the interactions 

etween a bacterium and a surface. The DLVO theory takes into 

ccount the dispersive and electrostatic energies while the XDLVO 

dditionally considers the acid-based energies between the bac- 

erium and the surfaces in a liquid environment. The contributions 

f the energy components calculated from the contact angle mea- 

urements and the zeta-potential measurements in BG11 medium 

ere inserted into the DLVO/XDLVO theories to yield the interac- 

ion energy (and hence the force) between the bacterium and the 

ubstrate as a function of distance. The DLVO/XDLVO force-distance 

urves are shown in Fig. 6 , and the values and location of the en-

rgy (expressed as kT , where kT = 4.11 × 10 −21 J) and force min-

ma are listed in Table A.5. The curves of the different substrates 

re grouped based on whether their water contact angles are less 

han ( Fig. 6 A and B) or greater than 90 ° ( Fig. 6 C and D). The XDLVO

lot ( Fig. 6 A) of the hydrophilic surfaces show that there is no in-

eraction between the bacterium and the surfaces for distances be- 

ond 10 nm. However, at distances below 10 nm in all surfaces 

xcept glass, there is a sharp increase in the force thereby pre- 

icting a repulsive cell-substrate interaction. In the case of glass 

t distances below 10 nm, the bacterium experiences an attractive 
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Fig. 5. AFM force-distance approach curves for all substrates against a SiO 2 colloid probe in BG11 solution. The curves show short range (less than 10 nm) van der Waals 

forces and the electrostatic interactions averaged over 30 measurements per sample. 

Fig. 6. The XDLVO and DLVO force plots for substrates with WCA less than 90 ° (A, B) and for substrates with WCA greater than 90 ° (C, D) respectively. The results from both 

XDLVO calculations (A,C) and DLVO calculations (B,D) are shown for all substrates, based on energy values derived from the contact angles and zeta-potential measurements 

in BG11. Respective insets are included to identify, if existing, the presence of secondary minima. 
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orce slightly below 100 pN, but below 5 nm the force reverses 

o a repulsive one. Fig. 6 C shows that the XDLVO curve of the hy-

rophobic 10:1 PDMS and 40:1 PDMS samples exhibit negligible 

ttractive forces at distances less than 15 nm while being fully re- 

ulsive for the rest of the PDMS samples as well as OTS. The DLVO 

lots of the hydrophobic surfaces show a strong attractive force in 

he order of hundreds of pN to tens of nN at distances below 5 nm

 Fig. 6 D). The DLVO plots ( Fig. 6 B) of the hydrophilic surfaces are

ot relevant as they do not take into account the forces originat- 

ng from the polar energy components, which cannot be neglected 

n the case of hydrophilic surfaces. Given the fact that only XDLVO 

alculations are comparable to the experimental AFM results (i.e. 

or the cases of glass and OTS), the DLVO theoretical calculations 

ill not be discussed further in this work. Noteworthy, the possi- 
10 
ility of direct comparison between AFM curves and XDLVO could 

e somewhat limited for deformable samples. This means that dif- 

erences between experimental AFM curves and theoretical XDLVO 

alculations may be both due to the complexity of the medium and 

he potential deformation of some of the softer surfaces, i.e., only 

pplicable to some PDMS and collodion samples. In any case, these 

pproximations don’t invalidate the discussion of this work. 

. Discussion 

The motility experiments show that the motility index (frac- 

ion of motile bacteria with respect to the glass substrate) and 

he velocity of cyanobacteria are correlated, i.e. the data points 

orresponding to all substrates analysed are clustered in the up- 
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er right, and lower left quadrants of the graph presented in 

ig. 2 . Moreover, Fig. 2 is indicating that substrates with moder- 

te hydrophilic WCA values are mostly favourable for cyanobacte- 

ia motility, more or less independent of the surface composition 

r functional groups (for further discussion see Section 4.2 ). All 

iamond symbols (substrates with WCA between 35 ° and 90 °) in 

ig. 2 except for 0.2% collodion and glass with a WCA of 30 °, lie

n the upper right quadrant of the graph, i.e., in the domain corre- 

ponding to highest velocity and highest motility index. 

The motility behaviour of the bacteria depends on how the cell 

ody and the pili individually interact with the surface. The com- 

arison of the pilus-substrate and the cell body-substrate interac- 

ion forces help for a better understanding of how substrate prop- 

rties affect the bacterial motility. The motility of the bacterium is 

n interplay between the cell body-substrate force and the retrac- 

ion force exerted by the pili after attaching to the substrate. Even 

revious experiments from Nakane et al. showed that the bacteria 

n 0.2% collodion were immobilised, while the pili were able to 

xtend and retract, thus gathering polystyrene beads closer to the 

ell body [32] . The results of this experiment suggest that the pili 

emain unaffected by the surface forces, and it is the force between 

he bacterial cell body and the surface that dictates the motility 

arameters. Thus, it is the net force interaction between the cell 

ody with the substrate and the pilus retraction strength that dic- 

ates the motility. 

.1. Interaction forces versus pilus strength 

The motility behaviour of the bacteria on the different sub- 

trates was further interpreted in terms of the force-distance 

urves using the XDLVO theory. The XDLVO theory considers the 

nteractions between the cell body and the substrate, while the in- 

eractions of the pili with the substrates are not considered. The 

agnitude of interaction forces between the cell body and the sub- 

trate, when compared with the forces that the pili of the bac- 

erium can exert, may elucidate the behaviour of bacteria on the 

ifferent substrates. Several papers have estimated the magnitude 

f the forces exerted by the pili. Using optical tweezers, the force 

hat a single pilus can exert was quantified as 100 pN [57] . Sim-

larly, force measurements on N. gonorrhoeae using a micropillar 

ssay system report that multiple pili can generate forces up to 

 nN [58] . From the XDLVO plot for glass substrate in Fig. 6 A

t distances below 10 nm, the bacterium experiences an attrac- 

ive force (slightly less than 100 pN) from the surface, which the 

orce from the pili can overcome. This is in agreement with ob- 

erved motility on glass ( Fig. 2 ). The other hydrophilic substrates 

n Fig. 6 A show that the bacterium experiences a repulsive force 

rom these surfaces. However, this was not observed during AFM 

easurements (e.g. collodion and SU-8), where higher interaction 

orces were also recorded compared to the predicted forces from 

he XDLVO curves, despite the observed motility in Fig. 2 . This 

mplies that other forces beyond the polar, dispersive, and elec- 

rostatic are acting on the bacterium, but these are overcome by 

ili retraction forces. Although the XDLVO plots do not explain the 

acterium-surface interactions in the case of the collodion and the 

U-8 samples, the XPS studies can present an explanation for the 

bserved motility patterns on these surfaces. In the collodion sam- 

les, the motility parameters (percentage of motile bacteria and 

heir velocity) vary as a function of the concentration of the col- 

odion. This variation is attributed to the change in the percent- 

ge of the NO 3 group confirmed by the XPS study ( Fig. 4 , N 1s

anel). The high motility on the SU-8 substrate as seen in Supple- 

entary Video S1 can be attributed to the prominent polar C-O 

ites present on the surface as seen in the C 1s panel of the SU-8

ubstrate. 
11 
The XDLVO curves of the hydrophobic PDMS substrates with 

arying base:curing agent ratios show no trend, due to the high 

ncertainty of the measured zeta-potential values in the BG11 

edium. The XDLVO plots of these substrates show either neg- 

igible attraction ( < 20 pN) compared to the force exerted by the 

ili at distances below 10 nm or repulsive interaction. This inter- 

ction of the PDMS substrates with the bacterium, as predicted by 

he XDLVO plots, contradicts the experimental results for PDMS for 

oth phototaxis and AFM approaches. During the phototaxis ex- 

eriments, it was observed that bacteria appeared stuck onto the 

DMS surfaces which have not been treated with oxygen plasma, 

.e., in Fig. 2 , these appear in the lower-left corner of the plot cor-

esponding to low motility index and low velocity (Supplemen- 

ary Videos S2, S3 and S4). The AFM approach force curve and 

he XDLVO force curve have a mismatch for the PDMS surfaces, 

ue to the complexity of the medium and/or the potential defor- 

ation/indentation effects during the experimental measurements. 

he AFM approach curves confirm that the trapping of the bacte- 

ia at close separation distances is not only due to the VdW forces. 

e conjecture that a combination between these attractive forces 

5 nN) and the stronger adhesive forces (180 nN) with a larger 

ange of action explain the low motility of bacteria in PDMS. This 

s not the case for plasma-treated PDMS (as seen in Supplementary 

ideo S5), where a simple change in the functional groups from –

H 3 to –OH significantly modifies the surface properties (i.e., hy- 

rophilic surface with lower adhesion, showing higher mobility) 

ompared to the original PDMS. That is, the XPS measurements 

uggest a preference of the cells for the hydroxyl groups (gener- 

ted through the oxygen plasma process) over the methyl groups 

existent prior to oxygen plasma). While there are no similar re- 

orts in the literature related to this behaviour, it is worth noting 

hat it has been previously suggested [59] that plasma treatment 

f PDMS reduces adhesion of bacteria, which is in agreement with 

ur observations.The work cited above [59] studies the adhesion 

f three different types of bacteria ( Escherichia coli BL21, Staphylo- 

occus aureus 6538, Pseudomonas aeruginosa ATCC 9027), and not 

heir motility as in the present work. We consider that this result 

s relevant because the motility is influenced by adhesion. 

For the case of OTS, both AFM and XDLVO calculations are in 

greement (repulsive regime), however the experimental results 

how that there is no motility ( Fig. 2 ). This also contrasts with the

mall recorded adhesive forces ( Table 1 ), as it is counter-intuitive 

o not observe motility for surfaces where there are no signs of 

ignificant retention. However, incongruences between AFM and 

otility studies may be related to the hypothesis that the cells 

ctually need some resistance/friction to grab/hold on to in or- 

er to move. This could explain why the highest mobility ap- 

ears on SU-8 and PT-PDMS substrates ( Table 1 indicating mod- 

rate adhesion forces around 30 nN) and the lowest in OTS (adhe- 

ion forces on OTS are insignificant - three orders of magnitude 

ower than SU-8 and PT-PDMS which makes OTS behave like a 

lippery surface for bacteria). Another possible explanation could 

e that physico-chemical characteristics of the substrate favour the 

ransition from reversible to irreversible bacterial adhesion through 

ond-strengthening mechanisms [60] . Intermediate forces are not 

 challenge to the bacteria, they will be motile (e.g., higher mobil- 

ty in SU-8 compared to collodion 0.02% is in accordance with the 

ction range of registered forces, Table 1 ) and the range of action 

f the forces are relevant to cell motility. 

.2. Key factors for designing adequate surfaces/substrates for 

hototaxis applications 

The simultaneous visualisation of the different surface charac- 

erization measurements of the different substrates (SU-8, collo- 

ion 0.007%, plasma-treated PDMS, glass, OTS and 10:1 PDMS sub- 
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Fig. 7. The radar plot for the different substrates (SU-8, Collodion 0.007%, plasma-treated PDMS, glass, and OTS) listed in decreasing order of motility in the legend. Each of 

the axis represents one of the performed measurements. The rigidity is shown in a log scale, while the other axes are linear. The correlation of the normalised measurements 

with the motility index shows that the WCA and the AFM adhesion are the most relevant measurements in identifying substrates suitable for phototaxis. 
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trates listed in the decreasing order of motility) is shown in Fig. 7 .

he plot also shows the correlation values of the various charac- 

erization measurements with the quantified motility index. To en- 

ance visualization, only the collodion 0.007% from the different 

ollodion substrates is included in this plot as it exhibits the high- 

st motility. Also, 10:1 PDMS is selected to represent PDMS sub- 

trates that did not support motility. Fig. 7 shows that the con- 

ributions of the measured VdW interactions has the least influ- 

nce on the motility index. The influence of roughness and rigid- 

ty requires a more rigorous study that includes a wider range of 

oughness and Young’s modulus. In the presented study, we did 

ot observe significant influence of the roughness on the motil- 

ty, and further investigation should be carried out independently. 

n the case of rigidity studies, even though PDMS has the lowest 

oung’s modulus in the MPa range, motility favouring surfaces are 

enerally those which are more rigid than PDMS, in the GPa range. 

rom the inset bar plot, it can be noted that WCA and AFM adhe-

ion measurements have the highest correlation with the motility 

ndex. This means that for future applications, measuring WCA and 

FM adhesion are two strong indicators of bacterial motility, com- 

lemented by XPS measurements for surface chemistry investiga- 

ion. 

. Conclusion 

Our exhaustive surface characterisation study has identified that 

U-8, a UV-sensitive epoxy routinely used in MEMS, which can be 

tructured by means of standard UV lithography, has the maxi- 

um number of motile cells among all substrates analysed here- 

ith. It is also important to note that SU-8 performs better than 

he lower 0.007% concentration of collodion, which has been pre- 

iously studied in relation to phototaxis in cyanobacteria. Another 

emarkable result is the performance of the PDMS surfaces after 

xygen plasma treatment, which is comparable in terms of motility 

ith the normalised glass substrate, but even exceeds it in terms 
12 
f bacterium velocity. PDMS is another standard material exten- 

ively used for the fabrication of microfluidics, and more generally 

OC systems, and oxygen plasma performed on PDMS is a standard 

rocess to change the surface chemistry and enhance hydrophilic- 

ty of the otherwise hydrophobic PDMS. A particularly useful con- 

lusion for the cyanobacteria research community is that PDMS, a 

oft material widely used in LOC devices, and SU-8, a very popular 

EMS material that can be easily structured by UV photolithog- 

aphy, are structural materials that are well-suited for cyanobacte- 

ial phototaxis studies, potentially offering better control and re- 

roducibility compared to the traditional hydrogel-based assays. 
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