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Abstract

The picture of bacterial biofilms as a colloidal gel composed of rigid bacterial cells protected 

by extracellular crosslinked polymer matrix has been pivotal in understanding their ability to 

adapt their microstructure and viscoelasticity to environmental assaults. This work explores if 

an analogous perspective exists in fungal biofilms with long filamentous cells. To this end, we 

consider biofilms of the fungus Neurospora discreta formed on the air-liquid interface, which 

has shown an ability to remove excess nitrogen and phosphorous from wastewater effectively. 

We investigated the changes to the viscoelasticity and the microstructure of these biofilms when 

the biofilms uptake varying concentrations of nitrogen and phosphorous, using large amplitude 

oscillatory shear flow rheology (LAOS) and field-emission scanning electron microscopy 

(FESEM), respectively. A distinctive peak in the loss modulus (G") at 30-50% shear strain is 

observed, indicating the transition from an elastic to plastic deformation state. Though a peak 

in G" has been observed in several soft materials, including bacterial biofilms, it has eluded 

interpretation in terms of quantifiable microstructural features. The central finding of this work 

is that the intensity of the G" peak, signifying resistance to large deformations, correlates 

directly with the protein and polysaccharide concentrations per unit biomass in the extracellular 

matrix and inversely with the shear-induced changes in filament orientation in the hyphal 

network. These correlations have implications for the rational design of fungal biofilms with 

tuneable mechanical properties.

Keywords: Fungal biofilm, mechanics, viscoelasticity, strain overshoot, LAOS, filament 

orientation 
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1. Introduction

Microorganisms like bacteria and yeast thrive on almost every surface that contains even trace 

amounts of nutrients and moisture, ranging from kitchen countertops and dental surfaces to 

industrial and medical equipment.1 Some of these microbial species can form a cluster of cells, 

which secrete extracellular polymeric substances (EPS) to ensconce themselves to form 

biofilms that enable them to withstand environmental perturbations.2 Such fortification helps 

biofilms to spread infectious diseases3 and corrode industrial equipment.4 In response to the 

environmental perturbations, the biofilms alter the EPS biochemical composition, modifying 

their viscoelasticity. Therefore, the main interest in studying biofilm material properties has 

been understanding biofilms' adhesion to surfaces, especially bacterial biofilms.5–10 However,  

some biofilms aid in preventing infection caused by pathogens in the plant rhizosphere, treat 

wastewater, and process food.11,12 The non-pathogenic filamentous fungi –  Neurospora 

discreta –  whose biofilms are the subject of this study, degrade complex lignin found in 

agricultural residues,13 a useful property for treating wastewater from the paper and pulp 

industry.

Until a decade ago, it was not obvious that a single filamentous fungal cell – hypha – could 

form a biofilm; it extends at its tip by taking up nutrients and branches to create an 

interconnected hyphal network; the nuclear material flows through the entire network.14,15 

Bacterial and filamentous fungal cells significantly differ in how they seek nutrients. Bacterial 

cells can move due to the local forces,16 whereas filamentous fungal cells use the local forces 

to grow in length and branch out.17 In the case of filamentous fungi, which have been considered 

cell factories for an array of industrial products, including enzymes, organic acids, secondary 

metabolites, vitamins, composite materials, and textiles,17 there is a dearth of studies providing 

insights on the rheological behavior of their biofilms.18,19 

A recent report indicated that six of the nine planetary boundaries that make the world habitable 

have been breached.20 One of them is the excessive amount of nutrients - nitrogen and 

phosphorus - that run into wastewater, affecting the ecological balance. A previous study 

showed that porous biofilms of N. discreta can simultaneously and effectively remove carbon, 

nitrogen, and phosphorous from synthetic wastewater.19,21 In this context, it is imperative to 

understand the modifications to the biofilms' viscoelasticity and microstructure due to the 

uptake of the excess nutrients for their potential application as membranes.
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To comprehend the structure-rheology relationship of a biofilm, it helps to identify its 

components and their function.22 Two complimentary perspectives can be considered: (1) Static 

picture: The microbial cell has a rigid exoskeleton that provides structural integrity. The 

extracellular matrix polymers secreted by the cells ensure the formation of a close-knit 

viscoelastic solid. The EPS primarily consists of biopolymers: extracellular DNA, 

polysaccharides, proteins, and nucleic acids that are topologically entangled and crosslinked by 

accessory proteins and multivalent cations.2 The mechanical softness of biofilms, with an elastic 

modulus of a few kPa, can also be attributed to water held in micro and nanopores that accounts 

for nearly ninety percent of the weight of a biofilm.19 (2) Dynamic picture: Spatial gradients in 

nutrient concentration influence metabolic activity and cellular phenotype expression.23 During 

the biofilm growth, external stimuli such as varying the complexity of the carbon source,24 

agitating the growth reactor culture medium,19 and depleting nutrients can all affect spatial 

gradients,25 increasing the EPS production to the extent that a biofilm can transform its 

microstructure and rheological properties to that of a predominantly solid state from a liquid 

state. As the biofilm structurally evolves, the spatial gradients in nutrient concentration cause 

local variations in extracellular matrix composition, generating local forces 26 to spread the 

biofilm further. 

In soft materials such as biofilms, even a small strain amplitude (~ 1%) can cause large 

structural rearrangements and consequently provide a nonlinear rheological response.27,28 In 

large amplitude oscillatory shear rheology (LAOS), a harmonic strain input to a material 

produces a nonlinear stress response at higher strain amplitudes; the higher harmonics present 

in the response contain information on nonlinear rheological phenomena such as strain 

stiffening and shear thinning.29 Probing complex fluids using LAOS has led to the identification 

of four types of materials based on variations in storage modulus (G') and loss modulus (G" ). 

They are strain thinning (Type I), strain hardening (Type II), weak strain overshoot (Type III), 

and strong strain overshoot (Type IV). 30  The few reports that exist on LAOS on biofilms show 

that biofilms belong to Type III, characterized by a decrease of G' at higher strains, and G" that 

peaks at intermediate strains (10-100%) - weak overshoot - and then continuously decreases at 

even higher strains.31–33 The peak in G" is associated with a yielding transition from an elastic-

like deformable state to a fluid-like state.34 While various materials exhibit a peak in G", the 

challenge has been quantitatively correlating it with specific microstructural features.35 

A material standard whose rheological behavior is like biofilms and exhibits type III behavior is 

xanthan gum, an exopolysaccharide produced by the bacterium Xanthomonas Campestris: In 
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this case, the peak in G" is attributed to the presence of charged groups on the long side chains 

forming a soft structural complex with neighboring polymers, to increase viscosity and resist 

deformation.30  Jana et al. used LAOS to characterize biofilms of four different bacterial species. 

A peak in G" was observed for all the species at a different strain amplitude with distinctly 

different elastic energy dissipation characteristics.31 However, their rheological behavior could 

not be linked to specific microstructural features, as the biofilms were from different species. To 

unravel the specific role of various components of the EPS in determining the biofilm’s nonlinear 

viscoelastic behavior, Zhang et al. systematically studied bacterial biofilms of Vibrio cholerae 

devoid of one or more of the components of the EPS. One of the key findings was that accessory 

proteins, which enable cell-to-cell adhesion and crosslink the polysaccharide polymer network, 

help the biofilm to withstand large shear forces.32 While the research on biofilm mechanics to 

date has primarily focussed on bacterial biofilms36, the following questions on the largely 

unexamined filamentous fungal biofilm mechanics are pertinent: (1) Is the nonlinear viscoelastic 

behavior of a fungal biofilm similar to bacterial biofilms in that features like weak-strain 

overshoot is observed? (2) If so, can the changes in viscoelasticity be ascribed to specific changes 

in the EPS composition or the hyphal network? As an aside, LAOS of bacterial biofilms was 

performed on composite biofilms obtained by pooling together scraped pieces from a solid 

substrate, indicating biofilm testing challenges. 37,38 

In this work, we study the influence of EPS and the hyphal network on fungal biofilm 

mechanics, which is probed using LAOS.  For this purpose, we grew biofilms of filamentous 

fungi N. discreta on an air-liquid interface: This enabled harvesting of the biofilm as a whole, 

which assisted in overcoming the biofilm testing challenge mentioned above. We varied EPS 

and regulated the polarized growth of the hyphal network by growing the biofilms in synthetic 

wastewater containing varying concentrations of nitrogen and phosphorous. In the first part, we 

present results from rheological studies and identify a parameter that quantifies resistance to 

large shear deformation. Then, we show the results and analysis of imaging of the hyphal 

network before and after the most extensive shear deformation. Finally, we deduce relationships 

between the microstructure and non-linear viscoelastic behavior of the biofilms.

2. Experimental Methods

2.1.  Sample preparation

Strain and inoculum preparation: The filamentous fungal strains of N. discreta were isolated 

from Subabul tree and grown on potato dextrose plates for three days at 30°C. Figure S1 shows 
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the phylogenetic tree derived from the gene sequence of the 18S rRNA internal transcribed 

spacer (ITS) received from the CSIR-Institute of Microbial Technology in Chandigarh, India. 

Cells were then suspended in Vogel's minimum medium (30 mL) devoid of KH2PO4, NH4NO3, 

and sucrose for inoculation. Centrifugation of fungal spore and filament suspension was carried 

out at 5000xg for 5 minutes. The pellets obtained after discarding the supernatant were 

suspended again in Vogel’s media. Filaments were filtered out using non-sterile Nylon syringe 

filter (0.45 μ)- Fisherbrand™, and a spore solution was prepared for inoculation. 

Biofilm formation: Biofilms were grown in modified Vogel’s media – synthetic wastewater - 

in the air-liquid interface.21 Nitrogen concentration was varied by altering the NH4NO3 amount, 

and phosphorus concentration was controlled using KH2PO4. The nutrient concentrations in the 

nitrogen and phosphorus trial are given in Table 1. After 7 days of growth, the biofilms were 

harvested by sliding a flat spatula under the biofilm, lifting it off the water surface, and 

removing it from the reactor (Figure S2a). The harvested biofilms were submerged in 70% 

isopropyl alcohol (IPA) to prevent further microbial growth and stored at 4 0C for further 

characterization. 

Table 1: Nutrient concentrations in the nitrogen and phosphorus trials  21

Concentration in solution (g.L-1)

Reactor C N P

Nitrogen trial 

NA 8.41 0.70 1.13

NB 8.41 0.35 1.13

NC 8.41 0.175 1.13

ND 8.41 0.044 1.13

Phosphorus trial

PA 8.41 0.70 1.13

PB 8.41 0.70 0.564

PC 8.41 0.70 0.282

PD 8.41 0.70 0.070

PE 8.41 0.70 0.017

EPS extraction: 

For EPS extraction, a 10ml solution was prepared by adding 0.22% formaldehyde and 8.5% 

sodium chloride. A section of the biofilm was first drained on blue tissue paper to remove the 
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excess water from the samples, then excised, weighed, and added to the solution. The biofilm 

samples were not treated with IPA before this process.  The solution was incubated for 3 hours 

at 4 ℃, followed by 10000 × 𝑔 centrifugation for 10 minutes. The resulting supernatant was 

filtered using a 0.45 µm filter (Fisherbrand™) and stored at 20 °C for further analysis. The 

dinitro salicylic acid (DNS) reagent method was used to measure the concentration of 

polysaccharides in the EPS.21 A colorimetric kit (77371, Sigma Aldrich, UK) was used to 

quantify the protein concentration in the EPS following the manufacturer's instructions.

2.2.  Microscopic studies

A biofilm is structurally heterogeneous. Therefore, to draw structure-property correlations of 

biofilms grown under different nutrient concentrations, the biofilm samples for FESEM (Apreo 

S, FEI) imaging and rheological testing were always cut from the edge of the circularly shaped 

biofilm. The reason for this choice is during the biofilm growth in the conical flask, the edges 

of the biofilm grew in attachment to the glass surface; therefore, the microstructure around the 

circular edge can be assumed to be consistent9. Imaging of the hyphal network of biofilms was 

carried out at 25°C on a circular piece of biofilm (8mm diameter) called ‘before rheology’ 

images. Another piece of biofilm (8mm diameter) was cut for an LAOS test. After the 

completion of the test, this piece of the biofilm was subjected to FESEM imaging, which is 

termed ‘after rheology’ images. The imaging was done at 1500X, 2500X, and 5000X 

magnifications.  ImageJ software was used to analyze the filament characteristics.40 We 

converted 2500X magnification SEM images to an 8-bit binary image for filament orientation 

distribution analysis. Furthermore, we employed two features of the OrientationJ plugin within 

ImageJ software to obtain the following: 1) OrientationJ distribution wizard to extract the 

distribution of filaments at different angles and 2) OrientationJ Analysis wizard for HSB color-

coded map of orientation angles of filaments.41 The obtained distribution curves were smoothed 

using the 5-point Savitzky-Golay method42 to remove noise peaks. For instance, see the noise 

peaks in the calibration curve in Figure S8. The multiple Gaussian peak fitting module in the 

Origin Pro software was used to derive the area under each peak, representing the proportion of 

filaments oriented at a certain angle. Later, in section 3. 2, we define a dimensionless quantity 

called the orientation complexity function (OCF) to quantify the changes in filament orientation 

of biofilms due to large deformations. For this purpose, the dried biofilm is imaged at three 

different regions in each replicate. 
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2.3.  Large amplitude oscillatory shear tests

Rheological studies: LAOS testing was carried out using a combined motor transducer 

rheometer (Anton Paar MCR 302 supported by RheoCompass software). As a control 

experiment, for comparing the intensity of the weak strain overshoot defined as  𝛽 =
𝐺′𝑝𝑒𝑎𝑘

𝐺′𝑝𝑙𝑎𝑡𝑒𝑎𝑢
, the 

LAOS test was performed on xanthan gum gel (4 wt.%), using 25 mm diameter parallel plate 

geometry, at 1 rad/sec frequency by varying the shear strain amplitude between 1%-1000%. We 

obtained 𝜷 = 2.12 ± 0.03. This value is comparable to the reported values in the literature for 

xanthan gum prepared under similar conditions.43 We also performed LAOS tests on xanthan 

gum (4 wt.%) submerged in IPA for a day to confirm that IPA does not affect the rheological 

properties of the samples (Figure S3). The LAOS test on fungal biofilms was performed using 

parallel plate geometry (8 mm diameter). The biofilms were taken out of storage (4 0C) just 

before the LAOS tests and were cut to a circular shape of diameter 8 mm using a custom-made 

tool and loaded on the parallel plate, ensuring that there were no folds, and the sample was 

intact. Figure S2b shows the biofilm sandwiched between two parallel plates just before the 

LAOS test. The gap between the plates was kept constant for each sample throughout the 

experiment, and it varied between 0.08-0.3mm depending on the sample thickness. The samples 

were subjected to a sinusoidal shear strain sweep between 0.1%-500% at 1Hz, 2Hz, and 3Hz. 

The tests were conducted at a constant temperature of 25 °C and took around 15 minutes to 

finish. The samples that underwent LAOS test were stored at 4 0C for SEM imaging. It is to be 

noted that, in the parallel plate geometry the deformation strain field varies radially from the 

center of the sample39. To ensure that we are comparing samples subjected to the same 

deformation field, we imaged all the samples on the circular edge of the sample after drying in 

a vacuum (0.2 bar) for 48 hours at room temperature. The raw data obtained after completing 

the tests were processed using MITlaos,  software.44 LAOS data was processed by assuming a 

maximum of three harmonics. The  magnitude of 𝐼3/𝐼1 was approximately 10 percent, where I3 

is the intensity of the third harmonic, and I1 is the intensity of the fundamental harmonic.45 

Monitoring sample slip: In rheometry, usually sandblasted rough plate surfaces are used to 

prevent slipping of samples.46 However, we did not use it because a roughened surface could 

puncture the biofilm, leaving the possibility of water oozing out. Water is an essential 
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component contributing to the mechanical property.19 We monitored the sample slipping 

visually and used the following criterion as a precaution to discard data at higher strain 

amplitudes and frequencies at which the biofilms are more likely to slip. The criterion is that 

the sample torque should be greater than the instrument torque.38 According to Anton Paar, the 

data is acceptable if this ratio exceeds 0.5. We computed the ratio of sample torque to instrument 

inertia torque for each sample and discarded those data that failed this criterion, occurring 

mostly at higher strain amplitudes and frequencies greater than 1Hz (Figure S4, S5, and S6). 

2.4.  Statistical analysis:

Heat maps were constructed to visualize Pearson's correlation between the rheological and 

biochemical composition of the EPS and the change in the orientation distribution of 

filamentous cells of the biofilms. This analysis utilized R software's "metan" package (version 

4.3.1).

3. Results and discussions

3.1.  Response to large oscillatory shear 
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Figure 1. Storage modulus (G') and loss modulus (G") as a function of shear strain percent for the 
fungal biofilms. Plots (a) and (b) show G' for nitrogen and phosphorous, respectively. Plots (c) and (d) 
show G" for nitrogen, and phosphorous trials, respectively. The instrument error band (shaded region) 
corresponds to one standard deviation (n=3). 

To understand the viscoelasticity of the biofilms, G', the elastic component, which is related to 

the average energy stored over a cycle 47; and G", the viscous component, associated with the 

average energy dissipated over a cycle as heat, is plotted as a function of shear strain for the 

nitrogen trial and phosphorus trials, in Figure 1. As shear strain increases, the shear stress 

increases proportionally, marked by a constant G'. This region is known as the linear 

viscoelastic regime (LVE), synonymous with the small amplitude oscillatory shear region 

(SAOS). Upon further increase in strain, G' decreases nonlinearly in the medium amplitude 

oscillatory region (MAOS), and at even larger strains, in the LAOS region, G' decreases more 

rapidly. The nonlinear decrease in storage modulus at higher strains implies strain-softening 

behavior. The LVE regime (G') storage modulus for these biofilms is comparable to other soft 

materials,27, which is between 100 Pa – 1000 Pa. For all the biofilms, 𝛾 𝐿𝑉𝐸, the critical strain 

demarcating SAOS and MAOS regions, is 0.9%-2%, comparable to bacterial biofilms and 

xanthan gum gel.31,48 The transition strains, 𝛾 𝐿𝑉𝐸   and 𝛾 𝑦𝑠 (Figure 1 a, b ), were obtained by 

mathematically differentiating storage modulus with respect to shear strain. The magnitude of 

G" is lower than that of G' in the LVE region as expected for a viscoelastic solid. During strain 

sweep, G" remains constant well into the MAOS regime, peaks (weak strain overshoot) in the 

LAOS regime, and decreases at even larger strains. A similar peak in G" has been observed in 

bacterial biofilms.31–33,49,50 In nitrogen and phosphorus trials, the G" peak occurs between 30%-

50% shear strain (Figure 1 c, d). 

Furthermore, we noticed that the magnitude of the peak in G'' varied with nitrogen and 

phosphorus concentrations: We define the dimensionless parameter, 𝛽 =  
𝐺"𝑝𝑒𝑎𝑘

𝐺"𝑝𝑙𝑎𝑡𝑒𝑎𝑢
, 

which serves as a nonlinear rheological measure for correlating with parameters describing the 

microstructure later in this article. To understand the reasons for probing nonlinear 

viscoelasticity, we plotted normalized shear strain and shear stress using yield strain, 𝛾 𝑦𝑠, and 

the corresponding yield stress, 𝜎𝑦𝑠 (Figure S7 a, b). Data for both nitrogen and phosphorus 

trials collapse onto a straight line for the normalized shear strain and shear stress values till

 𝛾 = 𝛾 𝑦𝑠; for greater strains, we observe deviations caused by differences in the biochemical 

composition of the biofilms, resulting in varying rates of strain softening. 
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LAOS probes material states continuously as the strain sweeps, and the resultant data is 

presented visually through Lissajous Bowditch (L-B) plots. The non-sinusoidal stress signal 

due to a sinusoidal strain signal is decomposed into an elastic L-B plot where stress is plotted 

against strain and a viscous L-B plot where stress is plotted against strain rate. We measured 

stress response at 25 different strain values.  We chose a strain value each in the SAOS, MAOS, 

and LAOS regimes and presented the L-B plots in Figure 2, which show the evolution in 

structural deformation seen through variation in the geometrical shapes of the closed curves. In 

the SAOS regime, the elastic L-B plots show a rotated elliptical shape because, in a cycle, the 

stress and strain are nearly in phase. In the elastic L-B plot, the area enclosed by the curve is 

proportional to energy dissipation; the most extensive dissipation occurs in the LAOS regime 

(Figure 2 a-c). The viscous L-B plots show a nearly circular shape in the SAOS regime (elastic 

nature) because the stress and strain rate differ in phase by 900. In the LAOS regime, the closed 

curves acquire a sigmoidal shape (viscous nature) (Figure 2 d-f). These findings are similar to 

those seen with bacterial biofilms.31,32 We observed self-intersecting loops at very high strains 

(500%) in viscous L-B plots, interpreted as arising due to stress overshoot,51, which will not 

concern us in this article. 

The L-B plots provide information regarding nonlinear deformations due to an oscillatory strain 

that operates between a certain maximum and minimum shear strain amplitude. The resultant 

material deformations are quantified using two dimensionless indices. They are the intra-cycle 

strain stiffening index, 𝑆 =
𝐺′𝐿 ― 𝐺′

𝑀

𝐺′𝐿
 , and the intra-cycle shear thickening index, 𝑇 =

𝜂′𝐿 ― 𝜂′
𝑀

𝜂′𝐿
.47 To 

understand the motivation for these indices, consider the elastic LB plot of shear strain 37.2 % 

(Figure 2b). The material state moving from point a to b in a clockwise direction is equivalent 

to shear strain increasing from zero to 0.372, due to which shear stress also increases, causing 

a mild strain stiffening behavior. Note that at point a, there is a finite stress for zero shear strain, 

the result of an accumulation from previous cycles at smaller shear strain amplitudes. Now, 

when we move from point b to c, the shear strain decreases to zero, followed by a decrease in 

stress. The dashed lines in Figure 2b denote the shear modulus at the largest (𝐺′𝐿) and shear 

modulus at zero strain (𝐺′𝑀); the difference between these two moduli measures the intra-cycle 

stiffening of the sample. Similarly, the intra-cycle shear thickening index is defined as the 

difference between the slopes 𝜂′𝐿 (maximum strain rate) and 𝜂′𝑀 (zero strain rate) in the viscous 

L-B plots. So, if  𝑆 > 0, it implies strain stiffening behavior; 𝑆 < 0 indicates strain softening; 
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𝑆 = 0 pertains to linear elastic behavior. Similarly, 𝑇 > 0  and 𝑇 < 0 imply shear thickening and 

shear thinning behavior, respectively, and 𝑇 = 0 corresponds to linear viscous behavior. 

Figure 2. Geometrical representation of shear rheology in the SAOS, MAOS, and LAOS regimes for a 
typical fungal biofilm (NA). Plots (a), (b), and (c) show elastic L-B curves, and plots (d), (e), and (f) 
show the viscous L-B curves. 

We observe that biofilms in the nitrogen and phosphorous trials maintain intra-cycle elasticity 

(𝑆 =  0) well into the MAOS regime and then strain stiffen (𝑆 >  0) in the LAOS regime 

(Figure 3 a, b). On the contrary, the biofilms shear thicken (𝑇 >  0) at smaller shear strains 

until strains in the MAOS regime: This ‘early’ departure from linearity (Figure 3 c, d) suggests 

that the nonlinear rheology in these fungal biofilms is triggered by their viscous nature, similar 

to other polysaccharide-based gels52. The peak in T occuring in the range 10% <  𝑇 <  100%, 

is another manifestation of the weak strain overshoot. In the LAOS regime, the biofilms exhibit 

shear thinning behavior (𝑇 <  0) (Figure 3 c, d). 
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Figure 3. Intracycle strain stiffening (S) and shear thickening (T) indices as a function of shear strain. 
Plots (a) and (b) show S of the nitrogen trial and phosphorus trial, respectively, and plots (c) and (d) 
show T of the nitrogen trial and phosphorus trial, respectively. The instrument error band (shaded 
region) corresponds to one standard deviation (n=3).

3.2.  Filament orientation – Characterization of microstructure

By varying the nutrient concentration, EPS production, filament length and filament orientation 

can be influenced.19,24 The FESEM images show one of the major components of the 

microstructure - hyphal network and the pores between them (Figure 4a). In our previous study, 

we observed that depletion of the nutrients - nitrogen and phosphorous - caused fungal hyphae 

to grow in length in search of nutrients and become thicker monotonically, while the 

composition of EPS varies non-monotonically.21 In materials, such as liquid crystals, and actin 

networks, mesophase orientational order is known to couple with polymer matrix to influence 

the mechanical properties.53,54 To explore the connection between extracellular polymer matrix 
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and the hyphal network, we imaged the biofilms before rheology (Figure 4a) and after the 

largest shear strain (Figure 4b). In the FESEM images, we analyze the orientation of at least 

12,000 filaments (Please look at the maximum magnitude in Figure 4). 

Here, we discuss the general results by considering the sample PC as an example. We extracted 

the filament orientation distribution from the images: Before rheology, the sample had a nearly 

symmetrical distribution with a sharp peak at 00 and broader peaks centered around -450 and 

+450 (Figure 4c). After rheology, while the sample continues to have a sharp peak at 00 and a 

broader peak around -450, the area of peak around +450 significantly increased implying a 

greater number of filaments oriented in that direction (Figure 4d). Before the analysis, we 

calibrate the software (OrientationJ) by extracting the filament orientation distribution using a 

customized image with predefined angles (Figure S8). The orientation distribution was fit, 

assuming that the area under the curve is the sum of the areas of an optimum number of peaks 

pertaining to each orientation. The peaks were fit to a Gaussian function. Furthermore, to 

quantify the changes in the filament orientation in the hyphal network due to mechanical 

deformation, we define a dimensionless quantity, the filament orientation complexity function 

(OCF), which is like the definition of entropy in statistical mechanics.55

          𝑂𝐶𝐹 = ― ∑𝑁
𝑖=1

𝐴𝑖

𝐴𝑇
ln 𝐴𝑖

𝐴𝑇
                                              (1)

𝐴𝑖 is the area enclosed by the Gaussian curve about a particular orientation; 𝐴𝑇 is the total area 

under the orientation distribution curve, and N corresponds to the number of Gaussian peaks. 

The ratio 
𝐴𝑖

𝐴𝑇
 is the relative measure of filaments oriented at a certain angle. This function 

succinctly provides a number that indicates the diversity in filament orientation and their 

population. To elaborate, if the filaments orient along the same direction, then OCF would be 

zero. This is equivalent to observing a single Gaussian distribution of filament orientations 

centered around an angle.  At the other extreme, OCF will be at its maximum if the filament 

population is equally distributed among all possible orientations – a perfect random angular 

distribution. It is to be noted that a similar measure has been defined in other contexts as 

well.55,56 In our work, we observe more than one Gaussian peak, and the area under them is not 

equal (Figure 4c), indicating that the orientation of filaments is neither completely anisotropic 

nor randomly oriented. We know that filamentous cell undergo directed growth and rheological 

deformation can change the orientations.17  Shear-induced changes in the distribution of 

filament orientation are therefore, quantified using the following:
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                                |∆𝑂𝐶𝐹| = |𝑂𝐶𝐹𝐴𝑓𝑡𝑒𝑟 ― 𝑂𝐶𝐹𝑏𝑒𝑓𝑜𝑟𝑒|                                    (2)

where 𝑂𝐶𝐹𝑎𝑓𝑡𝑒𝑟 is obtained from the image of the filamentous network after rheology, and 

𝑂𝐶𝐹𝑏𝑒𝑓𝑜𝑟𝑒 is obtained from the image of the filamentous network before rheology. We have 

provided SEM images and corresponding orientation analysis of all other samples in 

Supplementary Information. (Figure S9-S13). The uncertainty in OCF derived from averaging 

over several images of biological triplicates is in the range ±  0.04 ―±  0.08 which is similar 

to the uncertainty deduced from Gaussian fitting (Table 2).

 

Figure 4. Orientation of filaments before and after rheology. Plots (a) and (b) show SEM images of the 
filaments oriented at different angles for the PC sample, as a representative of other biofilms, before and 
after rheology, respectively. The dashed lines (yellow color) define the reference orientations 00, +900, 
and -900. The scale bar (yellow color) is 30μm. Plots (c) and (d) show multiple Gaussian curves fitting 
the overall profile of filament orientation distribution derived from the SEM image. Open circles denote 
the fit residual, which varies between ±  5%. 
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4. Discussions
4.1.  Correlation between nonlinear rheological property, extracellular matrix 

composition, and filament orientation of fungal biofilms

In this work, we influence the self-assembly of biofilms by regulating phosphorus and nitrogen 

in the growth reactor. The nutrients diffuse due to spatial gradients, determining the extent of 

the hyphal network, and the composition of EPS secreted by the filamentous cells. Thus, 

regulating the self-assembly of biofilms affects its rheology and microstructure. The universal 

scaling of the stress-strain plot (Figure S7 a, b) before the yield strain suggests that three-

dimensional short-range structural arrangement of the components of the biofilms is enough to 

explain their elastic solid-like behavior. However, to understand the nonlinear elastic behavior 

for 𝛾 > 𝛾 𝑦𝑠signified by strain softening, shear thickening, and weak strain overshoot, we need 

(Figure 1a, b) to consider the nutrient-dependent chemical compositional variations of 

biopolymers in the EPS– the concentration of proteins and polysaccharides; and the distribution 

of orientation of filamentous cells. 

Correlation of the intensity of the weak strain overshoot (𝜷) with the biopolymer composition 

of biofilms

The protein and polysaccharide concentration for all the biofilms reported in our earlier study 

showed that nitrogen depletion increases the production of polysaccharides and proteins 

concentration per unit dry biomass. On the contrary, a decrease in phosphorus decreases the 

concentration of proteins and polysaccharides per unit dry biomass.21 The polysaccharide content 

in these biofilms varies between 30% - 50% of the dry biomass (Figure 5). Recent studies, have 

shown similar high concentrations of polysaccharides produced in fungal biofilms.57,58 A biofilm 

is a yield stress material with the strain overshoot peak acting like a barrier between a solid to a 

fluid-like state. Overall, the strain overshoot intensity, 𝜷, decreases with nitrogen concentration 

and increases with phosphorous concentration (Figure 5). Interestingly 𝜷 nearly follows the 

same trend as polysaccharides and protein concentrations per unit dry biomass (Figure 5) and 

can be considered as measure of the energy required to disrupt the extracellular polymer network. 

The Pearson correlation heatmap for the combined data of nitrogen and phosphorus trials show 

a statistically significant positive correlation between 𝜷 and protein concentration (Figure 7). 

We believe that an effective crosslink between the matrix biopolymers and the hyphal network 

holds together the microstructure: It has contributions from the physical entanglement of 

polysaccharides, accessory proteins that reinforce the extracellular matrix,32 electrostatic binding 
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due to multivalent cations in between two negatively charged polysaccharide polymers,2  and the 

orientation of filaments. We can surmise that this effective crosslink is a potential barrier for the 

polymeric chains to move relative to each other. A similar study of the pectin-Ca gel system 

using LAOS showed that the intensity of the G" peak is related to the size of egg-box-shaped 

dimers formed due to calcium ions.59 With an increase in shear strain amplitude, restructuring of 

the microstructure occurs, otherwise known as shear aging. For shear strain amplitudes beyond 

the G" peak, the polymer chains begin to flow past each other, causing shear thinning; this 

process where the microstructure cannot rebuild is known as shear rejuvenation in the parlance 

of yield stress materials.60

The intra-cycle indices S and T corroborate the link between the protein and polysaccharide 

concentrations and β. The magnitude of S and T values and their variation with strain is similar 

to physically and ionically crosslinked hydrogels.52,59 In these fungal biofilms, the transition to 

𝑇 >  0 from 𝑇 =  0 occurs for shear strains of about 3% (Figure 3 c, d). In samples ND (0.044 

g/L) and NA (0.7 g/L), which have relatively higher concentrations of protein and 

polysaccharide (Figure 5a), shear thickening occurs smoothly, compared to samples NB (0.35 

g/L) and NC (0.175 g/L), which mildly shear thicken initially, and rapidly increase at higher 

shear strains. Shear thickening is attributed to the formation of temporary super-structures and 

entanglements whose size is estimated to be few tens of microns.52 The polymer network is 

likely to have a higher density of ‘junction points’ at higher protein and polysaccharide 

concentrations. This should cause an increase in structural relaxation time reflected in increase 

in 𝜷.  NB and NC samples have relatively lower protein content per unit dry biomass and, 

therefore, have weaker crosslinks. The abrupt increase in T, around 30% shear strain, for these 

samples can be attributed to physical compaction.32,61 Similarly, in the phosphorus trial, PC 

(0.282 g/L) shows weak thickening behavior and has the lowest protein concentration. In 

contrast, PA (1.13 g/L), which has the highest protein concentration among all the phosphorous 

trial samples, thickening begins over a larger range of shear strains (Figure 5b). 

The intra-cycle elastic nonlinearities captured by the stiffening index S are also related to 𝜷 and 

the EPS composition. Compared to nitrogen-trial biofilms, the phosphorous-trial biofilms have 

smaller 𝜷, protein and polysaccharide concentrations; therefore, in phosphorous-trial biofilms, 

the transition to strain stiffening state (𝑆 >  0) is delayed and occur at higher shear strains (~ 

40 %) (Figure 4 a, b). Both enthalpic and entropic models are available to explain the nonlinear 

stiffening behavior in biomaterials.62 The former attributes the transition to 𝑆 >  0 to bending 

modes at low strains followed by stretching modes at higher strains. The present fungal biofilms 
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provide an additional challenge to these models as the deformation of the hyphal network has 

to be taken into account.  

Figure 5. The dependence of intensity of weak overshoot 𝜷 with biochemical composition of 
extracellular matrix. The proteins per unit biomass, polysaccharides per unit biomass, 𝜷, are plotted as 
a function of (a) nitrogen concentration and (b) phosphorus concentration. Error bars correspond to one 
standard deviation (n=3).
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Correlation of 𝜷 with change in filament-orientation-complexity function 

The directed hyphal network of fungal biofilms of N. discreta (Figure 4c) is akin to cellulose-

based nematogels; their elastic modulus is comparable (~ kPa), and the orientational ordering 

of cellulose fibers have been shown to influence the physical properties 54. Figure 6 shows that 

biofilms grown under the lowest nitrogen concentration and the highest phosphorus 

concentration have the smallest |∆(𝑂𝐶𝐹)|, and these biofilms have the highest 𝜷 within the 

series. The plots 𝜷 versus 
1

|∆(𝑂𝐶𝐹)|  (Figure 6a, b) reveal an inverse relationship between β and  

|∆(𝑂𝐶𝐹)|. The Pearson correlation heatmap for the combined data of nitrogen and phosphorus 

trials shows a statistically significant positive correlation between 𝜷 and |∆(𝑂𝐶𝐹)| (Figure 7). 

A caveat on the statistical robustness of |∆(𝑂𝐶𝐹)| calculation is in order. We are comparing 

averaged data from the same annular region in the sample. Ideally, small-angle light scattering 

combined with oscillatory shear rheology would sample a larger area to provide a better 

estimate63,64. However, the challenge is improving the scattering contrast in these opaque 

biofilms.   

Considering the non-crystalline structure of biofilms, we propose that filaments of different 

orientations and their distributions compete and jam to keep the biofilm in the elastic state. 

|∆(𝑂𝐶𝐹)|, similar to 𝜷 is proportional to the energy barrier between the elastic and plastic 

deformation state. The interpretation is that in biofilms with large 𝜷, even after the yielding 

transition, there is minimal distortion in the filament orientation, compared to the mechanically 

unperturbed biofilm. Such biofilms possess robust filament architecture. The picture that 

emerges is that the extracellular matrix and the hyphal network dynamically interact with each 

other when subjected to LAOS (Figure 8).  The extracellular proteins, which crosslink polymers 

in the extracellular matrix32, could also similarly mediate between the filaments in the hyphal 

network, preventing them from altering their orientation. As we noted earlier, in the SAOS 

regime, the variations in protein concentrations do not affect the rheology of the biofilms. 

However, in the LAOS regime, the crosslinks are broken, and the polymer chains tend to align 

along the direction of deformation; this also implies an increase in the relative orientational 

disorder of the filaments. 
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Figure 6. The correlation of the intensity of weak overshoot 𝜷 with change in filament-orientation- 
complexity function | ΔOCF |. 𝜷, 1⁄(|ΔOCF|), were plotted as a function of (a) nitrogen concentration and 
(b) phosphorus concentration. The error bar corresponds to one standard deviation (n=3). The 
uncertainty in |ΔOCF| corresponds to one standard deviation (Table 2). 
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Table 2. Filament-orientation-function (OCF) before and after shear deformation and intensity of 
strain overshoot (𝜷) for biofilms grown with varying nutrient concentrations. Errors correspond to one 
standard deviation.

Nutrient type Concentration 

(g.L-1) OCFbefore OCFafter |∆OCF| 𝜷

0.700 1.73±0.07 1.48 ± 0.05 0.25 ± 0.09 1.45 ± 0.19

0.350 1.56 ±0.07 1.36 ± 0.05 0.2 ± 0.09 1.59 ± 0.28

0.175 1.56 ± 0.04 1.85 ± 0.08 0.29 ± 0.09 1.47 ± 0.13

Nitrogen

0.043 1.04 ± 0.02 1.15 ± 0.02 0.11 ± 0.03 2.71 ± 0.45

1.130 1.49 ± 0.02 1.41 ± 0.06 0.08 ± 0.06 1.71 ± 0.35

0.562 1.86 ± 0.03 1.34 ± 0.04 0.46 ± 0.05 1.56 ± 0.24

0.282 2.45 ± 0.09 1.40 ± 0.11 1.05 ± 0.14 1.12 ± 0.14

0.070 1.25 ± 0.02 1.37 ± 0.01 0.12 ± 0.02 1.69 ± 0.29

Phosphorus

0.017 1.74 ± 0.05 1.35 ± 0.04 0.38 ± 0.06 1.65 ± 0.20

Figure 7. Pearson Correlation Heatmap: Combined (Nitrogen and Phosphorus trial) Pearson’s 
correlation heat map depicting the relation between the biofilms’ rheological and biochemical properties; 

𝑂𝐶𝐹𝑏𝑒𝑓𝑜𝑟𝑒, 𝑂𝐶𝐹𝑎𝑓𝑡𝑒𝑟, 1 |∆(𝑂𝐶𝐹)|,  𝜷, Polysaccharides per unit biomass (mg.g-1), and Proteins per 
unit biomass (mg.g-1). “no-significance (ns)’’: p >= 0.05, “*’’: p < 0.05, “**’’: p < 0.01, “***’’: p < 
0.001
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Figure 8. Schematic representation of coupled extracellular matrix and hyphal network. In the picture, 
the filaments are brown, red circles are the proteins, and blue chains represent the polysaccharides in the 
matrix. The left panel pertains to the picture of a biofilm in the SAOS regime, and the right panel 
corresponds to the same biofilms affected by large shear deformation. 

5. Conclusion

Biofilm mechanics has been synonymous with structure-property correlations in bacterial 

biofilms. In this work, we investigated the non-linear viscoelastic behaviour of the less explored 

fungal biofilms. We used large amplitude shear rheology (LAOS) to study fungal biofilms of 

the filamentous fungus Neurospora discreta. These biofilms were grown by systematically 

regulating the amount of nitrogen and phosphorous in the growth media, which altered the 

composition of their extracellular polymeric substances (EPS) non-monotonically. Just as in 

many soft materials, we observed a peak in loss modulus (G") for strains between 30-50%, 

signifying a yielding transition from elastic to plastic deformation state. Our analysis suggests 

that the intensity in the peak in G" (𝜷) directly correlates with protein and polysaccharide 

concentrations present in the EPS. Intracycle strain stiffening and shear thickening indices 

reveal that the non-linear rheological behavior of the fungal biofilms originate from a viscous 

phenomenon, possibly due to the formation of temporary superstructures. We also find that the 

hyphal network resists mechanical deformation through minimal changes to the filament 

orientation. Overall, the results indicate a coupling of the extracellular polymer matrix and the 

hyphal network which could be exploited to tailor the mechanical properties of fungal biofilms. 
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Supplementary Information

Figure S1. Neighbour – joining phylogenetic tree of fungus Neurospora discreta. The phylogenetic 
tree shows the internal transcribed spacer (ITS) gene sequence (bold and underlined) and 15 closest 
relatives, selected from a gene bank based on the ITS gene. Bootstrap values based on 100 replicates 
are displayed at the branches. The tree is drawn to scale, with branch lengths in the same units as those 
of the evolutionary distances used to infer the phylogenetic tree.
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Figure S2. Macroscopic image of fungal biofilm. (a) Figure shows a typical biofilm produced by 
Neurospora discreta in laboratory after seven days of growth. (b) Figure shows an intact biofilm loaded 
between the parallel plates of the rheometer before performing LAOS tests.

Figure S3. Storage modulus and loss modulus as a function of shear strain for xanthan gum 4wt% 
solution with and without isopropyl alcohol (IPA). The plot shows (a) storage modulus and (b) loss 
modulus.
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Figure S4. Storage modulus and loss modulus as a function of shear strain for different frequencies. The 
plot shows (a) storage modulus and (b) loss modulus for different frequencies for NA sample and (c) 
storage modulus and (d) loss modulus for different frequencies for PA sample.

Figure S5. Slip effect on biofilms. The elastic and viscous Lissajous plots at higher strain and 
strain rates has the influence of instrument torque and causes slipping of the sample from the 
plates.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4935771

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



30

Figure S6. Torque ratio as a function of shear strain at different frequencies. The figure shows the 
variation of torque ratio for different frequencies. The dashed line corresponds to the cut-off ratio below 
which the data is not reliable

Figure S7. Scaled stress-strain shows nonlinear effects for larger strains. Shear stress and shear strain 
are scaled with respect to yield stress and yield strain, respectively and plotted for a) nitrogen trial and 
b) phosphorus trial.
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Calibration of OrientationJ

We have created an image of predefined angles in MS Paint. Image consists 12 horizontal 

lines (0°), 22 vertical lines ( ± 90°), 2 diagonal lines ( ± 45°). 

Figure S8. Summary of calibration of OrientationJ using an image with predefined angles. a) Image 
created in MS Paint, b) HSB coloured map of distribution of orientation obtained from OrientationJ 
Analysis to distinguish different angles, c) distribution of orientation obtained from OrientationJ 
Distribution  

From Figure S8 c, we can see peaks at ± 90°,  ± 45°𝑎𝑛𝑑  0°.  However, we can also find small 

peaks ± 30° which are noise peaks

. 
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Figure S9. Orientation of filaments before and after rheology. Plots (a), (b) shows SEM image of the 
filaments oriented at different angles for the PC sample, as a representative of other biofilms, before and 
after rheology, respectively. The dashed lines (yellow colour) define the reference orientations, 00, +900, 
and -900. Plots (c), (d) shows HSB color-coded map of the SEM image of the orientation of filaments 
for the PC sample, as a representative of other biofilms, before and after rheology respectively. The 
dashed lines (white colour) define the orientations, 00, +900, and -900. The scale bar (yellow colour) is 
30μm.

Figure S10. SEM images before and after deformation for nitrogen trial. Scale bar corresponds to 30μm 
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Figure S11. SEM images before and after deformation for phosphorus trial. Scale bar corresponds to 
30μm

 

Figure S12. Orientation analysis results. (a-d) shows orientation analysis of nitrogen trial before 
rheology. Nitrogen concentration decreases from (a-d). The orientation analysis of nitrogen trial after 
rheology is shown in (e-h). Nitrogen concentration decreases from (e-h). Corresponding percentage 
residuals are given in inset.
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Figure S13.  Orientation analysis results. (a-e) shows orientation analysis of phosphorus trial before 
rheology. Phosphorus concentration decreases from (a-e). The orientation analysis of phosphorus trial 
after rheology is shown in (f-j). Phosphorus concentration decreases from (f-j). Corresponding 
percentage residuals are given in inset.
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