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consequences on human health[1,2] and 
industrial processes[3,4] as well as antibi-
otics resistance.[5] Various approaches to 
inhibition of biofilm formation and their 
eradication were developed.[6] Biofilm for-
mation at an interface is determined by 
several pheno mena, e.g., the initial adhe-
sion of single bacteria to the surface and 
the further biofilm growth and spreading 
due to cell proliferation and biopolymer 
production.[7] Therefore, surface energy 
and electrostatic interactions with the 
substrate are two key determinants of bio-
film formation. On this basis, a common 
strategy to fight bacterial colonization is 
the functionalization of surfaces that are 
prone to biofilm fouling.[6,8] For instance, 
surface hydrophilization[9] and low sur-
face energy strategies[10] were consid-
ered. Surface topology was also modified 
to influence bacterial colonization, as 
recently reviewed in detail.[11]

Polyelectrolyte coatings allow changing 
the surface energy, charge, and mechan-
ical characteristics of various substrates 

easily.[12,13] Therefore, polyelectrolyte assemblies are often consid-
ered for possible application as antibacterial coatings. However, 
understanding the fundamental principles of bacteria–surface 
interactions remains of high importance.[14–16] Due to the nega-
tive charges found on their external membrane, bacteria tend 
to tightly attach to positively charged surfaces.[17] It was dem-
onstrated that biofilm spreading rate was decreasing with 
increasing strength of adhesion.[17] One possible explanation is 
that bacteria elongation preceding cell division is obstructed by 
strong electrostatic binding to the surface.[18] Besides this, it is 
also known that positively charged molecules (and poly cations 
to a greater extent) exhibit antibacterial properties due to their 
ability to disrupt membranes of bacterial cells.[19] In contrast, 
negatively charged surfaces provide less stable bacterial cell con-
tact with the surface,[18] so that the initial adhesion step is diffi-
cult but further biofilm spreading meets less obstacle.

In addition to help preventing healthcare and industry-
related issues, investigating biofilm formation is beneficial 
to understand the development of biological tissues,[20] cell 
adaptability,[21] and communication[22] since some morphogen-
esis principles are common with higher organisms’ tissues. 
Furthermore, colonies and biofilms of non-pathogenic micro-
organisms are considered to be promising to design hybrid 
living materials[23–27] challenging to get synthetically. Revealing 

Because bacteria–surface interactions play a decisive role in bacteria adhe-
sion and biofilm spreading, it is essential to understand how biofilms respond 
to surface properties to develop effective strategies to combat them. Poly-
electrolyte coating is a simple and efficient way of controlling surface charge 
and energy. Using polyelectrolytes of various types, with different molecular 
weights and polyelectrolyte solutions of various pH provides a unique approach 
to investigate the interactions between biofilms and their substrate. Here, 
the formation of Escherichia coli biofilms at a solid–air interface is explored, 
whereby charge and interfacial energy are tuned using polyelectrolyte coatings 
on the surface. Cationic coatings are observed to limit biofilm spreading, which 
remain more confined when using high molecular weight polycations. Interest-
ingly, biofilm surface densities are higher on polycationic surfaces despite their 
well-studied bactericidal properties. Furthermore, the degree of polyelectrolyte 
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3D architecture. Thereby, it is demonstrated that biofilm growth and spreading 
on a hydrogel substrate can be tuned from confined to expanded, simply by 
coating the surface using available polyelectrolytes.
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1. Introduction

Biofilms are surface-attached complex 3D structures of bac-
terial cells embedded in a self-produced fibrous biopolymer 
matrix. These adhesive living systems are known for their 
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the nature of bacteria–surface interactions and identifying the 
principles of biofilm adaptation to surface conditions are also 
essential to support further progresses in such contexts.

Polyelectrolytes are charged polymers that are able to change 
their characteristics in response to external stimuli such as 
temperature,[28] light,[29] ionic strength,[30] and pH.[31,32] It was 
recently demonstrated that reversible oscillation of polyelectro-
lyte layer-by-layer assemblies based on high amplitude actuation 
of block copolymer micelles allows controlling cell behavior on 
a surface. Their pH responsiveness was also used via light–pH 
coupling[33] to control the behavior of mammalian cells.[34,35]

Here, we chose an Escherichia coli strain (E. coli AR3110)[36] to 
study biofilm formation on polyelectrolyte-modified agar gels. 
E. coli AR3110 bacteria were shown to produce and assemble an 
extracellular matrix mainly composed of phosphoethanolamine 
cellulose and amyloid fibers.[36,37] We found that the patterns of 
ridges and wrinkles emerging during biofilm growth on solid 
depend on the nature of the polyelectrolyte used, its molecular 
weight, and the pH of the solution in which it was prepared. 
Macroscopic spatiotemporal characterizations of the biofilms 
were performed to assess the influence of the physicochemical 
properties of the substrates on biofilms morphology. We believe 
that the phenomena discovered in our study can make a signifi-
cant contribution to understanding the adaptability of biological 
tissues and be used in the development of approaches to the 
directed biosynthesis of functional materials. In addition, the 
data shown will help to develop more effective ways to prevent 
biofilm growth in both medical and industrial contexts.

2. Results and Discussion

We used various polyelectrolytes to modify the surface proper-
ties of the nutritive substrate in order to control E. coli AR3110 
biofilm growth. Therefore, we chose several polyelectrolytes, 

namely polyethyleneimine (PEI; weak polycation), poly(sodium 
4-styrenesulphonate) (PSS; strong polyanion), poly(allylamine 
hydrochloride) (PAH; weak polycation), and poly(acrylic acid) 
(PAA; weak polyanion) (Figure S1, Supporting Information). 
We varied the conditions of polyelectrolyte deposition by using 
different molecular weights of the polycations. The molecular 
weight allows affecting the transformation from glassy and rub-
bery states of the polyelectrolyte.[38] Various pH in the polyelec-
trolyte solutions were used for their deposition.

2.1. Polycationic Surfaces Impair Biofilm Spreading and Limit 
Their Growth

Polyelectrolyte solutions used for coating deposition were adjusted 
to pH 7. Detailed insight of biofilm morphogenesis on the various 
polyelectrolyte coatings were obtained by capturing images every 
30 min and gathering them in time-lapse videos (see Videos, Sup-
porting Information). Figure 1a demonstrates the appearance of 
biofilms growing on bare and polyelectrolyte coated agar sub-
strates at various time points. Differences in the speed of biofilm 
spreading and, in their phenotype, depending on the polyelectro-
lyte used could be observed. Daily measurements of projected bio-
film area were plotted as a function of time (Figure 1b).

Figure  1a,b shows that biofilm growth kinetics was similar 
on a bare Luria-Bertani (LB) agar and on PSS- or PAA-coated LB 
agar throughout the entire observation time. They demonstrate 
synchronous growth and the same projected area throughout 
the observation period as well as the same final mass after 
4 days of growth. In contrast, cationic polymers were observed 
to significantly reduce biofilm spreading over the substrate. In 
particular, E. coli biofilms grown on PEI (Mw = 25 000) or PAH 
(Mw = 17 000) covered agar substrate after 4 days of incubation 
had on average a diameter ≈2.5 times smaller than control bio-
films grown on bare agar substrates.

Figure 1. a) Bright-field snapshots of biofilms growing on bare control and polyelectrolyte-covered (PSS, PAA, PEI (Mw 25 000), PAH (Mw 17 000)) agar 
substrates at designated times. b) Biofilm projected area plotted versus incubation time and biofilm mass data (inset): biofilms grown on PAA, PSS 
coatings, and control surface demonstrate the same values of the projected area (p > 0.1) and mass (p = 0.8), whereas PEI and PAH coatings promote 
smaller biofilm area (p < 0.002) throughout the observation period and final mass (p < 2 × 10–5), herewith PEI reduces biofilm spreading more than 
PAH (p < 0.003 for area and p = 8 × 10–4 for mass). c) Derivative plot of biofilm versus time of growth.
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After inoculation, biofilm growth rate on the control as well as 
on polyanion-coated surfaces (PAA and PSS) were higher than 
on polycation-coated surfaces (PEI and PAH). The biofilm pro-
jected area of biofilm growing on a pristine agar surface (as well 
as on PSS and PAA coated) increase by about 30% on the first 
day, and 300% on the second day with a subsequent slowdown 
(Figure 1b). But for biofilms growing on PEI- and PAH-coated 
agar, significantly slower growth rate was observed. On the first 
day, biofilms grew by only 8% and 12%, respectively, whereas 
on the second day by 57% (PEI) and 70% (PAH) (Figure  1b). 
After 4 days of culture, biofilms grown on polycationic surfaces 
occupied less than 20% of control biofilm area (Figure 1b inset). 
Kymograph-like space–time plots showing changes of biofilm 
diameter as a function of time were extracted from time-lapse 
videos (Figure S2a, Supporting Information). The temporal evo-
lution of biofilm diameter was additionally plotted for each type 
of polyelectrolyte coating (Figure S2b, Supporting Information).

Derivative plots were also obtained to better visualize and 
quantify the growth rate (Figure  1c). Biofilms growing on 
positively charged surfaces (PEI- and PAH-coated agar) were 
characterized by a slow growth at an almost constant rate 
(with a small maximum for PEI). Biofilms growing on nega-
tively charged surfaces first grow faster reaching a maximum 
growth rate between 5 and 7 h after inoculation, and subse-
quently slowed down to reach similar growth rates as those 
observed on positively charged surfaces (less pronounced for 
PAA in this experiment) (Figure 1c).

After 4 days of growth, biofilms were removed from the 
nutritive substrates and weighted. The average mass of bio-
films grown on surfaces covered by various polyelectrolytes is 
displayed in the insert in Figure 1b. The biofilms grown on PEI 
and PAH were 2 to 2.5 times lighter than the ones grown on 
the control surfaces, although their area was more than five 
times lower (Figure  1b). In other words, biofilm growing on 
polycation-coated substrates was two times denser than bio-
film growing on bare control or PSS- and PAA-covered surfaces 
(32–33 vs 14–19 mg cm–2) (Figure S3a, Supporting Information). 
Interestingly, PEI and PAH constrained biofilm spatial expan-
sion but did not impair biomass production to the same degree.

It has been reported that polycations exhibit antibacterial 
properties, i.e., interact with and disrupt bacterial cell mem-
branes.[39,40] But PEI and PAH coatings were reported to exhibit 
weak bactericidal activity since they do not contain the qua-
ternary amino groups most toxic to bacteria.[14,41] Indeed, bio-
films inoculated from bacterial suspension in nutritive media 
mixed with polycation solution revealed no bactericide effect 
of polycation. It was evidenced by the fact that biofilms grew 
equally regardless of the nature of the polyelectrolyte when a 
bare agar plate was inoculated with bacterial suspension mixed 
with these polyelectrolyte solutions (Figure S4, Supporting 
Information). Hence, the reason for limited biofilm spreading 
on polycationic surfaces rather lies in interfacial effects than 
in polyelectrolyte toxicity. We assume that biofilm spreading 
is impaired by strong electrostatic attachments, which pre-
vent elongation and division of the bacteria along the plane 
of the solid-air interface.[17,42] A so-called “arrested growth”[43] 
behavior was consistently observed for biofilms forming on 
PEI- and PAH-coated substrates. Concerning surface energy, 
it was reported that surface charging usually improves wetting 

properties[44] without clear correlation between the sign of 
charge and wettability.[12] However, some studies report that 
polyelectrolyte multilayers with terminating polycations tend 
to be more hydrophobic,[45] which also may have an impact in 
our case. Our observations are expected to hold for both nega-
tively charged gram-positive and gram-negative bacteria, which 
were shown to both adhere faster on positively charged surfaces 
compared to negatively charged ones. However, the effects may 
be slightly altered in gram-positive bacteria, which were shown 
to better grow on positive surfaces compared to gram-negative 
bacteria in dynamic conditions.[18] However, it should be noted 
that the shape of the bacterial cell may also play a role in the 
process under investigation, so it is difficult to make unam-
biguous assumption about how polyelectrolyte coatings affect 
the growth of biofilms of bacteria with different cell membrane 
structures without taking into account many other factors. 
Therefore, in this study, we focused on studying the effects on a 
single bacteria type: E. coli AR 3110.

2.2. High-Molecular-Weight Coatings Suppress Biofilm Spreading

Since polyanionic coatings did not significantly affect biofilm 
morphogenesis, we further focused on polycations. PEI of sev-
eral molar weights was used to coat the surface of the nutritive 
LB agar biofilm substrates. Biofilm images were acquired daily 
during the culture period and the projected biofilm area was 
measured and plotted against time (Figure 2). The increase of 
molar weight of the polycations resulted in a decreasing speed 
of biofilm spreading.

In comparison to bare substrates (control), biofilms reached 
50–60% of the control projected area when grown on low mole-
cular weight (Mw  = 1300) PEI-coated substrates, 20–30% on 
medium molecular weight (Mw = 25 000) PEI-coated substrates, 
and only ≈10% on high molecular weight (Mw  = 750 000)  
PEI-coated substrates (Figure 2a).

The ratio of the mass of biofilms grown on PEI coated sub-
strate to the control conditions was 0.7, 0.4, and 0.25 for low, 
medium, and high molecular weight PEI, respectively, (Figure 2a 
inset). Area density, in contrast, increased from 23 to 35 mg cm–2 
upon transition from the surface modified by low weight PEI to 
high weight PEI (Figure S3b, Supporting Information).

Similar to PEI, increasing PAH molecular weight in PAH-
coated LB agar substrates from 17 000 to 65 000 led to a 
decrease of the projected area and the mass of the biofilms 
grown on their surface (Figure  2b and inset) and an increase 
of the area density (30  mg  cm–2 for low molecular weight vs 
40  mg  cm–2 for high molecular weight polymer) (Figure S3c, 
Supporting Information).

This is consistent with the data on the dependence of the 
hydrophobicity of polyelectrolyte coatings on their molecular 
weight. For alkylated PEI derivatives antibacterial activity was 
revealed to depend on the molecular weight of the polymer.[14] 
Low molecular weight polymers were reported to have negli-
gible, if any, antibacterial activity.[14] Indeed, for PEI and PAH, 
each repeat unit of both polycations carries two hydrophobic 
CH groups together with protonatable and potentially hydro-
philic NH groups. Hence, polymer molecular weight increase 
promotes worse wettability.
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2.3. The pH of the Polyelectrolyte Solutions Used to Coat the 
Agar Has a Conditional and Limited Effect on Biofilm Spreading

Branched PEI is known for its buffering capacity. It is a weak 
polycation highly sensitive to pH of surrounding media and 
responding to it by charge and conformational alterations.[46,47] 
We deposited PEI (Mw  =  25 000) from solutions of various 
pH (Figure 3a). This molecular weight was chosen for giving 

a clear effect on biofilm morphology, while leaving the pos-
sibility to observe further limitation of biofilm spreading. 
Indeed, with the more effective Mw =  750 000, further biofilm 
growth limitation induced by pH changes would be difficult to 
quantify due to their size similar to the initial drop of bacteria 
suspension. At all studied pH (3, 5, 7, and 9), biofilm growth 
was much reduced compared with the control experiment on 
bare agar substrate, for which the pH of the aqueous phase in 

Figure 3. Effect of the pH of the polyelectrolyte solutions: a) bright-field images (top) of biofilms grown for 4 days on bare nutritive agar substrate 
and substrate covered by PEI with average Mw = 25 000 and pH 3, 5, 7, and 9; biofilm area versus incubation time (bottom); and biofilm mass data 
after 4 days of incubation (inset); PEI coating applied from solution with pH 7 limits biofilm spreading as well as mass production to the greatest 
degree (p < 6 × 10–4 and p = 1 × 10–5, respectively), whereas areas and masses of biofilms grown at PEI coating applied from solutions with pH 3, 5, 
and 9 are equal (p > 0.01 and p > 0.06, respectively). b) Bright-field images (top) of biofilms grown for 4 days on bare nutritious agar substrate and 
substrate covered by PAH with average Mw = 65 000 and pH 3, 5, 7, and 9; biofilm area versus incubation time (bottom); and biofilm mass data after 
4 days of incubation (inset); PAH coating applied from solution with pH 3 limits biofilm spreading as well as mass production to the greatest degree 
(p < 3 × 10–6 and p = 0.001, respectively), whereas areas and masses of biofilms grown at PAH coatings applied from solutions with pH 5, 7, and 9 
are equal (p > 0.06 and p > 0.8, respectively).

Figure 2. Effect of polyelectrolyte molecular weight: a) bright-field images (top) of biofilms grown for 4 days on bare nutritive agar substrate and 
substrate covered by PEI with average Mw = 1300, average Mw = 25 000, and average Mw = 750 000; biofilm projected area versus incubation time 
(bottom), inset demonstrates biofilm mass data after 4 days of growth; the area and mass of a biofilm grown on PEI coating with medium molecular 
weight is less than on low molecular weight (p < 3 × 10–4 and p < 2 × 10–5, respectively) and more than on high molecular weight coating (p < 7 × 10–7 
and p < 5 × 10–5, respectively). b) Bright-field images (top) of biofilms grown for 4 days on bare nutritious agar substrate and substrate covered by PAH 
with average Mw = 17 000, average Mw = 65 000; biofilm projected area versus incubation time (bottom), inset demonstrates biofilm mass data after  
4 days of growth; the area and mass of a biofilm grown on high molecular weight PAH coating is less than on low molecular weight coating (p < 2 × 10–7 
and p < 0.002, respectively).
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the hydrogel was estimated between 7 and 8 using pH paper.  
Surprisingly, the effect was particularly pronounced on the sub-
strate coated with a neutral PEI solution of pH 7. In this case, 
the projected area of the biofilms on the fourth day was 2 to 
2.5 times smaller and their mass was ≈20% lower compared to 
the biofilms obtained with all the other tested pH. Moreover, 
the area density of biofilms grown on PEI coatings was max-
imum at pH 7 (34 vs 25–30  mg  cm–2 for other studied pH) 
(Figure S3d, Supporting Information). Here, we can also note 
that depositing a drop of basic or acidic solution (without poly-
electrolyte) on the agar surface prior to inoculation did not affect 
further biofilm growth and spreading (Figure S5, Supporting 
Information).

We believe that the observed phenomenon can be explained 
by the non-monotonicity of changes in the properties of PEI as 
a function of pH. A freshly prepared solution of PEI in 0.5 m 
NaCl has a pH 9. The polymer charge increases with decreasing 
pH. Due to PEI protonation, the surface coated at pH 7 carries 
a more positive net charge in comparison to the surface coated 
at pH 9, and thus is more favorable to the adhesion of nega-
tively charged bacteria. As a result, biofilm spreading on the 
surface coated at pH 7 is limited to a greater extent. With fur-
ther protonation, the protonability of amine groups decreases 
due to electrostatic repulsion of protons from already proto-
nated amine groups.[48] As a result, more protons and chloride 
ions are found in solution as HCl is added to reach lower pH 
values. Eventually, chloride ions screen the positive charges of 
protonated amines, which leads to a decrease of the positive net 
charge. Therefore, agar substrates coated with PEI at pH 3 and 
5 are expected to present lower positive net charges compared 
to pH 7 and thereby weaker electrostatic interactions with bac-
teria. Consistently, a better spreading of biofilm over these sur-
faces coated at pH 3 and 5 was observed in comparison to pH 7.

PAH is another weak polyelectrolyte with a pKa from 8.5 to 
9 and has buffering capacity.[49,50] Low molecular weight PAH 
(Mw  = 17 000) demonstrated ambiguous data on pH-depend-
ence (Figure S6, Supporting Information). However, for high 
molecular weight PAH (Mw  = 65 000), biofilm spreading was 
impaired to the greatest degree on a surface coated with a PAH 
solution of pH 3. On such an acidic surface, the biofilm spread 
over approximately one-third of the projected area and weighted 
approximately half of the mass compared to biofilms growing 
on surfaces modified with PAH from solutions with less acidic 
pH (from 5 to 9) (Figure  3b). On PAH coatings, the largest 
value of biofilm area density was obtained at pH 3 (54 mg cm2 
vs 40 for pH 5–9) (Figure S3e, Supporting Information). Thus, 
we found that the polycations that inhibit the spreading of bio-
films also presented a pH-dependent effect on biofilm growth.

Decreasing the pH of PAH solution gradually increases the 
degree of PAH molecule protonation. Unlike branched PEI, 
protonated amino groups of the PAH are not located in the 
backbone and are thus more accessible to protonation. There-
fore, protonation is accompanied by a monotonous increase of 
polymer molecule positive charge and gradual conformational 
transition from coiled to extended. As a result, the hydropho-
bicity and the charge of surfaces coated by PAH increase as the 
pH decreases.

Polyanions did not exhibit such an effect and biofilms 
grown on surfaces modified with PAA and PSS were similar 

to control samples. To reveal pH dependence of polyanion 
coatings, solutions of weak polyanion–polyacrylic acid (PAA, 
pKa = 4.5–6.5[51,52]) with various pH were prepared and used to 
coat agar substrates where biofilms were grown. When the car-
boxyl groups are protonated, the polymer is overall hydrophobic. 
On the other hand, when deprotonated, the surface is expected 
to be less hydrophobic. Hence, PAA-coated agar is expected to 
be more hydrophobic in comparison with a less protonated and 
more negatively charged PAA surface at higher pH. In contrast 
to this assumption, we did not observe any influence of PAA 
coating pH on biofilm spreading (Figure S7, Supporting Infor-
mation). Apparently, the charge effect prevails over the wetta-
bility of the surface on which the biofilm grows. As long as the 
surface charge remains negative, the biofilm hydrophobicity 
does not constitute a major obstacle to biofilm growth.

2.4. Polyelectrolyte Coating Affects Biofilm Wrinkling Patterns

Mechanical and adhesive properties of the biofilms were 
shown to determine their morphology.[53] The different bio-
film sizes and shapes obtained on the different types of poly-
electrolyte coatings may thus provide insights into the biofilm 
properties involved in the effects observed and thereby provide 
new hints on how to control them. After inoculation of bare 
agar substrates, E. coli AR3110 expanded and formed circular 
biofilms with disordered wrinkling patterns in the center and 
radial folds on the outside. Biofilms grown on PSS or PAA 
coated substrates were also characterized by more disorgan-
ized patterns in the core and radial wrinkles emerging at 
the periphery (Figure 4a,b). In contrast, biofilms grown on 
PEI- and PAH-coated substrates developed a more compact 
morphology characterized by very dense networks of poorly 
organized wrinkles (Figure 4a,c). It was reported that periodical 
radial wrinkles developing in biofilms originate from tangen-
tial compressive stresses that accumulate during growth and 
cannot be released otherwise, while radial stresses are released 
by biofilm expansion.[53] These conclusions are in line with our 
observation that the wrinkling patterns obtained on various 
surfaces vary from periodic radial folds with low density (on 
bare substrates, PSS and PAA) to very dense and disordered 
folding patterns (on PEI and PAH). This qualitative observa-
tion is supported by the calculation of the biofilm area density 
(biofilm mass/biofilm projected area), which appears to vary 
accordingly from ≈20  mg  cm–2 in control conditions or on 
polyanionic surfaces to values greater than 40 mg cm–2 on poly-
cationic surfaces (Figure S8, Supporting Information, inset). 
It highlights that despite a lower mass, biofilms subjected to 
constrained spreading on polycationic coatings have a higher 
area density compared to control surfaces and polyanionic 
coatings. This observation indicates that the interfacial inter-
actions with the substrate affect the biofilm lateral spreading 
in a greater extent than biomass production. The mechanism 
of radial stress relaxation through biofilm expansion along the 
surface[53] is thus less effective in cases of confined spreading 
like on polycationic surfaces, so that compressive stresses are 
expected to build up in both radial and circumferential direc-
tions and lead to the observed disordered and dense wrinkling 
pattern (Figure 4a,c).
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To better understand the link between biofilm morphology 
and the properties of the underlying surface, we plotted each 
biofilm mass as a function of their projected area for all the 
conditions tested (Figure 4d). Two data clusters are clearly sepa-
rated by a gap at areas between 100 and 150 mm2: one corre-
sponds to biofilm confined spreading on polycationic coatings 
and the other corresponds to biofilm expanded spreading on 
bare agar substrates or polyanionic coatings. Biofilms grown 
on PEI coatings with Mw 25 000 and pH 3, 5, and 9 were 
found to have no statistically significant differences in area 
and mass (p  >  0.01) and, therefore, were combined into one 
group. Similarly, we combined the data for biofilms grown 
on PAH coatings with Mw 17 000 and separately for biofilms 
grown on PAH with Mw 65 000 and pH 5, 7, and 9. Data for 
PSS, PAA, and control were also combined following the 
same criterion. In Figure S8 (Supporting Information) one 
can see that the data are divided into a larger number of clus-
ters with varying degrees of positive correlation within each 
of them. Figure S8 (Supporting Information) shows that the 
clusters corresponding to biofilms grown on PAH Mw 65 000  
(pH 5, 7, and 9) and PEI Mw 25 000 (pH 7) overlap significantly 
and have similar values of density but different phenotypes: 
disordered wrinkled cores and radial wrinkled shells on PEI 
and completely disordered wrinkling on PAH (Figure 3). Simi-
larly, clusters formed by biofilms of different phenotypes grown 
on PAH Mw 17 000 and PEI Mw 25 000 (pH 3, 5, and 9) also 
intersect. Thus, the effect of polyelectrolyte coatings on biofilm 
3D architecture is not limited to creating obstacles to lateral 
spreading on the surfaces but has a more complex nature, 
which is still unclear. In that context, it will be worthwhile to 

explore further how the polyelectrolyte coating affect biofilm 
composition and if polyelectrolytes from the coating interact 
with biofilm matrix components. The simple experimental pro-
tocol for systematic studies of the effect of polyelectrolyte coat-
ings on biofilm growth established in this work will be the ideal 
tool to address this new question with various bacteria types, 
shapes, and matrices, in a near future.

3. Conclusion

E. coli AR3110 biofilms were grown on polyelectrolyte-coated 
agar substrates. Polyelectrolyte coating is a convenient 
approach to modify surface charge and energy to influence 
biofilm formation at solid–air interfaces in static conditions. 
It was demonstrated that polycationic surfaces impair biofilm 
spreading on their substrate. It was also surprisingly observed 
that polycation coatings, which are considered to be antibacte-
rial, lead to the formation of denser biofilms. Increasing the 
molecular weight of the polycations used to coat the substrate 
impairs biofilm spreading even more. For weak polyelectrolyte 
coatings, pH dependence of biofilm spreading over such coat-
ings revealed that more protonated surfaces prevent biofilm 
spreading to larger extent thus confirming the role of charges. 
In addition, it was shown that polyelectrolyte coating influences 
both the area of spreading and (to a smaller extent) the amount 
of produced biomass, thereby influencing the 3D architecture 
of biofilm growing on a particular substrate. We, thus, demon-
strated that biofilm spreading can be confined or extended by 
modifying the substrate with common polyelectrolytes.

Figure 4. a) Bright-field images of biofilms grown for 4 days on a bare nutritive agar substrate PSS-, PAA-, PEI-, and PAH-coated substrates; b,c) X-ray 
microtomographies of biofilms grown on b) a bare agar substrate and c) a PEI-coated agar substrate; d) scatter diagram of mass and area for biofilms 
growing on substrates coated by various polyelectrolytes of different molecular weight and pH.
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4. Experimental Section
Chemicals: Branched PEI (Mw  =  1300, Mw  =  25 000, and 

Mw = 750 000), PAH (Mw = 17 000, Mw = 65 000), PSS (Mw = 1 000 000), 
and PAA (Mv  =  450 000) were purchased from Sigma-Aldrich. LB 
(Luria/Miller) nutrient media from Roth was used to obtain a bacterial 
suspension. Microcolonies were grown on LB agar (Luria/Miller) from 
Roth. The biofilms were grown on 15  cm diameter plates of NaCl-free 
LB agar containing 10 g L–1 tryptone from casein, 1.25 g L–1 yeast extract, 
and 18 g L–1 bacteriologic agar (all from Roth).

Substrate Preparation: NaCl-free LB agar solutions were prepared from 
the ingredients listed above and autoclaved. The solutions were then 
kept warm in a water bath at 55 °C for 1 h before pouring 100 mL per 
15 cm petri dish. After solidification of the agar, the plates were sealed 
with parafilm and kept upside down for 2 days at room temperature. 
Several 2 mg mL–1 solutions of polyelectrolytes were prepared in 0.5 m  
NaCl. The pH of each solution was adjusted to the desired values 
by dropping NaOH and HCl. Further, polyelectrolyte solutions with 
adjusted pH were sterilized using filtration and UV irradiation. The 
surface of each large NaCl-free LB agar plate was virtually divided into 
nine sections. One of the sections was not coated with polyelectrolytes. 
Having such a control in each plate enables to account for the interplate 
variability of biofilm phenotypes caused by parameters not considered 
in the experiment (e.g., humidity in the laboratory). On each of the eight 
remaining sections, 50 µL of the corresponding polyelectrolyte solution 
was deposited with a pipette and allowed to spontaneously spread over 
the surface. The polyelectrolyte films obtained on the agar surface were 
finally left to dry for 30–40 min without the lid of the plate.

Biofilm Culture: E. coli AR3110 bacteria (kindly provided by the 
Microbiology Lab of the Humboldt University, Berlin, Germany)  
were used. Bacterial suspension was routinely obtained by growing 
single microcolonies overnight in liquid LB medium. Each section of 
the polyelectrolyte coated NaCl-free LB agar plates (including control) 
were inoculated with 5 µL of bacterial suspension as a single round drop 
(without bubbles). After the inoculation drop had dried on the surface of  
the agar, the plates were closed, sealed with parafilm, turned upside 
down, and incubated at 28  °C for up to 4 days. All these steps were 
performed under a sterile laminar flow.

Biofilm Characterization: Once a day, each inoculated plate was 
imaged with a regular scanner. The biofilm images were analyzed 
using ImageJ[54] to quantify biofilm growth by measuring the projected 
biofilm area as a function of culture time. For detailed macroscopic 
spatiotemporal characterizations of biofilm geometry, a separate 
series of growth experiments was carried out in a specially designed 
transparent incubator installed on the stage of a stereomicroscope 
(Zeiss AxioZoom.V16). Each of the nine biofilms growing on the same 
plate was imaged separately every 30 min for 4 days. The images of 
each biofilm were then combined to produce time-lapse videos. Part 
of the biofilms was scanned with an X-ray microtomography scanner 
(EasyTom, RX Solutions), provided with a micro-focus tube (XRay150, 
RX-Solutions). Image stacks were reconstructed in the X-ACT software 
(RX-Solutions). For visualization, slice conjunction and 3D rendering 
were performed in Amira (Version 6.5, FEI). After 4 days of growth, each 
biofilm was removed from the nutritive substrate, placed in a separate 
tube, and weighted. The obtained mass values were averaged and 
presented with their standard deviation.

Statistics: Between 10 and 15 experiments were carried out in each 
of the conditions studied. The data are presented as mean values with 
standard deviations. The null hypothesis regarding the equivalence of 
data obtained under different experimental conditions was tested using 
one-way analysis of variance. Differences in experimental data with 
p < 0.01 were considered to be statistically significant.
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