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Vesicular Structures Self-Assembled from Oligonucleotide-
Polymer Hybrids: Mechanical Prevention of Bacterial 
Colonization Upon their Surface Tethering Through 
Hybridization
 In order to design soft coatings, surface tethering of vesicular structures 
self-assembled from oligonucleotide-polymer hybrids is achieved through 
hybridization. Watson-Crick base-pairing occurs between the nucleotide 
sequences involved in the self-assembly and their surface-tethered comple-
mentary sequences. Combining the quartz crystal microbalance and in situ 
observations using confocal laser scanning microscopy, it is evidenced that 
the vesicles retain their morphology even under fl ow stress. Surprisingly, 
these soft surfaces prevent bacterial colonization.  
  1. Introduction 

 Owing to the plethora of potential applications in biosensing, [  1  ,  2  ]  
drug delivery as well as targeted immobilization, [  3  ]  the surface 
tethering of vesicular structures through Watson-Crick base 
pairing between complementary nucleotide sequences is a cur-
rent dynamic fi eld of research. For this purpose, single stranded 
nucleotide sequences are usually coupled to liposomes subse-
quent to their supramolecular assembly prior to hybridization 
with the complementary sequence associated to a supported 
lipid bilayer. [  1  ,  4–6  ]  Such a system has been demonstrated to 
be highly specifi c since the self-assembled structures do not 
associate with the supported lipid bilayer unless the comple-
mentary sequence is present. [  1  ]  Besides, the composition and 
length of the nucleotide sequence can further be optimized to 
fi nely tune the hybridization driven surface immobilization of 
the liposomes, [  4  ]  which is thus more versatile than recognition 
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between avidin and biotin. [  7  ]  We recently 
synthesized an amphiphilic DNA- block -
copolymer, which self-assembles in vesic-
ular structures in dilute aqueous solution. 
Given their larger molecular weight and 
therefore slower dynamics than their lipid 
analogues, [  8  ]  the structures resulting from 
the self-assembly of these oligonucleotide-
polymer hybrids exhibit higher mechan-
ical stability. [  9  ]  The surface-immobilization 
of the vesicular structures self-assembled 
from amphiphilic DNA- block  copolymers 
thus appears as an elegant strategy to pre-
pare soft, mechanically stable coatings. We demonstrate herein 
that the fi ne balance between non-covalent yet highly specifi c 
and directional hydrogen bonding between complementary 
nucleotide sequences enables the conformal immobilization 
of vesicular structures self-assembled from oligonucleotide-
polymer hybrids. Poly(isobutylene)- block -oligonucleotide 
amphiphilic block copolymers self-assemble into vesicular struc-
tures in dilute aqueous solution. [  10  ]  The nucleotide sequence 
remains functional subsequent to polymer modifi cation and 
self-assembly. Combining measurements with the quartz 
crystal microbalance (with dissipation monitoring, QCM-D), 
confocal laser scanning fl uorescence microscopy (CLSM), and 
atomic force microscopy (AFM) we demonstrate that the nucle-
otide sequence involved in the self-assembly effi ciently under-
goes hybridization leading to full coverage of the surface with 
vesicular structures that retain their morphology upon surface 
immobilization through hybridization. The bacterial response 
appears to be sensitive to the softness of the coating since 
colonization is prevented on the surface-tethered vesicle layer 
resulting from the immobilization of self-assembled polymer-
oligonucleotide hybrids.   

 2. Results and Discussion 

 Since it self-assembles in vesicular structures, the oligo-
nucleotide-polymer hybrid used for these investigations is 
poly(isobutylene)- block -5 ′ -GGGAGAGAGAGA-3 ′  (PIB 31 -G 7 A 5 ). 
Comprehensive synthesis and characterizations have been 
reported in a previous publication. [  11  ]  Briefl y, this oligonucle-
otide-based amphiphilic diblock copolymer self-assembles in 
dilute aqueous solution into sub-micrometer size vesicular 
4891wileyonlinelibrary.com

http://doi.wiley.com/10.1002/adfm.201200988


FU
LL

 P
A
P
ER

4892

www.afm-journal.de
www.MaterialsViews.com
structures (ca., 160 nm). We demonstrated as well, through 
circular dichroism, that the nucleotide sequences involved in 
the self-assembly retain their functional B-form chain confi gu-
ration subsequent to polymer modifi cation and self-assembly. 
In order to immobilize the vesicles self-assembled from the 
polymer modifi ed nucleotide sequences, we used a surface-
tethering of nucleotide sequences, which enables the achieve-
ment of optimal hybridization effi ciency. [  12–14  ]  In brief, real 
time monitoring of the sequential steps of the grafting process 
was carried out combining the QCM-D with a wavelength 
interrogated optical sensor (BrightReader, Dynetix AG, Land-
quart, Switzerland) [  13  ]  to assess effi cient grafting of the nucle-
otide sequences on the quartz crystals. Owing to the optimal 
grafting density of the surface-tethered nucleotide sequences, 
almost 100% hybridization effi ciency with the complementary 
nucleotide strand could be demonstrated. The surface tethering 
displays stability against liquid fl ow due to the covalent attach-
ment. In the present investigations, the surface was therefore 
modifi ed accordingly with the strand complementary to the one 
involved in the self-assembly of the vesicles resulting from the 
structure formation of polymer-modifi ed nucleotide sequences, 
i.e., 5 ′ -TCTCTCTCTCCC-3 ′  (C 7 T 5 ) tethered at the 5 ′  end. 

 Subsequent vesicle immobilization through hybridization 
with the surface-tethered nucleotide sequences was followed 
with the QCM-D. Upon injection of a solution of self-assembled 
PIB 31 -G 7 A 5 , frequency and dissipation shifts due to the vesicle 
immobilization could be monitored ( Figure    1  ).  

 A signifi cant and rapid mass deposition as assessed by a 
decrease of the frequency shift down to -35 Hz associated with 
an increase of the monitored dissipation shift up to 2  ×  10  − 6  a.u. 
could be observed upon the deposition of the vesicles on the 
surface, which is characteristic of conformal immobilization. 
A decrease of the dissipation shift correlated to an increase 
of the frequency shift would be observed if disruption of the 
vesicular morphology were to occur in the time course of the 
quartz crystal oscillation. [  15  ]  Those would indeed correspond 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  1 .     QCM-D monitoring of the immobilization of vesicles resulting 
from the self-assembly of oligonucleotide-polymer hybrids on a surface 
modifi ed with the complementary sequence of the one involved in the 
self-assembly. The black curve corresponds to the frequency shift moni-
toring, whereas the gray curve displays the time course of the dissipation 
shift induced by the immobilization of vesicles onto the surface.  
to mass and dissipation losses upon rupture and water release 
from the inner aqueous pool of the vesicles and formation of a 
layer of polymer-modifi ed nucleotide sequences. [  9  ,  15  ]  As can be 
observed in Figure  1 , the deposited layer of vesicles is stable to 
rinsing with water, which assesses the strength of the immo-
bilization of the amphiphilic DNA  block -copolymer vesicles 
through hybridization. At full coverage, a dense layer of low 
average roughness of 3  ±  2 nm is achieved as assessed by AFM 
( Figure    2  ).  

 In order to quantify the deposited mass, we used the Voigt-
based model, since signifi cant dissipative properties of the 
layer prevents the use of the Sauerbrey equation. [  15  ]  An average 
mass of 630  ±  40 ng cm  − 2  is deposited, which is somewhat 
lower than the theoretical value (812 ng cm  − 2 ) at full coverage. 
However, slight heterogeneity in the size of the vesicles (ca., 
20%, i.e.,  ±  163 ng cm  − 2 ) might affect the theoretical mass 
determination. 
mbH & Co. KGaA, Weinheim

     Figure  2 .     AFM of PIB 31 -G 7 A 5  vesicles hybridized on surfaces modifi ed 
with the complementary strands. Full coverage of the surface by vesicles 
(a) and presence of aggregates of vesicles dispersed onto the surface (b) 
are observed.  
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     Figure  3 .     QCM-D monitoring of the effect of incubation with a 4 M 
urea aqueous solution of vesicles resulting from the self-assembly of 
polymer-modifi ed nucleotide sequences immobilized through hybridiza-
tion with the surface-tethered complementary strands. The black curve 
corresponds to the frequency shift monitoring, whereas the gray curve 
displays the dissipation decrease upon vesicle removal from the surface 
due to de-hybridization  

     Figure  4 .     Fluorescence microscopy images obtained by CLSM of surface 
tethered PIB 31 -G 7 A 5  vesicles hybridized with their surface tethered com-
plementary strands a) after 5 min of incubation and b) after 120 min.  
 The Voigt-based model further allows quantifying the 
average dissipative properties of the deposited layer. The layer 
of vesicles is characterized by a viscosity of 3.8 mPa s and a 
shear modulus of 0.6 MPa, being these values representative of 
a soft visco-elastic layer as compared to that of a control silicon 
wafer of about 51 GPa. [  16  ]  

 In order to assess the strength of vesicles tethering to the 
surface through hybridization, we subsequently compared the 
stability of immobilization through the monitoring of the fre-
quency and dissipation shifts after rinsing with either water 
or an aqueous solution of urea (4 M), which is known to de-
hybridize double stranded nucleotide sequences ( Figure    3  ).  

 In contrary to water rinsing, an increasing frequency shift 
was observed after injection of the urea aqueous solution, 
demonstrating that a part of the total mass was removed from 
the surface, which did not occur upon rinsing with water. The 
desorbed mass, calculated with the Voigt model, is of about 
130  ±  10 ng cm  − 2 , which evidences partial de-hybridization of 
the vesicles (i.e., 20% of the initial mass of tethered vesicles). 
This low effi ciency of de-hybridization is probably due to the 
diffusion limited access of urea to the surface tethered nucle-
otide sequences involved in the immobilization of the vesicles 
through hybridization, which results in the preparation of a 
rather stable coating. 

 To further assess the stability of the vesicle layer tethered on 
the surface by hybridization we followed this process in real-
time with fl uorescently labeled self-assemblies through the 
immobilization of a hydrophobic fl uorescent dye within the 
vesicles membrane (Nile Red  λ  ex / λ  em : 561/600–650 nm). To 
enable observation through CLSM (Zeiss CLSM LSM700), the 
solution of vesicular structures was not fi ltered prior to surface 
immobilization to not remove larger self-assemblies visible by 
light microscopy ( Figure    4  ), leading to the deposition of large 
aggregates of vesicles.  
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4891–4898
 Through scanning every 2 min during 2 h in the liquid static 
mode ( Figure    5  ), it has been possible to follow in real time 
the hybridization of the larger structures self-assembled by 
the DNA block-copolymers, which was over after about 2 h, as 
already revealed by QCM-D monitoring (see Figure  1 ). Under 
fl ow (peristaltic pump fl ow of 18 mL h  − 1 ), the larger self-assem-
bled structures remained anchored at the surface and retained 
their morphology (Supporting Information: Movie 1). Few of 
the larger structures were eliminated by the fl ux, which further 
4893wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Immobilization on surfaces of vesicles self-assembled from polymer-modifi ed nucle-
otide sequences through hybridization with the surface tethered complementary sequence 
with the one involved in the self-assembly in the fl ow cell under static condition at a) 0 min, 
b) 120 min, and c) 200 min.  
assesses the strength of immobilization through hybridiza-
tion. More interesting is the dissipative property of the vesic-
ular layer, which waves along with the fl ow induced by the 
peristaltic pump. The larger structures bend in the direction 
of the fl ow, without leaving their original position, being their 
shape restored when the fl ow stress was interrupted. The entire 
process of immobilization through hybridization can thus be 
described as depicted in  Scheme    1  .   

 Although some publications, yet few, evidence the pos-
sibility to control bacterial adhesion by tailoring the material 
softness, [  17–20  ]  the potential impact of surface mechanical prop-
erties on bacterial behavior and colonization on material is 
usually neglected and almost completely unknown. We report 
in here the effect of a dissipative surface on bacterial coloni-
zation, the soft coatings resulting from the surface tethering 
through hybridization of the DNA block-copolymer vesicular 
structures. 

 The soft surfaces were very effi cient to avoid bacterial colo-
nization in comparison to analogous surfaces of comparable 
chemistry and topography: i) The number of adherent bac-
teria adhered on soft coatings was low in comparison to that 
on control surfaces (silicon wafer modifi ed with surface-teth-
ered nucleotide sequences of similar composition than the 
one involved in the self-assembled DNA block-copolymer) 
( Figure    6  ). ii) As shown in Figure  6 b, the few bacteria that 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
adhered on vesicle-based coatings failed to 
proliferate on the surface when compared to 
what happened on the stiff control surface. 
Effects of surface chemistry and topography 
on these bacteria behaviors can be ruled 
out since these properties are comparable. 
The two types of surface reveal nucleotide 
sequences that are of the same composition, 
and vesicles-based surfaces slightly differ in 
their roughness (3  ±  2 nm compared to 0.3  ±  
0.2 nm), which was shown to not induce any 
signifi cant difference in bacterial responses 
( Figure    7  ). This bacterial response should 
thus be attributed to the surface mechanical 
properties solely. Reduction of both adhe-
sion and proliferation of bacteria therefore 
allows considering that tailoring the surface 
mechanical properties is an approach to con-
trol not only bacterial adhesion but even pro-
liferation of already adhered bacteria.   

 Further investigations of the bacterial 
behavior on soft vesicle-based coatings sug-
gested that proliferation of the few number of 
adherent bacteria occurred, however without 
allowing the retention of daughter bacteria 
on the surface (real time observation, Sup-
porting Information: Movie 2). Bacterial dis-
placement length and speed were therefore 
estimated, and compared to displacement 
length and speed observed on the control 
surface (silicon wafer). Although speeds 
were similar on vesicle-based coatings as well 
as on control surfaces (0.1  ±  0.5 and 0.1  ±  
0.1  μ m s  − 1  respectively), the high standard 
deviation of the speed value quantifi ed on vesicle-based coat-
ings highlighted the high variability of the bacterial response. 
This behavior probably results from the presence on the surface 
of two bacteria populations: as shown in  Figure    8  , a fi rst part 
of adherent bacteria revealed displacement lengths similar to 
those observed for bacteria adherent to control surfaces, while 
a second part was moving on the surface, sometimes reaching 
displacements of almost 10  μ m and even detachment from the 
surface. This may fi nally explain why adherent bacteria failed to 
colonize the vesicle-based surface, as already evoked and shown 
in Figure  6 .  

 Even if surface mechanical properties are considered as a 
critical factor in modulating eukaryotic cell adhesion, or the 
function and differentiation of stem cells, [  21–23  ]  only few publi-
cations have reported the infl uence of surface mechanical prop-
erties on bacterial adhesion. Van der Mei and co-workers [  19  ]  as 
well as Lichter et al. [  17  ,  18  ]  have demonstrated positive correla-
tions between the increase of both the surface elastic modulus 
and rate of bacterial adhesion. However, van der Mei and co-
workers highlighted the impossibility to get the correlation in 
specifi c fl ow conditions (parallel plate fl ow chamber versus 
stagnation point fl ow chamber), suggesting the complex infl u-
ence of the coupling of the surface mechanical properties with 
the surrounding conditions on bacterial behavior. Our results 
confi rm the effect of surface mechanical properties on bac-
nheim Adv. Funct. Mater. 2012, 22, 4891–4898
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     Scheme  1 .     A surface modifi ed with the complementary nucleotide 
sequence to the one involved in the self-assembly is immersed in a solu-
tion of DNA  block -copolymer vesicles (a), hybridization rapidly occurs (b), 
leading to surface full coverage. Vesicle bending due to peristaltic fl ow 
occurs. Immobilization through hybridization ensures anchorage (c). 
The mechanical stability and fl uidity of the oligonucleotide-based  block  
copolymer membrane allow vesicles bending without disruption.  

     Figure  6 .     a) Quantity of adherent bacteria on soft vesicle-based coat-
ings (light gray bars) compared to adhesion on naked silicon wafer 
(black bars) and silicon wafer grafted with a nucleotide sequence of the 
same composition than the one involved in the self-assembly of DNA 
 block -copolymer vesicles (A 5 G 7 , gray bars). b) Evolution with time of the 
number of adhering bacteria on soft vesicle-based coatings (gray line) 
and naked silicon wafer (black line).  
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terial colonization. They also allow specifying that not only 
bacterial adhesion but also bacteria proliferation are affected, 
through a probable correlation between surface mechanical 
properties and bacterial motility (i.e., bacteria displacement on 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4891–4898
surfaces). Moreover, the results of the studies reported in here 
suggest that both the compressive contribution and shear or/
and viscosity contributions of the surface mechanical proper-
ties may play a role in the behavior of bacteria. This hypoth-
esis is further supported by the results of preliminary studies 
performed in static culture mode (Supporting Information 
Figure  2 ), which evidence that the number of adherent bac-
teria increases with the concentration of an agar substratum. 
On surfaces prepared at low agar concentration, i.e., low Young 
modulus, colonization is prevented. These results are in agree-
ment with the low colonization observed on the soft surfaces 
based on vesicles of low elasticity, assessing a noticeable link 
between the cell response and the elasticity of the surface. We 
therefore hypothesize that i) bacterial behavior in response 
4895wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  7 .     Confocal fl uorescence imaging, combining refl ection and 
fl uorescence, of bacteria adhered onto the different surfaces: a) soft 
vesicle-based coatings with rough topography (Ra  =  20  ±  2 nm), b) soft 
vesicle-based coatings with smooth topography (Ra  =  3  ±  2 nm), c) 
silicon wafer grafted with A 5 G 7  nucleotide sequences, and d) reference 
naked silicon wafer. e) Comparison between the number of adhered bac-
teria on soft vesicle-based coatings with rough topography (black sparse 
grey bars) and soft vesicle-based coatings with smooth topography (grey 
bars) at 2 and 4 h of incubation, normalized to the number of adherent 
bacteria on naked silicon wafer at 2 h.  
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     Figure  8 .     a,b) Comparison of displacement of bacteria on vesicle-based 
surfaces (light gray line) and stiff silicon wafer surfaces (black line). The 
displacement of each bacterium was tracked over the incubation time, 
being each of these displacements translated in a displacement vector. 
A displacement smaller than 1  μ m (smaller than the bacterial size) indi-
cates a simple reorientation of the bacteria, while a displacement greater 
than 1  μ m highlights a change of bacterial location on the surface 
(re-localization).  
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to surface mechanical properties is complex and probably 
depends on various mechanical parameters corresponding to 
several components of the mechanical properties (compressive, 
tensile, and shear moduli, viscosity, elasticity and anisotropic 
properties arising from the impenetrable wall effect due to the 
presence of an interface); ii) coating–related parameters like 
coating hydration, coating thickness and structure, and pol-
ymer chain confi nement due to the elaboration process, as well 
as surrounding properties such as hydrodynamic conditions 
may infl uence the bacterial response to the above mechanical 
parameters.   
96 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
 3. Conclusions 

 In the present investigations we demonstrate for the fi rst 
time the possibility to immobilize DNA-block-polymer vesi-
cles through hybridization, being the constitutive hydrophilic 
block of the self-assembling amphiphile a nucleotide sequence 
complementary to the surface-tethered strand. This fast and 
spontaneous process leads to conformal immobilization of the 
self-assembled structures. Owing to immobilization through 
hybridization, mechanical stability as well as fl uidity of the DNA 
block-copolymer membrane, the resulting coating is stable to 
hydrodynamic stress, which enabled conducting investigations 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4891–4898



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com
of the cellular response to this substrate under static and fl ow 
modes. The obtained dissipative layer prevents bacterial colo-
nization, being the origin of the prevention of this bacterial 
adhesion mechanical rather than chemical or topographical. 
Exploiting surface mechanical properties for preventing sur-
face colonization by bacteria thus appears as a new promising 
future strategy for the prevention of biofi lm formation and bio-
fi lm-related infections.   

 4. Experimental Section 
  Material : 3-aminopropyltriethoxysilane 99% (APTES), anhydrous 

toluene 99%, glutaraldehyde 25% solution grade II, propylamine 
98%, formamide were all purchased from Sigma-Aldrich, Switzerland. 
Chloroform 99% was purchased from J. T. Baker, Switzerland. Sodium 
cyanoborohydrate was purchased from Fluka, Switzerland. Amino-
modifi ed oligonucleotides: (C 7 T 5 )-NH 2  and (A 5 G 7 )-NH 2  were purchased 
from Mycrosynth (Balgach, Switzerland). Silicon wafers single side 
polished, orientation N/Phos < 100 > , 525  ±  25  μ m thickness, 1-30 Ohm 
cm  − 1  resistivity were purchased from Si-Mat Silicon Materials, Landsberg 
am Lech, Germany. Doubly distilled water was used for the preparation 
of all samples.  

 Methods- Surface Tethering of Nucleotide Sequences : Surfaces of high 
grafting density were prepared with the protocol published in a previous 
work, [  12  ]  but differed at the quenching step. Sodium cyanoborohydrate 
was used to reduce the Shiff-base formed between the amino-
termination of the oligonucleotide and the aldehyde moiety revealed 
at the surface. [  24  ]  With this reduction, the linkage becomes irreversible 
and the grafted oligonucleotides are protected from detachment during 
de-hybridization.  

 Vesicles Labeling : Labeled vesicles were prepared by mixing 0.3 mg 
of PIB 31 -G 7 A 5  bulk copolymer with 1  μ L of a 50  μ g mL  − 1  Nile Red 
solution (Sigma-Aldrich) in DMSO into 1 mL of NaCl buffer (150 mM, 
pH 6.5). The solution was mixed in a dark fl ask during 4 h at room 
temperature and stored overnight at 4  ° C. Vesicles purifi cation was 
performed through size exclusion chromatography on a Sephadex G100 
(GE-Healthcare) size exclusion chromatography gel. Since vesicle size 
ca. 160 nm does not allow resolution through confocal microscopy, the 
obtained solution was only fi ltered through 0.45  μ m membrane fi lters, 
allowing the observation of large structures of self-assembled vesicles.  

 Vesicles Immobilization : Vesicle-coated surfaces were prepared by the 
incubation of a solution containing vesicular structures self-assembled 
from poly(isobutylene)- block -5 ′ -GGGAGAGAGAGA-3 ′  (PIB 31 -G 7 A 5 ) 
in a well containing a surface coated with the complementary single 
stranded nucleotide sequence C 7 T 5  (5 ′ -TCTCTCTCTCCC-3 ′ ). After 12h of 
incubation at room temperature, the vesicle-coated surface, obtained by 
spontaneous hybridization, was rinsed three times with NaCl buffer (NaCl 
150 mM) and sterilized 30 min under UV (180 nm) in NaCl buffer. 

 To obtain “smooth” coatings, the solution of vesicles obtained by 
bulk swelling was sequentially fi ltered 3 times through 0.45  μ m and 3 
times through 0.2  μ m pore size fi lters to break the larger structures. 
This preparation allows obtaining surfaces of long term stability, with a 
smooth topography, and mechanical properties induced by the vesicular 
structures properties.  

 Control Surfaces : Control surfaces consisted of silicon wafers prepared 
as follow: they were cleaned 3 times in chloroform under sonication 
for 15 min. Then wafers were activated by 15 min UV treatment (UV/
ozone cleaner,  λ   =  180 nm). Finally wafers were sterilized by a dried heat 
procedure (1 h, 180  ° C).  

 Quartz Crystal Microbalance with Dissipation QCM-D : QCM-D 
investigations were performed with the Qsense Quartz Cristal 
Microbalance (QCM-D, Goteborg, Sweden) with QSX 303 silicon dioxide 
sensors. All data were extracted with the QTools software. [  25  ]   

 Atomic Force Microscopy (AFM) : Tapping mode AFM analyses of the 
samples were performed using a PycoLE system, Molecular Imaging, 
with silicon nitride cantilevers, k  =  42 N m  − 1 , scan rate 0.5 lines s  − 1 . 
© 2012 WILEY-VCH Verlag Adv. Funct. Mater. 2012, 22, 4891–4898
Different locations of the samples were monitored. All experiments were 
done in air at room temperature.  

 Fluorescence Microscopy : An upright CLSM (LSM700–Zeiss, Germany) 
was used to follow time resolved vesicle deposition. Excitation at 
405 nm was used in the refl ection imaging mode. To observe Nile 
Red fl uorescence, [  26  ]  excitation at 532 nm was used and emission was 
recorded at 550–630 nm, and images were taken every 2 min. 

 Fluorescence microscopy under fl ow was performed with the 
Upright CLSM (LSM700–Zeiss, Germany) in a home-designed fl ow cell. 
Subsequent to the fl ow cell mounting, as described below, the fl ow of 
NaCl buffer (150 mM, pH 6.8) was started, left during two hours and 
the surface imaged overtime (every 2 minutes). Flow was then stopped 
and 5 mL of a solution of fl uorescently labeled vesicles (Nile Red) was 
injected in the fl ow cell without fl ow. Labeled vesicles and surfaces were 
incubated without fl ow for 12 h. Images were still taken every 2 min in 
refl ection and fl uorescence modes. Then medium fl ow was turned on for 
2 h under imaging.  

 Bacterial Strains : Experiments were conducted with the green 
fl uorescent  Escherichia coli  strain SCC1 modifi ed with a green fl uorescent 
protein (GFP) genetic insert. [  27  ]   

 Culture Condition : Bacteria were cultivated in a selective M63 medium 
supplemented with glucose (0.2%) (pH 6.8) at 30  ° C. [  28  ]  Prior to each 
experiment, bacteria were grown for 14 h in fresh medium. This culture 
was used to inoculate a second pre-culture (10 vol.-% of the fi rst pre-
culture) which was grown for 4 h before inoculating the fi nal culture 
(10 vol.-% of second pre-culture) for an OD 630   =  0.01.  

 Investigation of the Bacterial Response in Static Conditions : The 
substrates were placed in 6-well plates and 4 mL of fresh bacterial culture 
was added to each well. Bacteria were grown on the substrates at 30  ° C. 
Two incubation times were explored: 2 h, 4 h. One series consists of 
two substrates of each type (i.e. surface tethered nucleotide sequences, 
soft vesicle-based coatings) for each incubation time, another of control 
substrates (silicon wafer). 

 After incubation, the samples were rinsed three times to eliminate 
non-adherent bacteria. For this purpose, 3 mL of supernatant, i.e. 
bacterial growth medium for the fi rst rinsing and NaCl solution for the 
subsequent washings, were removed and replaced with a fresh NaCl 
solution (9 g L  − 1  in water).  

 Cytotoxicity of the Surface : In order to confi rm the non-toxicity of the 
surface on planktonic bacteria, the absorbance at 630 nm (A 630nm ) of 
each culture (supernatant from each well) was measured and compared 
to growth on the control surface.  

 Biofi lm Observation and Fluorescence Staining : Confocal microscopy 
was used for observation (Zeiss, LSM700). Biofi lms were observed 
directly after the last rinsing step using a 9.1 mm working distance focal 
objective (Zeiss LD EC “epiplanneofl uar” 50X/055 DIC M27). The laser 
wavelength used for excitation was 405 nm for imaging in the refl ection 
mode. The fl uorescence of the GFP expressed by SCC1 was exploited for 
imaging in the fl uorescence mode. A laser wavelength of 488 nm was 
used for excitation, while collection of the emission fl uorescence was 
done in the 420–550 nm range. Two surfaces of each type were used for 
each experiment and each surface was imaged at 10 different locations 
randomly chosen.  

 Analysis of Biofi lm Confocal Microscopy Images : Image processing was 
performed using the Image J V.1.44a software with the LSM toolbox V4.0g 
plugging, [  29  ]  allowing separation of fl uorescence and refl ection images 
from Zeiss LSM raw data. Then, extracted images were processed with 
the CellC software [  30  ]  for counting the number of adherent bacteria.  

 Quality Control : The results are expressed in terms of mean values and 
standard deviations for two samples of each substrate type, including 
control. Signifi cant differences between sample sets were determined 
using the classical parametric test for mean comparison, the so-called 
Student test.  

 Investigation of the Bacterial Response in Dynamic Conditions Flow Cell 
Design : A specifi c fl ow cell was designed for experiments conducted 
under a Zeiss LSM700 confocal microscope (Supporting information 
Figure 1). Flow cell was made with the support of the Technical University 
of Denmark, Lyngby, Denmark. [  31  ]  
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 The fl ow cell design allows having a peristaltic laminar fl ow at the 
surface of the sample (tested on 1 mm thick silicon wafer). The chamber 
has a volume large enough to avoid any border effect (reduced fl ow speed 
or non-laminar fl ow) of the fl ow at the surface. The entire setup consists 
of a fl ow cell connected with Tygon tubings (ø 1.52 mm) to a peristaltic 
pump (Ismatech IP multichannel peristaltic pump) with an intermediate 
bubble trap (designed by the Technical University of Denmark, Lyngby, 
Denmark). [  31  ]  Medium and trash bottles are closed with auto-cleavable 
caps equipped with fi lters (0.2  μ m, Millipore). A three ways connector 
was used to allow injection.  

 Bacterial Experiment Under Flow : The two parts of the fl ow cell are 
connected together with silicone rubber (Soudalaquarium) prior to 
sterilization of all parts of the setup (fl ow-cell, tubing, connectors and 
bottles). The complete setup was mounted under sterile conditions in 
a laminar fl ow hood. Subsequently, the sterile surface is placed in the 
center of the fl ow cell, which is then closed by sealing the glass cover 
slip with an external joint of silicon rubber (Soudalaquarium). 

 At fi rst, the whole setup is installed under the LSM 700 confocal 
microscope and the culture medium (M63G) is fl owed for 2 h with a 
fl ow rate of 18 mL h  − 1 . Then, the pump is turned off. 5mL of 0.1 OD 630  
bacterial cultures (obtained by a dilution of overnight culture) is injected 
into the cell and incubated 20 min without fl ow at room temperature. 
During that time, the surface focal plane is imaged with the confocal 
microscope. The medium is then fl owed at 18 mL h  − 1  and pictures are 
taken every 2 min during 10 h. Both fl uorescence and refl ection modes 
are used as described above for fl uorescence microscopy.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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