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A B S T R A C T   

Bacterial communities form biofilms on various surfaces by synthesizing a cohesive and protective extracellular 
matrix, and these biofilms protect microorganisms against harsh environmental conditions. Bacillus subtilis is a 
widely used experimental species, and its biofilms are used as representative models of beneficial biofilms. 
Specifically, B. subtilis biofilms are known to be rich in extracellular polymeric substances (EPS) and other 
biopolymers such as DNA and proteins like the amyloid protein TasA and the hydrophobic protein BslA. These 
materials, which form an interconnected, cohesive, three-dimensional polymer network, provide the mechanical 
stability of biofilms and mediate their adherence to surfaces among other functional contributions. Here, we 
explored how genetically-encoded components specifically contribute to regulate the growth status, mechanical 
properties, and antibiotic resistance of B. subtilis biofilms, thereby establishing a solid empirical basis for un-
derstanding how various genetic engineering efforts are likely to affect the structure and function of biofilms. We 
noted discrete contributions to biofilm morphology, mechanical properties, and survival from major biofilm 
components such as EPS, TasA and BslA. For example, EPS plays an important role in maintaining the stability of 
the mechanical properties and the antibiotic resistance of biofilms, whereas BslA has a significant impact on the 
resolution that can be obtained for printing applications. This work provides a deeper understanding of the 
internal interactions of biofilm components through systematic genetic manipulations. It thus not only broadens 
the application prospects of beneficial biofilms, but also serves as the basis of future strategies for targeting and 
effectively removing harmful biofilms.   

1. Introduction 

Bacterial biofilms are bacteria that are embedded in an extracellular 
matrix of polysaccharides, proteins, nucleic acids, and lipids that 

provides structural rigidity, protection, and regulation of gene expres-
sion and permeability regulation [1–3]. The biofilm is a 
three-dimensional spatial organization in which molecules interact and 
communicate with one another, with a tightly packed, heterogeneous 
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structure [4]. Such biofilms are a major problem in both industry and 
healthcare [5,6]. 

Bacillus subtilis is a non-pathogenic Gram-positive bacterium that can 
form architecturally complex biofilms and is widely used as a model 
strain for biofilm studies [7,8]. The substrate of B. subtilis is similar to 
other biofilms in that it provides structural rigidity, protects the 
embedded cells from environmental insults and ensures their presence 
and propagation [9]. Biofilms are dynamic and can adapt to changing 
environments [10]. The field of B. subtilis biofilm research is rapidly 
evolving, and some advances have been made in exploring the unique 
physicochemical properties of biofilms. This includes studies of biofilm 
wrinkling [11,12], adhesion properties [13–15], and antibiotic resis-
tance [16–19], as well as mechanical properties [20,21]. To expand the 
uses of biofilms, additional research into the mechanical properties of 
bacterial biofilms is required. 

B. subtilis biofilms are comprised primarily of extracellular polymeric 
substances (EPS) and the amyloid protein TasA and the hydrophobic 
protein BslA (Fig. 1). EPS contributes to the formation of biofilm 
structure, helps biofilm to adhere to the surface and provides mechan-
ical stability to the biofilm [22–24]. TasA polymerizes into highly stable 
amyloid fibers, which serve as the biofilm’s structural “backbone” and 
are involved in the formation of the biofilm matrix [25–29]. BslA forms a 
hydrophobic layer on the surface of the biofilm, which may contribute to 
its resistance to antimicrobials and disinfectants [30,31]. The 
morphology, internal structure, and mechanical stability of biofilms are 
heavily influenced by the polymers that comprise them. In this study, we 
investigated the effect of EPS, TasA and BslA, the main components of 
B. subtilis biofilms, on the mechanical properties. We genetically engi-
neered various mutant strains to test their growth state, mechanical 
properties, antibiotic tolerance, and printing ability. Biofilms are 
cross-linked polymer gel composites that can be three-dimensional (3D) 
printed as bioinks [32]. Previous study used engineered B. subtilis bio-
films to demonstrate a programmable and printable platform of living 
functional materials [33]. Based on this research, we can select host 
bacteria that are more suitable for printing and use functional 3D 
printed biofilms to construct living biofilm-derived materials, which 
may have broad applications in the future. 

2. Materials and methods 

2.1. Strains and plasmids 

Bacillus subtilis 2569 wild-type (WT, Kind gift from Daniel Kearns) 
was employed, and mutant strains were constructed and sequenced 
including tasA mutant (ΔtasA), epsÃ O mutant (Δeps), bslA mutant 
(ΔbslA), tasA, epsÃ O and bslA mutant (ΔtasAΔepsΔbslA). Peptide insert 

regions were either fully synthesized (Genewiz, China) or PCR- 
generated overlap extension. All cloning was performed using molecu-
lar cloning and isothermal Gibson Assembly, and verified by DNA 
sequencing. Detailed information about the construction of genes and 
strains were described in Tables S1 and S2. 

2.2. Strain construction 

The biofilm-defective strains ΔtasA, Δeps, ΔbslA and 
ΔtasAΔepsΔbslA were constructed following the same protocol. Here, 
we used the ΔtasA strain construction as an example to describe the 
specific protocol. Specifically, the fusion fragment was created by 
amplifying gene fragments upstream and downstream of tasA with 
primer pairs pMAD-ΔtasAF1/pMAD-ΔtasAR1 and pMAD-ΔtasAF2/ 
pMAD-ΔtasAR2. Then inserting the fusion fragment into the pMAD 
plasmid to obtain the suicide plasmid pMAD-ΔtasA. After that, trans-
forming pMAD-ΔtasA into B. subtilis WT cell, and screening test of 
resistance to erythromycin. PCR fragments from mutant genomic DNA 
were sequenced to confirm the deletions of tasA. Detailed information 
about the construction of primers were described in Table S3. 

2.3. General condition for biofilm growth 

MSgg broth: 100 mM morpholinepropane sulphonic acid (Mops) (pH 
7), 0.5% glycerol, 0.5% glutamate, 5 mM potassium phosphate (pH 7), 
50 μg/mL tryptophan, 50 μg/mL phenylalanine, 2 mMMgCl2, 700 
μMCaCl2, 50 μMFeCl3, 50 μMMnCl2, 2 μM thiamine, 1 μM ZnCl2. 

Liquid cultured biofilms: Seed cultures were grown in LB-Miller 
medium for 12 h at 37 ◦C, with shaking at 220 rpm. Then the bacteria 
were harvested and resuspended in MSgg medium (OD = 1), biofilm 
cultures were grown at 30 ◦C for 2–3 days. 

Solid cultured biofilms: Seed cultures were grown in LB-Miller me-
dium for 12 h at 37 ◦C, with shaking at 220 rpm. Then the bacteria were 
harvested and resuspended in MSgg medium (OD = 1), the suspension 
was dripped on the 1.5% agar MSgg medium, and biofilm cultures were 
grown at 30 ◦C for 2–3 days. 

2.4. Water contact angle 

A drop of 10 μl of water was loaded to the surface of biofilm on MSgg 
agar plate, and the contact angle of these biofilms was then measured at 
room temperature using a Theta Lite optical tensiometer (Biolin). 

2.5. Transmission electron microscopy (TEM) 

To prepare the samples we used carbon-coated grids (Zhongjingkeyi 

Fig. 1. Bacillus subtilis biofilms formation. (a) Digital camera image of the wild-type B. subtilis biofilm. The mature biofilm exhibits a complex network of intertwined 
wrinkles and ridges and is highly hydrophobic. (b) A schematic of wild-type B. subtilis biofilm. The biofilm matrix composition is complex and can contain self- 
produced molecules, including TasA fibers, EPS, BslA and bacteria. 
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Technology, EM Sciences) that were placed on top of a 20 μl drop of 
liquid culture for 1–5 min. The grid was washed by PBS buffer and 
water, and the excess liquid was blotted off on a filter paper (Whatman 
no. 1) and negatively stained with uranyl acetate (1–2% aqueous solu-
tion). The samples were dried and examined in a JSM 1400 transmission 
electron microscope at an accelerating voltage of 120 kV. 

2.6. Scanning electron microscopy (SEM) 

Biofilm samples were directly dropped onto sterile aluminized paper, 
washed with millipore H2O and fixed with 2% glutaraldehyde and 2% 
paraformaldehyde, then washed again with millipore H2O, and dehy-
drated with an increasing ethanol step gradient. Then aluminized paper 
samples were stuck onto a specimen holder and sputter coated with gold, 
and finally imaged with a JEOL JSM-7800 scanning electron microscope 
operated at 5 kV accelerating voltage. 

2.7. Antibiotic resistance 

Seed cultures were grown in LB-Miller medium for 12 h at 37 ◦C, 
with shaking at 220 rpm. Then the bacteria were harvested and resus-
pended in MSgg medium (OD = 1), the suspension was dripped on the 
1.5% agar MSgg medium containing different concentrations of chlor-
amphenicol, and biofilm cultures were grown at 30 ◦C for 2–3 days. 
Then collected the biofilms and measured their biomass. 

2.8. Rheology measurement 

Rheological experiments were performed on a strain-controlled 
rheometer (Anton paar MCR101) equipped with a 24.948 mm diam-
eter cone plate. All biofilm samples were scraped from an MSgg plate 
and placed on the cone plate. The samples were surrounded with water 
to minimize evaporation. The tested gap height was set as 0.048 mm. 
Strain sweep experiments from 0.01% to 10% strain amplitude was 

performed at 10 rad/s to determine the linear viscoelastic region. Fre-
quency sweep experiments from 100 to 0.01 rad/s were performed at 
1% strain amplitude. The temperature was maintained at 25 ◦C by a 
thermoelectric device. 

2.9. 3D printing 

Biofilms were scraped off the MSgg plates and placed into the 
charging barrels of a robotic 3D printer (GeSim BioScaffolder 3.1). The 
shapes of polygons or circles were printed using the existing graph 
program in the system. The printing parameters applied in the experi-
ments were: printing pressure (250 kPa), the inner diameter of the 
nozzle (160 μm), and printing speed (5 mm/s). 

3. Results 

3.1. Macroscopic and microscopic structure of liquid cultured biofilm- 
defective strains 

Based on the B. subtilis 2569 wild-type strain (WT), we constructed 
mutant strains of biofilm-relevant genes knockout as follows: tasA 
mutant (ΔtasA), epsÃ O mutant (Δeps), bslA mutant (ΔbslA), and a triple 
knockout tasA, epsÃ O, and bslA mutant (ΔtasAΔepsΔbslA). The me-
chanical properties of a biofilm can be influenced by both its micro- and 
macrostructure. We compared 2-day solid cultured WT and mutant 
biofilms and observed their morphology with a light microscope and 
electron microscopes, respectively. The WT biofilm shows a typical 
pellicle, while all mutant strains are impaired in biofilm formation and 
form flat, fragile pellicles (Fig. 2a and Fig. S1). Employing field emission 
scanning electron microscopy (SEM, Fig. 2b) and transmission electron 
microscopy (TEM, Fig. 2c), fibers were observed in WT, Δeps, and ΔbslA 
pellicles, but not in ΔtasA or ΔtasAΔepsΔbslA pellicles (Fig. 2c), sug-
gesting that the observed fibers were mainly composed of TasA proteins. 
We also used water contact angle experiments to assess the 

Fig. 2. Macroscopic and microscopic structure of B. subtilis biofilms. (a) Digital camera image of WT, single mutant, and multiple knockout B. subtilis biofilms. Water 
contact assay was also shown (insets). WT biofilm had a typical wrinkled pellicle that exhibits strong hydrophobicity. Microscale observations including (b) FE-SEM 
and (c) TEM. There was no amyloid fiber in the tasA knockout sample, no extracellular polysaccharide in the epsÃ O knockout sample, and no extracellular matrix in 
the triple knockout sample. Note: all the biofilms used in the above experiments were cultured for two days. Scale bar: 5 mm in a, 500 nm in b and c. 
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hydrophobicity of biofilms. The WT biofilm and the ΔtasA biofilm were 
both extremely hydrophobic. In contrast, the Δeps and ΔbslA as well as 
the ΔtasAΔepsΔbslA biofilm demonstrated very strong hydrophilic 
properties (Fig. 2a, insert). The results imply that, compared to both the 
EPS and BslA components, the TasA proteins may not significantly 
contribute to the hydrophobicity of the biofilms. The phenotype of the 
ΔbslA pellicle supports previous findings that in addition to contributing 
to liquid repellency, the assembly of BslA layers may confer structural 
stability to the biofilm matrix and enable the biofilm matrix to maintain 
sufficient ‘space’ for gas retention [34]. 

3.2. Growth curves and antibiotic resistance of B. subtilis biofilms 

We next measured the dynamic growth, as indicated by the biomass 
as a function of growth time, during biofilm development over a 6-day 
culture (Fig. 3a). The fact that the ΔtasA is the slowest, combined 
with the observation that the triple mutant, which also lacks the TasA 
protein, ranks second worst, clearly indicates the important of TasA in 
biofilm growth. Group differences in the water contact angle (WCA; 
Fig. 3b) confirmed our results from the water contact assay (Fig. 2a) 
which showed that the WT and ΔtasA biofilms had hydrophobic prop-
erties while the Δeps, ΔbslA, and ΔtasAΔepsΔbslA biofilms had hy-
drophilic properties. During the six-day culture, the contact angle of 
each biofilm had barely changed (Fig. 3b). Weight measurements 
demonstrated that almost all of the mutant biofilms exhibited develop-
ment retardation by day 5 (Fig. 3c). And the ΔtasA biofilm had the 
slowest growth rate and the least biomass. In addition, antibiotic resis-
tance testing with chloramphenicol, morphological observation, and 
biofilm biomass determination was performed after 2 days culture at 30◦

(Fig. 3d). The Δeps biofilm exhibited a significantly lower biomass than 
other single mutant biofilm, demonstrating that EPS contribute to 

antibiotic resistance (Fig. 3e). This observation implied that EPS con-
stitutes a significant component of biofilm and effectively prevents the 
entry of antibiotics into cells. Moreover, it is conceivable that EPS may 
alter the antibiotic resistance of the biofilm by altering the water content 
and osmotic pressure of the biofilm, as penetrating more slowly may 
allow time for an adaptive phenotypic response that could potentially 
improve tolerance [35,36]. 

3.3. Physiochemical and mechanical properties of B. subtilis biofilms 

We next investigated the rheological properties of WT and mutant 
biofilms. Fig. 4a showed the change in viscosity of the different biofilms. 
The WT biofilm exhibited a relatively high viscosity compared to mutant 
biofilms. The biofilms exhibited shear-thinning behavior and the vis-
cosity decreased with increasing shear rate. The oscillatory shear stress 
scans revealed that the biofilms all exhibited predominantly viscous 
behavior (Fig. 4b). The gel-like nature of the samples can be analyzed by 
the dependence of the storage modulus G′ and loss modulus G′′ on the 
angular frequency ω. G′ > G′′ with the change in angular frequency was 
found for all biofilm samples (Fig. 4c), indicating that all biofilms had a 
gel-like structure. Several precise test conditions were set up to quantify 
the biofilms’ viscosity and flexibility. However, the mechanical strength 
of the WT biofilm in the present work was much weaker compared to 
previously published work. We speculate that these bacteria underwent 
internal changes during several years of self-transfer and replication in 
the laboratory. Furthermore, laboratory factors such as air humidity and 
temperature might alter the water content of the biofilm, resulting in 
discrepancies in the results. Of course, we believe that the results of the 
rheological tests in this paper are still relevant because they were per-
formed under the same conditions and with the same batch of strains. 
The shear viscosity of the biofilms was measured at a selected shear rate 

Fig. 3. Growth status and antibiotic resistance of B. subtilis biofilms. (a) The growth status of WT and mutant B. subtilis biofilms over a 6-day culture. (b) Water 
contact angle and (c) weight of WT and mutant B. subtilis biofilms. (d) Antibiotic resistance of solid cultured biofilms. (e) Biomass of biofilms in solid cultured with 
different concentrations of chloramphenicol. The ΔEPS biofilm exhibited a significantly lower biomass than other single mutant biofilm, demonstrating that EPS 
contributed to antibiotic resistance. Note: each of the circles in a has a diameter of 1.25 cm. Experiments in b, c and e were repeated three times with similar results 
based on biologically independent biofilm cultures (n = 3). Experiments in e were repeated three times (n = 3). **P < 0.01, ***P < 0.001, two-sided t-test. 
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of 0.316 s− 1 (Fig. 4d). The storage modulus of the biofilms was measured 
at a selected strain amplitude of 1% (Fig. 4e) and at a selected angular 
frequency of 10 rad/s (Fig. 4f), respectively. In the above experiments, 
the WT biofilm exhibited relatively stronger viscoelasticity. TasA served 
as the structural “backbone” of the biofilm, on which the more flexible 
and amorphous EPS was superimposed. As a result of the stent effect, the 
TasA amyloid fibers might provide stiffness to the biofilm [37,38]. In the 
three-dimensional structure of biofilms, EPS along with other substances 
impacted the growth of biofilms [39]. The BslA was a hydrophobic layer 
on the biofilm’s outer surface, and its absence made the biofilm less 
resistant and softer overall. In addition, these results indicated that both 
EPS and BslA contribute to the elasticity of biofilms. 

3.4. 3D printing of B. subtilis biofilms 

As B. subtilis biofilms exhibit typical hydrogel behaviors, we next 
evaluated the 3D printing characteristics of WT and mutant biofilms 
using our previously developed 3D printing platform. The rheological 
properties of biofilms had a significant impact on the physical stability of 
the high-precision 3D printed structures. We printed regular pentagon 
shapes using the WT and mutant biofilms with the same printing con-
ditions (nozzle diameter set to 90 μm), the lines of the WT biofilm were 
substantially expanded compared to the mutant biofilms (Fig. 5a and 
Fig. S4). Rheological measurements and comparisons of the storage 
modulus (Gʹ, representing elastic deformation) suggested that the rela-
tively high viscoelasticity of the WT biofilms made them less suitable for 
printing (Fig. 4a, c, e). In addition, to simulate printing conditions, a 
sudden shear process in a steady state (100 s− 1), followed by an oscil-
latory sweep measurement were applied to WT and mutant biofilms 
(Fig. 5b). All the biofilms showed an immediate recovery in viscosity 

even after multiple cycles. The extent of biofilm viscosity recovery was 
then measured (Fig. 5c). Among the mutant strains, the viscoelastic 
network of ΔbslA had the strongest instantaneous recovery capability. 
Similarly, in printing, the deformation of biofilms was minimized, 
making them more suitable for 3D printing. Collectively, the result 
implicated that we could tune the resolution of printed biofilms by 
genetically altering the extra-cellular components. 

4. Discussion 

Previous efforts have attempted to explore B. subtilis biofilm forma-
tion. Focusing on the physical properties of B. subtilis biofilms as in the 
case of this study, many of these mathematical and experimental in-
vestigations analyzed the influence of three key biofilm matrix compo-
nents on the biofilm colonies. Kesel et al. quantitatively investigated the 
surface roughness, stiffness and the bulk viscoelasticity of biofilms and 
demonstrated the importance of specific biofilm matrix components for 
the distinct physical properties and biofilm growth of B. subtilis biofilms 
[40,41]. Benigar et al. reported on the structure and dynamics of bio-
logically important model polymer mixtures that mimic the extracel-
lular polymeric matrix in native biofilm of Bacillus subtilis [42]. In 
addition, a combined experimental and computational approach had 
been applied to investigate potential benefits arising from division of 
labor during biofilm matrix production [43]. Previous studies suggested 
that there is an internal force within the biofilm that helps it to shape its 
structure, improves the mechanical resistance, and facilitates its inva-
sion and self-repair [44]. Yannarell et al. explored a striking dual-species 
biofilm [45]. Klotz et al. quantified the impact of specific biofilm matrix 
components on biofilm erosion behavior [46]. Despite those advances, it 
still lacks a whole picture regarding how specific biofilm components 

Fig. 4. Rheological properties of B. subtilis biofilms. (a) The steady-state flow behavior of biofilms measured by viscosity curves at changing shear rates (from 0.001 
to 100 s-1). The biofilms exhibited shear-thinning behavior. (b) The measured storage modulus (G′) and loss modulus (G′′) of different biofilm variants as a function 
of strain amplitude from 0.01 to 100% angular frequency, 1 rad/s. The biofilms all exhibited predominantly viscous behavior. (c) The measured storage modulus (G′) 
and loss modulus (G′′) of different biofilm variants as a function of angular frequency from 0.1 to 100 rad/s（strain amplitude, 1%). All biofilms had a gel-like 
structure. (d) Shear viscosity of biofilms at a selected shear rate of 0.316 s–1. (e) Storage modulus of biofilms at a selected strain amplitude of 1%. (f) Storage 
modulus of biofilms at a selected angular frequency of 10 rad/s. The WT biofilm exhibited relatively strong viscoelasticity. All experiments were repeated three times 
(n = 3). ***P < 0.001, two-sided t-test. 
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affect the structures, mechanical and biological properties of biofilms. 
In this study, using B. subtilis as a model system, we looked into how 

specific biofilm components affect macroscopic and microscopic struc-
tures, as well as properties like stiffness and printability. We were 
mainly interested in how biofilm-relevant genes influence the physical 
and growth properties of B. subtilis during biofilm formation. Under-
standing the basic components underlying the mechanical properties of 
biofilms, as well as the effects of various external stresses affected the 
biofilms, can be a valuable strategy for gaining structural insights. The 
application of a combination of genotype and phenotype approaches, as 
well as quantitatively determining the influence of its individual con-
stituents on biofilm structure, mechanics, and permeability, might be 
the most promising way to achieve the goal of dissecting the relationship 
between the molecular composition of a biofilm and its properties. A 
thorough understanding of biofilm compositions should enable us to 
control biofilm formation in the future, potentially easing biofilm 
removal. Biofilms with specific properties might be used as engineered 
living materials (ELMs) for biomedical applications [47]. 

The altered matrix gene expression patterns in ΔtasA suggested that 
a higher proportion of TasA might be required for stable pellicle pro-
duction. The outward expansion during biofilm growth is limited by the 
surface layer protein BslA encapsulating the biofilm, and the area 
covered by the biofilm is slightly increased in the presence of EPS. In the 
case of EPS, it can simply increase the biomass and thus increase the 
total coverage of the biofilm. The knockout strain showed weaker me-
chanical properties compared to the wild strain, indicating that the 
material properties of the biofilm may vary depending on the important 
components of the biofilm. The information regarding how biofilm 
components affect the properties of biofilms can be used a reference for 
combating bacterial biofilms on medical devices or industrial surfaces in 

the future. In addition, living materials with unprecedented function-
alities can be created using the freedom of shape provided by this 
printing technique and the inherent performance of biofilm [48–50]. 
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