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A B S T R A C T   

A polymicrobial biofilm model of Komagataeibacter hansenii and Pseudomonas aeruginosa was developed to un-
derstand whether a pre-existing matrix affects the ability of another species to build a biofilm. P. aeruginosa was 
inoculated onto the preformed K. hansenii biofilm consisting of a cellulose matrix. P. aeruginosa PAO1 colonized 
and infiltrated the K. hansenii bacterial cellulose biofilm (BC), as indicated by the presence of cells at 19 μm depth 
in the translucent hydrogel matrix. Bacterial cell density increased along the imaged depth of the biofilm (17-19 
μm). On day 5, the average bacterial count across sections was 67 ± 4 % P. aeruginosa PAO1 and 33 ± 6 % 
K. hansenii. Biophysical characterization of the biofilm indicated that colonization by P. aeruginosa modified the 
biophysical properties of the BC matrix, which inlcuded increased density, heterogeneity, degradation temper-
ature and thermal stability, and reduced crystallinity, swelling ability and moisture content. This further in-
dicates colonization of the biofilm by P. aeruginosa. While eDNA fibres - a key viscoelastic component of 
P. aeruginosa biofilm - were present on the surface of the co-cultured biofilm on day 1, their abundance decreased 
over time, and by day 5, no eDNA was observed, either on the surface or within the matrix. P. aeruginosa- 
colonized biofilm devoid of eDNA retained its mechanical properties. The observations demonstrate that a pre- 
existing biofilm scaffold of K. hansenii inhibits P. aeruginosa PAO1 eDNA production and suggest that eDNA 
production is a response by P. aeruginosa to the viscoelastic properties of its environment.   

1. Introduction 

Biofilms are an adaptation enabling microbial survival under a broad 
range of environmental conditions [1,2], an important mode of micro-
bial life that play vital structural and functional roles [3,4]. Microbes 
achieve the formation of biofilm by secreting exopolymers that promote 
phase separation and the establishment of a physically distinct habitat 
for cells, that is the extracellular matrix [5]. This provides the microbes 
with a defense mechanism, where cells are encased within extracellular 

polymeric substance (EPS) thereby enabling adhesion to surfaces, 
nutrient sequestration, increased persistence, passaging of signaling 
molecules and other virulence factors, genetic exchange, creation of 
microenvironments, increased mechanical stability, and antimicrobial 
tolerance [6,7]. Numerous aspects of biofilms, including quorum 
sensing, growth mechanisms, virulence, extracellular polymers and 
matrix building, have been studied extensively in single species systems 
(e.g., Pseudomonas aeruginosa) [8]. However, in clinical and environ-
mental systems, bacteria rarely exist in pure cultures. Instead, 
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polymicrobial communities predominate, where a range of relationships 
can exist between constituent populations [9,10]. 

The effects of community interactions within biofilms vary widely, 
from enhancing growth and survival of some, to inhibiting growth or 
killing another. Pseudomonads are present in many ecological settings. 
While P. aeruginosa has been shown to have an antagonistic relationship 
with some species, such as filamentous Candida albicans, which it attacks 
and kills, it neither attaches to nor kills others like yeast-form cells [11]. 
Competitive interactions can occur in community biofilms, due to 
overlapping metabolic preferences. Co-operative interactions are also 
possible which can contribute to enhanced biomass and biopolymer 
production [12,13]. Biofilms provide a matrix for localized interactions 
between species. Our understanding of polymicrobial EPS composition, 
its functional role, structural organization, ultimately how different 
microbes collectively regulate production and interact with EPS com-
ponents within biofilm, is limited. Understanding the ecological roles 
and relationships between microbial populations in community biofilms 
is important to develop novel strategies to control biofilm formation. 

In this study, two well-known biofilm formers K. hansenii and 
P. aeruginosa PAO1 were used. Studies on co-culturing of BC-producing 
strains with other microorganisms are scarce. P. aeruginosa is a well- 
characterized model microorganism for studying biofilm formation 
and is commonly used to address questions about biofilm biology and 
ecology in general. It is actively motile in a wide-range of growth tem-
peratures (25-42 ◦C), pH (5.6–9) and has simple nutritional re-
quirements [14]. It is also well understood in terms of matrix 
composition having several polysaccharides in matrix formation (i.e., 
alginate, Pel and Psl) as well as proteins (CdrA, type iV fimbriae, func-
tional amyloids), eDNA [15] and eRNA [16] as foundation structural 
polymers in its biofilms. 

eDNA was first observed in biofilms around twenty years ago [17]. 
Recently, attention has been diverted to the mechanism of eDNA as-
sembly in the matrix and its formation. Some researchers indicate that it 
results from programmed lytic explosion of cells, others that it is the 
unplanned consequence of cell lysis [18]. A third explanation is that it is 
coordinated by quorum sensing [15]. Following release, it assembles 
into a 3-D cross-linked network that contributes to the foundation 
structure of Pseudomonas biofilm matrices. Turnbull et al., 2016, illus-
trated that coordinated explosive cell lysis occurred with a specific 
subpopulation of P. aeruginosa resulting in eDNA release and matrix 
assembly [18]. Furthermore, DNase has been shown to be effective at 
inhibiting biofilm formation at early stages of growth, but has no sig-
nificant effects on established biofilms. This is likely due to the effect of 
protective interactions within the biofilm matrix [17,19], for example, 
resulting from crosslinking of eDNA by the cationic exopolysaccharide 
Pel [20], the formation of G-quadreplex eDNA structures [21], shielding 
of the eDNA from enzymatic actions [19] through the transition from B- 
to Z-form DNA [22], or hybrid formation with eRNA in the matrix [16]. 
However, what triggers the transition of supercoiled chromosomal DNA 
to viscoelastic and networked eDNA is not understood, including 
whether it is an active or deliberate strategy by the bacteria to assemble 
a biofilm matrix. We therefore sought to address this question, and 
specifically whether eDNA production by P. aeruginosa still occurs under 
conditions when a foundational matrix sub-structure is not required, 
such as when it colonizes another biofilm. 

Bacterial cellulose (BC) produced by Komagataeibacter spp. (formerly 
Gluconacetobacter) was used as primary scaffold due to its unique 
characteristics such as nanofibrous, porous, crystalline matrix making it 
stand out over cellulose from other sources [23]. To the authors best 
knowledge, there are no studies reporting the presence of eDNA as key 
structural material in K. hansenii biofilms and thus an ideal model to 
investigate the research hypothesis. Using BC as a model preformed 
matrix allows an assessment of whether eDNA is a passive mechanism or 
an active response to the need for a biofilm matrix structure. Further-
more, this study demonstrates the value of the Komagataeibacter spp. and 
P. aeruginosa community biofilms as a tool to study interactions between 

microbial colonies, with regards to spatial distribution, biofilm inte-
gration and formation of biofilm components. 

2. Materials and methods 

2.1. Microorganisms and culture media 

Pseudomonas aeruginosa PAO1 and Komagataeibacter hansenii (ATCC 
53582) strains were used as matrix builders. Pseudomonas strain was 
cultured in standard LB medium (Thermo Fisher Scientific). To culture 
Komagataeibacter, standard Hestrin-Schramm (HS) medium containing 
2 % glucose, 0.5 % bacterial peptone, 0.5 % yeast extract, 0.27 % sodium 
phosphate dibasic and 0.115 % citric acid with pH 5.5 was used [23]. 
Respective medium was inoculated with a loopful of growing stock 
culture and the culture was grown on a rotary shaker (200 rpm) at 
suitable conditions overnight. 

2.1.1. Production of BC 
Sterile HS medium in a 6-well plate was inoculated with 5 % (v/v) 

K. hansenii overnight culture. The inoculated plates were incubated at 26 
± 1 ◦C in stationary condition for 5 days to allow for BC biofilm matrix 
production. 

2.1.2. Media compatibility for co-culturing 
K. hansenii and P. aeruginosa overnight-grown cultures (diluted to 0.1 

OD at 600 nm) were inoculated into LB, HS and LB + HS (1:1) media at 5 
% (v/v) inoculum. Cell density was measured every 15 min at 600 nm 
(Tecan microplate reader) for 15 h to check the growth pattern and 
medium compatibility. 

2.1.3. Co-culture conditions 
Co-culturing was performed in two ways by introducing overnight 

grown cultures or preformed BC matrix. In the first method, K. hansenii 
and P. aeruginosa were co-cultured in HS medium at various ratios (1:1 
to 10:1). Higher K. hansenii inoculum was used due to its longer doubling 
time (8–10 h) compared to P. aeruginosa (30–50 min). In the second 
method, P. aeruginosa was co-cultured with 5-day BC biofilm matrix 
(pellicle) produced by K. hansenii. The co-cultures were incubated at 
26 ◦C for 5 days at stationary condition. K. hansenii monoculture served 
as control along with the resulted BC for further characterization. 
Control BC and co-culture biofilm in HS at 26 ◦C and P. aeruginosa 
monoculture biofilm in LB media at 37 ◦C were produced. 

2.1.4. Purification 
Two sets of co-cultured biofilms were harvested by removing them 

from the liquid-air interface. One set of biofilms were treated with 1 % 
NaOH for 15 min to remove cells and other media impurities embedded 
in the biofilm and rinsed thoroughly with water until a neutral pH was 
attained in the drained water. The other set of biofilms were left un-
treated to investigate the effect of co-culture and integration of biofilms. 
The biofilms were freeze-dried and stored in a desiccator for further 
analyses. 

2.2. Characterization of co-cultured biofilm 

The surface morphology and structural integration of co-cultured 
biofilm was imaged by field emission scanning electron microscope 
(JEOL, JSM-6700 F). The scanning electron microscope was operating at 
an accelerating voltage of 1.5 V. The freeze-dried biofilm samples were 
mounted on stubs by sticking with double sided carbon tape, sputter 
coated with platinum for 70 s at 20 mA current in vacuum condition. 
The coated samples were used for imaging at different magnifications as 
required. 

The change in the crystallinity of co-cultured biofilms were deter-
mined by X-ray diffraction (XRD) using Bruker portable X-ray diffrac-
tometer (Rigaku) with Cu tube radiation generated at 30 kV voltage and 
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10 mA current. The freeze-dried biofilms were pressed and mounted 
onto a quartz sample holder. The data were generated in reflection mode 
and collected in the 2θ range of 5–70◦ with a step size of 0.026◦. Ther-
mogravimetric analyzer (TGA Q50, TA Instruments) was employed to 
measure the amount and rate of change in weight of the co-culture 
biofilms, either as a function of increasing temperature or time, in a 
controlled atmosphere. The sample (2–5 mg) was kept in an alumina 
crucible, heated in the furnace, and flushed with N2 gas at the rate of 40 
ml/min, from 30 to 800 ◦C, at the rate of 10 ◦C/min [24]. The per-
centage weight loss was plotted against temperature. Result was 
analyzed using TA Universal 2000 software. Swelling ability and mois-
ture content were determined by immersing freeze dried co-cultured 
biofilms in 8 ml water at room temperature for 4 h. The initial and 
swollen film weights were used to calculate swelling ratio, swelling 
percentage, and moisture content. Rheological measurement was con-
ducted using Haake Mars rheometer (Thermo Fisher Scientific). Parallel 
plate geometry with plate diameter of 15 mm was used. Gap was set at 
1.5 mm and strain percentage was set to 1 %. Steady shear tests were 
conducted between 1 and 100 Hz in frequency sweeps. Three replicate 
scans were observed, wherein storage modulus (G′), loss modulus (G″) 
were recorded. The viscoelasticity (tan δ) was calculated using G”/G’. 
The changes in the viscoelastic properties of co-cultured biofilms were 
analyzed [21]. 

FTIR spectra of co-cultured biofilms were obtained by using ATR 
spectrophotometer (PerkinElmer). All measurements were carried out at 
room temperature in anhydrous conditions with air as the background. 
For each sample, 32 scans at a 4 cm− 1 resolution were collected in the 
range of 4000–450 cm− 1. 

Confocal laser scanning microscope (Zeiss LSM 710 META) system 
was used to image co-cultured biofilms with a 20x objective lens. To 
examine the extent of P. aeruginosa PAO1 infiltration into BC matrix, the 
spatial distribution of microbes and EPS/eDNA development, was 
assessed. For this experiment P. aeruginosa and K. hansenii cultures 
tagged with YFP and RFP respectively were used. SYTOTM9, propidium 
iodide stains for live dead microbial assay (viability and distribution of 
microbial cells) and TOTOTM-1 (Green) extracellular nucleic acid stain 
(eDNA staining and average microbial ratio count) were used for im-
aging the co-cultured biofilms. The dyes were excited by Argon ion laser 
at wavelengths recommended by the manufacturers. 

Tensile strength (TS) and percent elongation (%E) at break of BC 
control and cocultured biofilms (press and freeze dried) were measured 
as per ASTM D 882/1995 using Instron 5567 electromechanical tester 
with 50 N load cell and tensile extension of 3 mm/min. TS was calcu-
lated by dividing the maximum load for breaking the film by cross- 
sectional area and %E by dividing film elongation at rupture to initial 
gauge length at an ambient temperature (25 ± 2 ◦C). The reported 
values are average of 8*3 measurements. 

The significant difference between BC control and co-cultured BC 
matrix grown with P. aeruginosa [BC(PA01)] was evaluated by Student’s 
t-test (<0.05) in OriginPro V2022b software. 

3. Results 

3.1. Pseudomonas aeruginosa PAO1 cells colonize the surface and the 
interior of Komagataeibacter hansenii biofilm 

The growth and penetration of P. aeruginosa PAO1 into the BC matrix 
was demonstrated through surface morphology analysis following co- 
culturing of K. hansenii with P. aeruginosa PAO1 in HS medium. HS 
medium is the optimized medium for K. hansenii to grow and produce BC 
pellicles [25], while LB has been demonstrated as a medium for 
P. aeruginosa pellicle growth. Culturing K. hansenii in LB showed no 
observable growth (Fig. S1A), while culturing P. aeruginosa in HS me-
dium under conditions optimum for K. hansenii (pH 5 at 26 ◦C) revealed 
growth (Fig. S1B). Co-culturing of K. hansenii and P. aeruginosa PAO1 in 
HS, resulted in no BC matrix production (BC pellicle formation at the 

air-liquid interface, Fig. S2) when inoculated with ratios of 1:1 to 10:1 
[23,26]. Thus, inoculation of P. aeruginosa with pre-cultured biofilms of 
K. hansenii were subsequently used to study the effect of pre-existing 
matrix on eDNA by P. aeruginosa. 

Untreated BC harvested from monocluture shows uniform distribu-
tion of K. hansenii in its native matrix (Fig. 1A). Similarly, in the hybrid 
BC matrix BC(PAO1) resulting from the co-culturing of BC with 
P. aeruginosa, bacterial cells are uniformly distributed across the surface 
of the biofilm (Fig. 1B). The lower resolution of Fig. 1b compared to 
Fig. 1a could indicate the deposition of EPS on BC fibers and bacterial 
cells. 

Washing the BC and BC(PAO1) biofilms removed bacterial cells 
without affecting matrix integration (Fig. 2). K. hansenii monoculture 
biofilms consisting of BC (referred to as BC control), contained randomly 
arranged, nano-porous, nano-fibrous network structures (Fig. 2a). 
Following inoculation with P. aeruginosa BC(PAO1), these nanopores 
were occupied, at least superficially, by an additional material that is 
suspected to be P. aeruginosa matrix (Fig. 2b), which provides evidence 
of integration of P. aeruginosa biofilm (EPS) into the BC matrix. 

3.2. Physicochemical changes to the matrix upon co-culturing indicate 
colonization of K. hansenii biofilm by P. aeruginosa 

BC matrix is highly crystalline in nature. In our study, integration of 
P. aeruginosa PAO1 biofilm to the BC matrix changes the degree of 
crystallinity. Understanding crystallinity is significant as it affects the 
physical properties such as storage modulus, permeability, density and 
melting temperature. The X-ray diffraction (XRD) results of BC control 
and BC(PAO1) show typical diffraction peaks (2θ) at 14.75◦, 16.41◦ and 
22.75◦, assigned to the cellulose-I crystalline form [27] indicating high 
crystallinity (Fig. 3). However, the decrease in peak intensity at 2θ =
14.75◦ for BC(PAO1) suggests that the crystallinity of the co-cultured 
biofilms is lower compared to the BC control (Fig. 3A). Interestingly, 
without NaOH treatment, no significant changes were observed for BC 
and BC(PAO1) which may be attributed to the presence of media com-
ponents, bacterial cells, and metabolites (Fig. 3B). 

To understand the thermal decomposition behavior of BC control 
and co-cultured BC(PAO1), thermogravimetric analysis (TGA) was 
performed. TGA provides understanding of weight changes on heating 
and the phase changes due to decomposition and oxidation. The thermal 
decomposition behaviors depend on, for example, heating rate, mass 
and sample geometry. The TGA curve is obtained by plotting percent 
weight loss against temperature. The maximum weight loss observed in 
NaOH-treated and untreated BC control was 99 and 92 %, respectively 
(Fig. 4A & C). Interestingly, for BC(PAO1) the weight loss was only up to 
70 % (Table 1). The differential thermal gravity (DTG) shows that the 
endothermic peaks are attenuated following PAO1 colonization, as 
indicated for the NaOH-treated BC and BC(PAO1) samples by an 
attenuation of the 337 ◦C degradation peak (Fig. 4B), and for the un-
treated samples at 308 ◦C (Fig. 4D). 

BC is well-known for its unique water retaining characteristic due to 
nanofibrous, highly porous, 3D structure. It is evident from the SEM 
images that EPS integration has affected the porosity of the BC matrix. 
To support this information, swelling ratio and moisture content of the 
co-cultured biofilms and BC control were recorded (Table 2). There is 
significant reduction in swelling ratio and moisture content of BC(PAO1) 
compared to BC control, as expected. 

3.3. P. aeruginosa PAO1 produces EPS within scaffold that interacts with 
cellulose 

Attenuated total reflectance (ATR) spectral analysis was performed 
to determine the extent to which the composition of the biofilm matrix 
was modified by co-culturing. The ATR spectra of BC control and co- 
cultured BC(PAO1) biofilms, with and without NaOH treatment are 
shown in Fig. 5. All biofilms exhibited characteristic cellulose vibration 
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peaks. In the co-cultured biofilms, there was reduction in peak in-
tensities at 2900, 1500 to 899 cm− 1 that are characteristic of amorphous 
cellulose. The peak at 1643 cm− 1 indicates water bound O–H groups of 
cellulose [28]. The broad bands between 3650 and 3000 cm− 1 corre-
spond to O–H stretching vibrations which was related to hydrogen 
bonding in the cellulose network. The broadened absorption peak near 
3400 cm− 1 belongs to O–H groups and water [29]. Attenuation of these 
bands in the co-cultured biofilms, suggests that EPS secreted following 
PAO1 colonization have formed H-bonds with the cellulose O–H groups, 
thereby aggregating the cellulose microfibrils [30]. The absence of sig-
nificant 1240, 1075 cm− 1 PO2 stretching DNA peaks indicate a low 
concentration of eDNA in the co-cultured biofilm compared to cellulose 
[31]. 

3.4. eDNA is not expressed by P. aeruginosa in or on the K. hansenii 
biofilm following onset of colonization 

Confocal microscopy analyses of 19 μm thick Z-stack of BC(PAO1) 
show that both populations are present throughout the BC biofilm 
(Fig. 6A). P. aeruginosa can infiltrate the BC matrix following inocula-
tion, as indicated by the even distribution of P. aeruginosa (YFP-tagged, 
green) and K. hansenii (RFP-tagged, red) cells throughout the BC matrix 
on day 4 (Fig. 6A). While TOTO-1-stained P. aeruginosa PAO1 biofilm 
(Fig. 6B) showed eDNA streaks throughout, no traces of eDNA were 
observed within the folds of cellulose fibres of K. hansenii BC biofilm 
(Fig. 6C). The low intensity fluorescent signals from TOTO-1 persist in 
K. hansenii biofilms even after DNaseI treatment, which indicates that 
the signal arises due to autofluorescence of cellulose fibres and eDNA is 
not present in K. hansenii (Fig. S5). The fluorescence property of cellu-
lose in the range of 550 nm is attributed to glycosidic bonds between the 

Fig. 1. Scanning Electron Microscopy (SEM) images of biofilms visualized with 2K (A&B, Scale – 10 μm) and 5K (a&b, Scale – 10 μm) magnification for (A, a) BC 
from K. hansenii and (B, b) BC co-cultured with P. aeruginosa PAO1. Black arrow indicates EPS deposition on BC fibers and bacterial cells. 

Fig. 2. SEM images of biofilms treated with NaOH at 12K (Scale – 1 μm) magnification. (a) BC control from K. hansenii monoculture (b) BC co-cultured with P. 
aeruginosa PAO1. 
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glucose molecules [32]. Images of co-cultured biofilm on day 5 stained 
with SYTO 9 and propidium iodide were taken at 4, 9 and 17 μm 
thickness (same location). This showed a higher distribution of SYTO 
9-stained green viable bacterial cells throughout the matrix compared to 
dead cells (red). There was higher distribution of cells at the top (close to 

surface at 4 μm slice) (Fig. 6D) and a sparse distribution in the 
in-between section of 9 μm slice (Fig. 6E). Bacterial cell concentrations is 
increased significantly with depth 17 μm (Fig. 6F) of the BC matrix up to 
the imaging limit (17-19 μm). 

Confocal images were taken at different timepoints stained with 

Fig. 3. XRD patterns of biofilms - BC from K. hansenii, BC co-cultured with P. aeruginosa PAO1, n = 3. (A) with NaOH and (B) without NaOH treatment.  

Fig. 4. TGA and DTG thermograms of biofilms - BC from K. hansenii, BC co-cultured with P. PAO1, n = 3. TGA thermograms of the biofilms (A) with and (C) without 
NaOH treatment and DTG thermograms of the the biofilms (B) with and (D) without NaOH treament. 

Table 1 
Thermal Properties of biofilms with and (without) NaOH treatment (n = 3; Decomposition Wt% - t statistic = 23.06, DF = 1, p = 0.027; Max. Wt% loss - t statistic =
11.13, DF = 1, p = 0.049). At 0.05 confidence interval, thermal properties of BC(PAO1) is significantly different from BC control.  

Sample Decomposition (Tmax) Maximum loss 

Wt (%) Temp (◦C) Wt (%) Temp (◦C) 

BC 90.69 ± 2.07 (67.04 ± 4.13) 355.77 ± 30.18 (345.95 ± 15.34) 98.91 ± 2.12 (91.47 ± 3.75) 500.02 ± 32.97 (638.47 ± 31.42) 
BC(PAO1) 55.35 ± 3.86 (50.58 ± 2.84) 329.4 ± 24.88 (339.85 ± 29.02) 66.27 ± 3.10 (68.87 ± 5.28) 497.85 ± 20.16 (652.11 ± 41.09) 

*Number in Parentheses represents thermal stability of biofilms without NaOH treatment. 
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TOTO-1 (day 2, 3 and 5) indicate biofilm formation by infiltration of 
YFP-tagged P. aeruginosa cells into the BC matrix with RFP-tagged 
K. hansenii. The results were consistent with the biophysical character-
ization showing matrix integration. The abundance of eDNA fibres on 
the surface of co-cultured biofilm decreased over time and by day 5 it 
was absent altogether, despite the fact that PAO1 cells were present in 
high numbers (Fig. 6G–I). The average bacterial counts for P. aeruginosa 
PAO1 and K. hansenii across all depths on day 5 of biofilm (Fig. 6I) 
growth were 67 ± 4 % and 33 ± 6 %, respectively (n = 10*3). The 
depletion of eDNA fibres suggests that colonization on preformed matrix 
might inhibit eDNA production by P. aeruginosa, where eDNA fibres 
were absent in the matrix on day 5, which was in contrast to the day 5 P. 
aeruginosa monoculture biofilm (Fig. 6B and C). However, additional 
interpretation is that the eDNA is not retained by the biofilm matrix or 
that a DNase that degrades the eDNA under these co-culturing condi-
tions. Many pathogens produce extracellular DNase and eDNA degra-
dation might be from Pseudomonas sp. as there is no requirement for 
eDNA due to presence of preformed matrix [33]. There are no reports 
that K. hansenii secretes DNase. Given that the system is static and there 
is eDNA around at day 2 that disappears at day 5, eDNA is being actively 
degraded in this co-culture. Repeating this study on matrices with 
different chemical composition and porosity could inform a critical 
mesh size for inhibiting eDNA production. Currently, however, con-
trolling physicochemical properties to the extent required to conduct 
this experiment would not be possible. 

3.5. P. aeruginosa colonization shows no change in mechanical properties 
of K. hansenii biofilm 

Integration of EPS into preformed matrix would be expected to 
modulate rheological properties. Tan δ is slightly lower for BC(PAO1) 
than BC following NaOH treatment of both (Fig. 7A). These results 
indicate that the storage modulus (i.e., elasticity) relative to the loss 
modulus (i.e., viscosity) is increased. However, without NaOH treat-
ment, no significant changes in the rheology of the matrix are observed 
(Fig. 7B). 

To further illustrate the effect of P. aeruginosa colonization on the 
mechanical properties of BC nanofibers, Fig. 8 shows the mean value and 
standard deviation of tensile strength at break, Young’s modulus, and 
elongation at break. No significant changes are observed with co- 

cultured biofilms suggesting that the interaction of P. aeruginosa EPS 
with BC fibers does not significantly impact the mechanical strength of 
BC matrix. This could indicate further that P. aeruginosa has not syn-
thesized eDNA, as eDNA was shown previously to promote the forma-
tion of the viscoelastic extracellular network structure in the same 
P. aeruginosa model biofilm system [21]. 

4. Discussions 

To date, eDNA is understood to be released as a consequence of 
autolysis in biofilm systems [18]. The released eDNA has been shown to 
provide structural scaffold and mechanical resistance to biofilms by 
forming extracellular matrix [20]. However, in this study, we suggest 
that eDNA release is an active cell regulated mechanism. This is due to 
the attenuation of eDNA production after day 3 in the presence of pre-
formed BC matrix of our co-cultured in vitro model of PAO1 and 
Komagataeibacter sp. One reason for this observation might be due to the 
highly nanofibrous structures of cellulose (Fig. 2) which provide optimal 
surface for efficient cell adsorption. Additionally, higher moisture con-
tent along with nanoporous structures of cellulose provide favourable 
nutrient rich conditions for PAO1 growth without the need for eDNA 
production during the later stages of biofilm formation. 

Our study reports the development of a reproducible polymicrobial 
biofilms model that is intended to be used for understanding the co- 
existence, interaction, structural integration, biofilm components 
modification and relationships between mixed microbial population 
that exist in nature. The model is developed by using preformed BC from 
K. hansenii 53582 instead of co-culturing the two as we experienced that 
P. aeruginosa outgrows K. hansenii 53582, likely due to shorter doubling 
time (30–50 min compared to 8–10 h) or the production by P. aeruginosa 
of metabolites that inhibit competitors (e.g., pyocyanin). There was no 
sign of BC matrix production even with increased inoculum ratios of 
K. hansenii. 

The microscopy results of co-cultured biofilm, BC(PAO1), clearly 
indicate biofilm integration as suggested by the significantly denser, 
heterogeneous surface, less porous with larger ribbons coated with EPS 
and infiltration of P. aeruginosa PAO1 into the BC matrix. These results 
are in agreement with earlier reports, as EPS plays a significant role in 
regulating the bundling process of BC microfibrils, resulting in larger 
bundles. The bundling of nanofibers was promoted by coating co- 

Table 2 
Swelling ability and moisture content of biofilms with and (without) NaOH treatment (n = 3; Swelling % - t statistic = 11.12, DF = 9, p < 0.0001; Moisture % - t 
statistic = 161.95, DF = 3, p < 0.0001). At 0.05 confidence interval, the swelling ratio and moisture % of BC(PAO1) is significantly different from BC control.  

Sample Swelling ratio* Swelling ratio (%)* Moisture content (%)* 

BC 44.98 ± 6.10 (35.77 ± 5.59) 4498 ± 610.69 (3577 ± 559.68) 97.79 ± 0.29 (92.34 ± 1.42) 
BC(PAO1) 29.00 ± 7.21 (28.21 ± 7.45) 2900 ± 721.67 (2821 ± 745.86) 96.51 ± 0.81 (89.93 ± 0.97) 

*Numbers in parentheses represent swelling ability and moisture content of biofilms without NaOH treatment. 

Fig. 5. FTIR-ATR spectra of BC from K. hansenii monoculture and BC co-cultured with P. aeruginosa PAO1, n = 3. (A) NaOH-treated biofilms, (B) untreated biofilms, 
(C) P. aeruginosa PAO1 monoculture biofilm. Gray blocks represent characteristics cellulose vibration peaks. 

U.R. Mahadevaswamy et al.                                                                                                                                                                                                                  



Biofilm 7 (2024) 100176

7

Fig. 6. Confocal images of biofilm. Green - YFP-Pseudomonas aeruginosa PAO1; Red - RFP-Komagataeibacter hansenii 53582; Yellow = green + red - RFP-Komaga-
taeibacter hansenii 53582. (A) Composition and abundance of microbes in co-cultured biofilm across 19 μm-thick biofilm (day 4). (B) Monoculture P. aeruginosa PAO1 
biofilm (day 5) showing eDNA at depth of 3 μm from the biofilm-medium interface. (C) Monoculture K. hansenii BC biofilm (day 5) at a depth of 3 μm from the 
biofilm-medium interface. (D,E,F) Co-cultured biofilms stained with SYTO 9 (green) and propidium iodide (red) a nucleic acid stain (day 5) showing infiltration of 
P. aeruginosa PAO1 into BC matrix at 4, 9 and 17 μm thickness, respectively. (G,H,I) Co-cultured biofilms at day 2, 3 and 5 stained with TOTO-1 (green) eDNA stain. 
All three images were at 3rd μm of 18 μM thick biofilm. BC co-cultured with P. aeruginosa PAO1 biofilm showing uniform distribution of bacterial cells with green 
eDNA fibres (day 2) and absence of eDNA at day 5 (Scale – 10 μm). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 7. Visco-elasticity of biofilms - BC from K. hansenii, BC co-cultured with P. aeruginosa PAO1. (A) Biofilms with NaOH treatement, (B) biofilm without NaOH 
treatement, (C) P. aeruginosa PAO1 monoculture biofilm. Tan δ, increased storage modulus (i.e., elasticity) relative to the loss modulus (i.e., viscosity) in BC(PAO1) 
compared to BC control (n = 3; t statistic = 1.77, DF = 13, p = 0.099). At 0.05 confidence interval, the viscoelasticity of BC(PAO1) is not significantly different from 
BC control. 
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crystallized microfibrils. Aggregation of co-crystallized microfibrils is 
due to van de Waals interactions and hydrogen bond [30,34]. Bacterial 
motility facilitates interaction by penetration into the existing biofilm 
promotes colonization by invasion into the fibres. P. aeruginosa prefer-
ential growth on BC matrix might be due to depletion of oxygen and 
limited nutrients. Growing within the biofilm is advantageous for 
growth and survival of any organism, but favourable rich environment 
suppressing the release of eDNA foundation matrix cannot be consid-
ered. It is reported that biofilms with eDNA presence in bacterial 
infected wounds are difficult to treat and heal [35]. 

It is evident that P. aeruginosa outcompetes K. hansenii. The nonap-
pearance of eDNA at the end of co-culturing strongly indicates that 
P. aeruginosa PAO1 can modify its strategy for biofilm assembly when a 
structural scaffold is already available, as illustrated here with a pre-
formed BC matrix along with viable K. hansenii cells. 

The changes in the physicochemical properties of co-cultured BC 
(PAO1) in comparison to BC control indicate that PAO1 EPS is inter-
acting with BC nanofibers. The XRD results show a reduction in crys-
tallinity of co-cultured biofilm which could be due to the amorphous 
nature of EPS [36]. Insertion of polymeric material into the existing 
crystalline biopolymer has been reported to cause crystallinity reduction 
[37,38]. The incorporation and penetration of EPS molecules with the 
cellulose microfibrils disrupts the original hydrogen–bonding in-
teractions between the cellulose microcrystalline chains [37]. Tensile 
testing of co-cultured BC(PAO1) revealed no significant changes in the 
Young’s modulus, stress at break, and strain at break compared with BC 
control. While improved mechanical strength was expected, the high 
concentrations of EPS, coating the surface of co-crystallised microfibrils 
might have disrupted their additional aggregation and networking with 
bacterial cellulose microfibrils. Hence, impeding enhancement of its 
mechanical strength [30,39]. However, in the absence of eDNA, which is 
known to dominate the elasticity of P. aeruginosa biofilms, the me-
chanical properties and strcutural integrity of BC remain unaffected by 
EPS from P. aeruginosa. Prior studies have shown similar results. There 
was no significant change in the mechanical properties by co-culturing 

K. hansenii ATCC 23769 with E. coli ATCC 35860, which produces a 
high concentration of EPS (41.4 mg/ml), but had a significant increased 
mechanical strength by co-culturing with E. coli ATCC 700728, which 
produces relatively low concentration (3.4 mg/ml) of EPS [30]. 

The TGA results revealed that the initial weight loss below 200 ◦C 
was due to dehydration and at higher temperature the cleavage of 
glycosidic bonds occurs with rapid weight loss. The maximum weight 
loss is related to pyrolysis of the β-1,4-glycosidic bond [24]. The less 
intense and wider endothermic peaks corresponding to reduced crys-
tallinity and increased thermal stability of BC(PAO1) co-cultured bio-
film. The addition of EPS is likely to cause disruption of the regular 
arrangement among the glucose molecules. The TGA results on BC 
(PAO1) are consistent with the XRD results and further confirm the 
integration of EPS (increased amorphous content) into BC matrix as 
reflected by the extended degradation temperature, thermal stability 
and reduced crystallinity of the co-cultured biofilm. The substantial 
reduction in swelling ratio and moisture content of BC(PAO1) can be 
attributed to reduced porosity of BC matrix compared to BC control, 
caused by EPS coating over BC nanofibers. 

5. Conclusion 

Co-culturing a preformed BC matrix of K. hansenii with P. aeruginosa 
PAO1 resulted in integration of the two populations. This is demon-
strated by complete distribution of cells over BC matrix, significantly 
denser more heterogeneous surface, and a less porous structure with 
thick bundled fibres coated with EPS. Extended degradation tempera-
ture, improved thermal stability and reduction in crystallinity, swelling 
ratio and moisture content of the co-cultured biofilm in comparison to 
BC control, further indicate colonization of K. hansenii BC matrix by 
P. aeruginosa. The co-culturing method using a preformed matrix is an 
innovative approach to design and test interactions between the species. 
FTIR and confocal images indicates the absence of eDNA in the co- 
cultured biofilms after day 3, and that when a preformed matrix ex-
ists, P. aeruginosa does not produce eDNA. Further research is required to 

Fig. 8. Mechanical characterizations of co-cultured biofilms processed by press drying and freeze drying, treated with NaOH – BC control, BC co-cultured with P. 
aeruginosa PAO1. (A) Tensile strength of press dried films, (B) Tensile strength of freeze-dried films, (C) Tensile strength at break, inset shows low tensile strength, (D) 
Percentage elongation at break € Modulus of Elasticity, inset shows low elasticity (n = 8*3; Tensile strength - t statistic = 1.09, DF = 5, p = 0.32; Elongation at break - 
t statistic = 1.07, DF = 5, p = 0.33); Young’s modulus - t statistic = 1.07, DF = 5, p = 0.35. At 0.05 confidence interval, the mechanical properties of BC(PAO1) are 
not significantly different from BC control. 

U.R. Mahadevaswamy et al.                                                                                                                                                                                                                  



Biofilm 7 (2024) 100176

9

understand the critical limits for inhibiting eDNA production by 
P. aeruginosa in various preformed matrix environment (with regards to 
e.g., viscoelasticity and mesh size). 
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