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Extracellular polymeric substances (EPS) in bacterial biofilms complicate treatment by inactivating drugs and slowing down diffu-1

sion. Through enhanced penetration and resistance to degradation in bacterial biofilms, nanoparticle (NP) carriers can help improve2

biofilm treatment. However, the way in which biofilm architecture influences the diffusive properties and penetration of NPs in3

biofilms is still poorly understood. In this work, we combined single particle tracking (SPT) and confocal laser scanning microscopy4

(CLSM) in Salmonella biofilms with simulations of a Brownian dynamics model to quantify how macro- (spatial organization of the5

bacteria) and micro- (EPS dependent) structure of the biofilm affects NP penetration. In CLSM images we observed immobilization6

of NPs in the EPS, which allows shielding of bacteria from the NPs, an effect that was more pronounced in dispersed biofilms, grown7

in nutrient-rich conditions, than in compacted biofilms, grown in nutrient-poor conditions. SPT experiments revealed anomalous8

diffusion, with an increased probability for small displacements near clusters of bacteria. Simulations of a Brownian dynamics model9

revealed that EPS reinforces shielding by affecting the pore structure of the biofilm. Finally, in virtual biofilms with varying spatial10

distribution of bacteria, we found that even for the same number of bacteria, dispersed biofilm structures provide more shielding11

than biofilms organized in dense, compacted clusters, even when accounting for decreased NP diffusivity.12
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Introduction15

Biofilms are communities of bacteria, typically encapsulated in a self-produced matrix of extracellular polymeric substances16

and considered to be the predominant bacterial lifestyle (1, 2). The EPS form a barrier that hampers treatment with conventional17

antibiotics by slowing down diffusion or inactivating them (3, 4). A possible strategy to overcome these issues is to encapsulate18

antibiotics in liposomal or polymeric NPs (3–6). NPs act as carriers that protect antibiotics from inactivation and can be19

modified to enhance biofilm treatment. Changing particle size can alter penetration through the porous structure of the20

matrix, adding differently charged groups can affect electrostatic interactions with the mainly negatively charged matrix, and21

functionalization with specific chemical groups can improve specificity (5–8). As versatile drug-delivery systems, NPs have22

already shown great promise as antimicrobial strategies (3, 5) and are anticipated to play an important role in combating the23

surging problem of antibiotic tolerance in biofilms (9).24

25

Delivery of NPs within biofilms, however, faces challenges inherent to diffusion in mucus-like environments, such as low26

permeability, high retention and formation of protein coronas (10, 11). NP movement through the biofilm matrix is influenced27

by three main types of interactions: (i) size-dependent filtering due to limited pore size (10, 12–14), (ii) electrostatic interaction28

from charged components in the biofilm matrix (10, 12–15), and (iii) chemical interactions (11, 16, 17). The effect of29

these interactions on NP diffusion is non-trivial. Binding interactions often hinder penetration, leading to phenomena such30

as subdiffusive behaviour, where diffusion is slowed down, such that their mean squared displacement (MSD) scales as31 〈
x2(t)

〉
∝ tα, where 0< α < 1 (10, 12, 18). However, the existence of weak interactions with the matrix can also enhance NP32

perfusion (16). A suitable technique to study these interactions and their effect on NP fate is single particle tracking (SPT).33

In SPT, fluorescent NPs probe the biofilm micro-environment non-invasively, so that local mechanical properties can be in-34

ferred from particle diffusion parameters (19–22), and the penetration capability of a variety of NPs can be assessed (12, 19, 21).35

36

Interactions between the EPS matrix and NPs are therefore recognized as important recalcitrance mechanisms for the biofilm37

(4, 5, 7, 8, 23). However, the impact of the spatial distribution of this EPS matrix, along with the spatial organisation of the38

biofilm bacteria on which the EPS is contingent, has not been extensively studied so far. Nonetheless, this so-called “biofilm39

architecture” directly influences (i) pore sizes, which get smaller close to dense groups of bacteria (24), (ii) connectivity40

within the biofilm (25) and (iii) spatial heterogeneity of diffusion coefficients (14). However, while biofilm architecture can41

be controlled partially in the lab in vitro (4, 26, 27), it is impracticable to fully separate structural effects from other biofilm42

properties such as matrix composition, since these are strongly linked (28). To this end, computational simulations may provide43

complementary understanding (7, 8). Continuum approaches have provided insight into diffusion mechanics, for example44

using a plumpudding model (29), or in general reaction-diffusion models (30). In crowded environments such as biofilms,45

particle-based Brownian dynamics models are valuable, as they allow for varying particle shape and surface properties, grant46

insight in processes impacting diffusion, give single-particle information and can be directly compared to experimental SPT47

and CLSM data (19, 31–35). Moreover, interactions between NPs and EPS can be modelled explicitly (31, 32, 36), or they48

can be coarse-grained and represented implicitly (37), allowing for computationally cheaper, large scale simulations. To allow49

these latter type of simulations, representative biofilm structures first need to be generated either via biofilm growth (38) or via50

continuum equations (39, 40).51

52

In this work, we investigated the impact of biofilm architecture by studying how (i) spatial distribution of bacterial clusters,53

or “macro-structure” and (ii) the amount of EPS produced by the bacteria within the clusters, or “micro-structure” affect the54

penetration of NPs in Salmonella enterica Typhimurium biofilms. By changing nutrient availability, we controlled the degree of55

compaction/dispersedness of in vitro biofilms in order to influence macro-structure. Using fluorescence microscopy we tracked56
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and localized individual NPs in these biofilms to quantify their diffusion properties and penetration. Furthermore, to investigate57

the effect of micro-structure for different types of macro-structure, we performed simulations of a Brownian dynamics model58

of NP diffusion in biofilms. These simulations revealed that more dispersed biofilm structures show increased shielding of59

bacteria from diffusing NPs, relative to compact biofilm structures.60

Results61

Structurally distinct biofilms differ in nanoparticle penetration. We started by studying the impact of the biofilm macro-62

structure on nanoparticle penetration. In an attempt to establish different types of macro-structure, biofilms of S. Typhimurium63

were grown in high and low nutrient environments for 48 h and analyzed with CLSM. The abundance of nutrients appeared64

to have a pronounced effect on biofilm structure: In nutrient-poor conditions, we observed a lower global bacterial density65

(3.2± 1.0 v/v%), and thus associated biomass, compared to nutrient-rich conditions (8.3± 2.9 v/v%), see Supplementary66

Table 1. Additionally, bacteria appeared more compacted in nutrient-poor conditions (Fig. 1a-b). We quantified the degree of67

compaction via the average pairwise distance of each bacterium to their 10 nearest neighbours. Nutrient-poor biofilms showed68

a higher compaction with an average pairwise distance of 2.50± 0.07 µm, while nutrient-rich biofilms showed an average69

pairwise distance of 2.75± 0.05 µm. Such differences in macro-structure can be expected to impact NP penetration. On the70

one hand, increased biofilm compaction will increase the volume of pores and might thereby enhance NP penetration through71

the biofilm. On the other hand, more dense, compact clusters might inhibit NP from entering and thereby protect bacteria72

at the center of the cluster. We therefore used CLSM to determine the three-dimensional position of confined aminated and73

carboxylated fluorescent NPs (10−5 w/v%) 1 h after introduction in 48 h old biofilms. NPs were found to be more concentrated74

in the upper layers of the nutrient-rich grown biofilms and unable to penetrate to the bacteria close to the substrate, while for75

nutrient-poor biofilms they were present closer to the bacterial clusters. To quantify NP penetration in the biofilm, we introduced76

the “affinity” and “coverage length” measures, Fig. 1c. High affinity, which we defined as the percentage of NPs closer than77

a threshold of 0.3 µm from the bacterial surface, indicates the ability of NPs to reach bacteria in the biofilm. Dependency of78

affinity on this threshold is shown in Supplementary Fig. 1. The value of this threshold was informed by matrix staining Fig. 1d,79

where the matrices in nutrient-poor biofilms reach on average 0.31±0.07 µm from the surface of the bacteria and 0.27±0.0580

µm for nutrient-rich biofilms. In treatment, high affinity results in more specific drug release and a lower required dose of NPs,81

Fig. 1e. We found no significant differences in affinity between biofilms grown in rich and poor nutrient conditions, both for82

aminated and carboxylated NPs. Affinity was, however, significantly lower for aminated than for carboxylated NPs in nutrient-83

rich biofilms (p = 0.006). As a second measure, we defined the coverage length as the median distance from each bacteria84

to the closest NP, Fig. 1e (full distributions are shown in Supplementary Fig. 2). We found a 5-fold higher coverage length85

in nutrient-rich grown biofilms compared to nutrient-poor grown biofilms, for both aminated (p = 0.004) and carboxylated86

(p = 0.002) nanoparticles. One evident factor that partially explains this difference in coverage length is the discrepancy in87

total biomass, since nutrient-rich conditions had approximately 2.3 fold higher biomass compared to nutrient-poor conditions.88

Moreover, it is possible that reaction-diffusion mechanisms changed the chemical micro-environment in the biofilm depending89

on nutrient-availability, leading to altered gene expressions and thus possibly different EPS matrix properties (23, 30). In order90

to understand the impact of biofilm architecture on NP penetration, independent of the confounding effects of biomass, it is91

thus valuable to first quantify the diffusion barriers that hinder NP movement at the micro-structural scale.92

Nanoparticle diffusion in Salmonella biofilms is heterogeneous. To elucidate the processes that govern NP penetration,93

we performed SPT to quantify the diffusion characteristics of fluorescent NPs within the nutrient-poor 48 h old Salmonella94

biofilms. We found a range of different dynamic behaviors of NPs depending on their proximity to biofilm bacteria and the95

architectural elements the NPs are exposed to. Whereas NPs in the pores between clusters of bacteria move more freely, NPs96

near the clusters appear more confined and move more slowly, Fig.2a. We observed a similar disparity based on the ensemble97

displacement distribution, where there is an increased probability of small displacements, indicative of confined movement,98

Fig.2b. The empirical ensemble displacement distribution (DispD), with full data in Supplementary Fig. 3, shows exponential99

tails, further deviating from a Gaussian distribution that would be characteristic of simple diffusion. In case the diffusion100

coefficient D follows an exponential distribution, the ensemble distribution of displacements is expected to exhibit such101

exponential tails. This effect can, however, even occur for a non-exponential distribution of D at sufficiently short lag times102

(22, 41). In our results, the measured effective diffusion coefficient, calculated from the time-averaged MSD, instead follows a103

bimodal distribution, with a relatively small fraction of mobile particles and a large fraction of immobilized particles for which104

D ≈ 0, Fig. 2c. Finally, the diffusion exponent α, assuming x2(∆)∝Dα∆α, indicates the presence of subdiffusive anomalous105

diffusion Fig. 2d, where α < 1 and NPs are confined to a small area. Overall, the observation of strongly heterogeneous106

mobility substantiates the impact of macro-structural elements on nanoparticle penetration. In addition, the low mobility107

of a large fraction of NPs emphasizes that confinement in the EPS micro-structure is an important factor in hampering NP108

penetration.109

110
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EPS thickness differentially impairs nanoparticle penetration by tuning percolation. To further study the effects of111

macro-structure and their interplay with micro-structure, we simulated the diffusion of NPs in a biofilm with a particle-based112

Brownian dynamics model. This model allows to consider bacteria organized according to different macro-structures informed113

by microscopic images, with different amounts of EPS to manipulate the micro-structure. Bacteria are represented via sphe-114

rocylinders, whereas NPs are represented as spheres. NPs only interact with bacteria, not with each other, and we assumed115

bacteria are static with respect to NPs. EPS is represented via a Gaussian-shaped viscosity kernel η(xi), with a high viscosity116

∆ηM near the surface of bacteria, declining to bulk viscosity η0 as117

η(xi) = η0 + ∆ηM
N∑
j=1

e−‖xi−xj‖2/2σ2
M , (1)118

with xj the position of bacteria j. Motivated by the observation that NPs are immobilized strongly inside dense clusters of119

bacteria, we considered the viscosity kernels as additive in our model, Fig. 3a. This assumption is consistent with diffusion120

analyses in biofilms, which revealed a lower diffusivity in larger cell clusters, further decreasing in denser parts of clusters121

(14, 24). Our coarse-grained strategy to model NP-EPS interactions permits simulation of NP penetration in large biofilm122

systems in a computationally favorable manner. Varying the EPS viscosity ∆ηM and the length-scale of the EPS σM allows123

us to tune the diffusion characteristics of the EPS structure in simulations. We estimated the effective thickness of EPS in124

experimental conditions as ≈ 0.3 µm, Fig. 1d, thereby informing the range of variation in the parameter study of σM . Next, we125

simulated the diffusion of NPs in the biofilm structures obtained from image segmentation of both compacted, nutrient-poor126

biofilms and dispersed, nutrient-rich biofilms, Fig. 1. Since we did not observe a significant difference in penetration between127

aminated and carboxylated NPs, we did not explicitly differentiate between the two in our simulations. Examples of segmented128

biofilms with simulated NPs are shown in Fig. 3b-c. For these structures, increasing the EPS characteristic length σM results129

in a decrease in pore volume where NPs can diffuse freely. Figs. 3b-c, bottom left, show the decline in pore volume for a130

nutrient-poor biofilm when σM increases from 0.5 µm to 2.0 µm. In contrast to nutrient-rich biofilms, Fig. 3b, the nutrient-131

poor biofilm remains a percolated system. The DispD for the nutrient-poor biofilm, Fig. 3b-c, bottom right, shows similar132

profiles to the profile obtained from SPT experiments, Fig. 2b. As EPS viscosity ∆ηM increases, a transition occurs from a133

Gaussian DispD to a non-Gaussian DispD with increased probability for short displacements, Fig. 3d, The width of the central134

peak in this non-Gaussian distribution increases and the probability of large displacements decreases with σM , Fig. 3b, bottom135

right, an effect that is even more pronounced for the nutrient-rich biofilm, Fig. 3c, bottom right. Indeed, the connectivity of136

the pore structure drops with increasing σM as percolation vanishes, and entrapment of NPs is observed, resulting in strongly137

non-Gaussian tails in the DispD. The affinity measure in Fig. 3e was calculated with the same threshold 0.3 µm as in Fig. 1e.138

Affinity of NPs to bacteria was found to first increase with characteristic EPS length-scale σM as the probability to interact139

with the biofilm increases, and then drop for σM > 0.2 µm, when the matrix increasingly separates the NPs from the surface of140

the bacteria. Affinity was lower in nutrient-poor conditions than in nutrient-rich conditions, but only for small values of σM .141

Considering coverage length (full distributions available in Supplementary Fig. 4), a first observation is that increasing ∆ηM142

from ∆ηM = 1 mPas onward leads to a small decrease in coverage length, Fig. 3f, since NPs are now immobilized closer to143

bacteria, without inhibiting their penetration altogether as they can still escape. This confirms previous studies that found that144

some weak interactions might benefit penetration (16). Higher viscosities, however increase the coverage length due to stronger145

NP immobilization. The coverage length increases with σM , which is more pronounced for nutrient-rich than for nutrient-poor146

biofilms, Fig. 3g and, similar to our experiments, the coverage length in nutrient-rich biofilms is higher relative to nutrient-poor147

biofilms. The effect where σM increases coverage length more in nutrient-rich biofilms cannot be attributed merely to pore148

volume, as nutrient-rich biofilms with lower σM have similar pore volume fraction as nutrient-poor biofilms with higher σM ,149

see Supplementary Fig. 5 and Fig. 6, while the coverage length remains higher for nutrient-rich biofilms. Due to decreased150

percolation in the pore structure of nutrient-rich biofilms, Fig. 3b, NPs may become trapped in the upper layers of the biofilm.151

This comparison of coverage length at similar effective pore volume thus further supports that the spatial distribution of cells,152

i.e. macro-structure, in interaction with the local EPS, plays an important role in determining NP penetration within the biofilm,153

Fig. 3b, c, f and Supplementary Fig. 5.154

Dispersed biofilm architectures provide shielding that limits nanoparticle penetration. Although our previous155

analyses clearly hint at an impact of biofilm architecture on NP penetration, they were all confounded by differences in total156

number of cells. To explicitly assess how spatial macro-structure of the biofilm, apart from its total biomass, affects the157

penetration success of NPs, we apply our model to virtual biofilms that differ in spatial cell distribution but conserve the158

total number of bacteria. To this end, we solved the Cahn-Hilliard equations (CH) for phase separation for a binary mixture159

(void space and biofilm). Phase separation theory has been used to characterize experimental biofilm formation (39, 40),160

and consequently applied to generate representative virtual biofilm structures (42). As the mixture coarsens over time t, the161

characteristic length of domains increases as Lt ∼ t1/3. Using a zero concentration boundary condition at the top and natural162

boundary conditions at the remaining sides, we obtained a collection of virtual biofilms with varying degrees of compaction but163

with an equal number of bacteria, Fig. 4a. These structures vary from a near uniform distribution of bacteria at low Lt to highly164
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compacted biofilm structures at high Lt. The pore structure for σM = 0.4µm and σM = 1.0µm is shown in Fig. 4b. At high165

Lt, the pores between clusters are large, and pore structure remains percolated even at large σM . However, the viscosity within166

compact clusters at high Lt is greatly elevated due to the additive nature of the viscosity kernel, see Supplementary Fig. 7.167

Simulations of NP diffusion in these structures show that affinity is reduced for increasing biofilm compaction, as more NPs168

diffuse freely in the larger open pore space, Fig. 4c. We found that coverage length decreases with Lt, Fig. 4d, an effect that is169

more pronounced at large σM , see Supplementary Table 2 and Supplementary Fig. 8. For small Lt, the network of channels170

reaches the percolation threshold for increasing σM , while for large Lt, the system remains percolated. Moreover, these results171

highlight the capacity of more spatially distributed and loose biofilm structures to act as a “sieve” to retain diffusing particles.172

Their greater surface-to-volume ratio permits efficient absorption of particles, thereby impeding them from penetrating more173

deeply in the biofilm structure. In case of antimicrobial treatment using NPs, the NP acts as a source from which antibiotics174

can diffusive outward. To demonstrate the difference in antibiotics release from a NP in thick and compact versus thin and175

sparse biofilm structures, we simulated diffusion from a point-source — the hypothetical NP — in a gyroid solid of different176

length scale (Lg), taking into account a decrease in diffusivity and a fixed absorption rate in the solid phase, Fig 4e. These177

simulations show that the main effect of thinner, more dispersed structures is a more concentrated dose near the source of the178

antibiotics, which is more diluted for larger Lg . However, further from the source, the difference in the distribution of the179

relative dose vanishes.180

181

Discussion182

Although encapsulation of antibiotics in NPs protects the compounds from immobilization and inactivation (3), interactions183

between NPs and the EPS can still lead to poor penetration in the biofilm (7, 8, 16). While the nature of these interactions184

has been extensively studied (4, 7, 8, 16), the effect of biofilm architecture on NP penetration capabilities has received little185

consideration.186

With three-dimensional CLSM, we located carboxylated and aminated nanoparticles in nutrient-rich and nutrient-poor187

biofilms. Although a higher affinity was expected for aminated NPs due to the presence of negatively charged elements in the188

biofilm (4, 7, 43), we did not observe significant differences in penetration capabilities between aminated and carboxylated189

NPs. In previous studies, positively charged NPs showed higher binding capabilities, lower diffusion coefficients and were190

generally more restricted in penetrating through the biofilm (12, 44, 45). We hypothesise that in our experiments, the size191

of the NPs contributed more to their capture than their surface charge, which would explain differences between our results192

and experiments using charged quantum dots (17). Moreover, since we measured NP position after one hour of incubation,193

differences in penetration due to differences in electrostatic interactions might also have aged at that moment. We observed that194

nutrient-rich biofilms exhibited a decrease in penetration capabilities, which can be attributed to the decrease in compaction195

and consequent increase in volume, occupied by bacteria and EPS (SI Table 2), consistent with plumpudding models (29)196

and other reaction-diffusion models (30). The observed increase of this biovolume in nutrient-rich biofilms implies more197

binding sites, bacterial clusters or ‘plums’, which can capture the diffusing NPs in the plumpudding, thereby preventing further198

penetration (29).199

200

In SPT experiments of NPs in Salmonella biofilms, we found that a large number of NPs got immobilized or confined201

near clusters of bacteria, where the matrix is denser and less porous (14, 24). Moreover, we observed anomalous diffusion,202

characterized by exponential tails in the displacement distribution, which might be attributed to an underlying distribution203

of diffusion coefficients of non-immobilized NPs (22, 41). Consequently, NPs cannot be simply categorized as either204

immobile when close to clusters of bacteria or freely moving when they diffuse further from bacteria. Instead, NPs moving205

further from bacteria experience a variety of steric, electrostatic or chemical interactions, leading to highly heterogeneous206

diffusion coefficients. In Salmonella biofilms, we found diffusion coefficients for NPs with 60 nm radius, ranging between207

0 and 4 µm2/s, which is compatible with other values reported in literature (12, 18, 19). The observed subdiffusion is not208

necessarily detrimental for biofilm treatment. NPs are often designed to have high affinity for bacteria, such that release of209

their contents happens close to the target. Yet, biofilm eradication is hampered when interactions with the matrix inhibit NPs210

from reaching groups of bacteria, although weak interaction might even enhance penetration and drug-delivery capabilities (16).211

212

In order to analyze the effect of matrix transport properties in these structures in isolation, we simulated NP diffusion using a213

Brownian dynamics model. This model was able to represent the characteristic signature of heterogeneous diffusion observed214

in the SPT experiment. As such, it can provide a powerful alternative to continuum-type models for simulating diffusion in215

strongly heterogeneous or anomalous environments, while also furnishing information on individual particle trajectories and216

anomalous diffusion characteristics. Simulations in segmented biofilms predicted that NP affinity to bacteria first increases217

with increasing EPS thickness until it drops at very large thickness. From a treatment perspective, this provides an interesting218

trade-off, as it shows that the presence of matrix possibly benefits drug delivery by immobilizing NPs closer to bacteria. On219

the flip side, we found that increasing EPS thickness mainly has an adverse effect on the coverage length, by shielding more220
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bacteria from NPs. This effect is particularly strong in high nutrient conditions, when the pore space reaches the percolation221

threshold at higher cell density.222

223

Finally, we studied the effects of micro- and macro-structure separately, without confounding effects of biomass, in virtual pa-224

rameterized biofilms generated using the Cahn-Hilliard equations. These simulations show that, at equal biomass, bacteria are225

better shielded from NPs in disperse biofilms compared to dense compacted biofilm structures, even when taking into account226

a proportional decrease in diffusivity in clusters that are more compacted. This suggests that the appropriate conceptual model227

to understand NP penetration is the model of a particle ‘sieve’ or a ‘filter’. Through its heterogeneous diffusion environment,228

the EPS provides an absorbing surface that effectively filters NPs, preventing them from penetrating further in the biofilm.229

From the evolutionary perspective of bacteria, the colony is better protected against chemical stress by growing sparsely and230

vertically, as long as the affinity between the chemical stressor and EPS is high. In these conditions, protection is provided231

through a large surface-to-volume ratio at the sacrificial upper layers rather than by a large size of individual cell clusters.232

233

In the context of delivery of antibiotics through NPs, these results can be further clarified by considering the Thiele modulus234

φ= (krL2
f/De)1/2 (46), where kr is the sorption rate coefficient of the antibiotic, De its effective diffusion coefficient and Lf235

the characteristic diffusion length, which we can interpret as the coverage length if the source of antibiotics is the NP. When φ236

is small, diffusion is fast compared to reaction and the full material is treated. Conversely, when φ is large, reaction dominates237

and treatment is expected to be uneven. Hence, one expects large values of Lf for disperse biofilms and small values of Lf in238

compact biofilms due to better NP penetration. However, De is also likely to be higher in disperse biofilms, since the typical239

path between an absorbed NP and bacteria is more porous. Yet, the dominant parameter is expected to be the length-scale240

Lf , as physical separation trumps diffusion barriers. The latter idea is further supported by the results of reaction-diffusion241

simulations from a point-source inside gyroid structures of varying coarseness, which show that apart from more dilution in242

local dose near the point source, the presence of larger structures has little effect on the spatial distribution of relative dose.243

244

Our work has some limitations that warrant discussion. First, we consider the diffusion of NPs in the absence of convection245

by external fluid flows. However, fluid flow is expected to be an important factor in both shaping biofilm architecture and246

influencing nanoparticle transport (38, 47–49). Effects of convective flows and change in percolation structure due to bacterial247

motility are also disregarded, as we consider biofilms to be fully static at the time-scale of NP diffusion. Second, NPs are248

considered to be non-interacting in the simulations. Aggregation as a result of Van der Waals or electrostatic interactions249

could instigate additional size effects due to accumulation, further complicating NP penetration (8, 50). Third, the seemingly250

exponential tails of the experimental DispD do not emerge from our simulations. Addition of a long-range Gaussian kernel,251

could result in exponential-like tails of the DispD of the simulations. Finally, antibiotics can heavily impact biofilm architecture252

through alteration of bacteria-bacteria interactions and localized killing of bacteria (51, 52). Insights in the continual feedback253

between biofilm architecture and NP fate are crucial for the future application of NP-based antimicrobial delivery strategies and254

thus confer interesting research perspectives. Even so, we were able to show the importance of biofilm architecture on NP fate,255

demonstrating that even for constant bacterial density, their spatial ordering contributes greatly to shielding bacteria away from256

NPs.257

Materials & Methods258

Bacterial strain and growth conditions. The constitutive promoter PLλ and the fluorescent protein mtagBFP2 (53) were259

cloned into the multiple cloning site of the pFPV25 plasmid, kindly provided by Raphael H. Valdivia and Stanley Falkow (54),260

via restriction digestion. All primers used for the construction of this plasmid are listed in Table 1. Restriction enzymes were261

purchased from Roche and used according to the instructions of the manufacturer. Escherichia coli DH5α and Escherichia262

coli Top10F’ were used for cloning steps. The new construct were verified by sequencing and subsequently electroporated into263

Salmonella entirica, subsp. enterica serovar Typhimurium ATCC14028 using a Bio-Rad gene pulser.264

Table 1. Oligonucleotides for plasmid construction (54).

Primer Sequence 5′→ 3′ Purpose

PRO 4 GTGCCACCTGACGTCTAAGAAACC FW, sequencing pFPV25
PRO 0406 CATATGTATATCTCCTTCTTAAATCTAG RV, sequencing pFPV25
S&P-01020 ATCCCGGGGTGCTCAGTATCACCGCCAG FW, amplification of PLλ, XmaI restriction site
S&P-01021 ATGAGCTCCTCTCACCTACCAAACAATGCCCC RV, amplification of PLλ, SacI restriction site
S&P-01130 ATTCTAGACCACCATCACCATCACCATG FW, amplification of mtagBFP2, XbaI restriction site
S&P-01143 ATGCATGCCCGCCAAAACAGCCAAG RV, amplification of mtagBFP2, SphI restriction site

Overnight cultures (ONC) were grown at 37 °C in Lysogeny broth (LB) in test tubes while shaking at 200 RPM. For cloning,265
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colonies were grown on LB plates containing 1.5% agar (w/v). If the pFPV25 was present, 100 µg/ mL was added both ONC266

and plate cultures.267

Biofilm assay and nanoparticle addition. The optical density of ONC of ATCC14028 mtagBFP2 was measured at 595268

nm and corrected to OD595 = 2.5. These normalized cultures were further 10,000-fold diluted, corresponding to an initial269

bacterial density of approximately 2e5 cells/mL, in tryptic soy broth (TSB) diluted 5-fold for nutrient-rich conditions and270

20-fold for nutrient-poor conditions. 396 µL of this suspension was added to µ-Slide 8 Well chambers (Ibidi) in addition to271

the appropriate concentration of ampiciline, and statically incubated for 48 h at 25 °C. For the visualization and measurement272

of EPS, EbbaBiolight 680 (Ebba Biotech AB) was added at the start of incubation using a 1,000-fold dilution following the273

manufacturer instructions.274

275

After 48h of biofilm incubation, green fluorescent aminated (radius = 50 nm) or green fluorescent carboxylated (radius =276

60 nm) polystyrene nanoparticles (Spherotech) were gently pipetted directly below the liquid-air interface to avoid structural277

disturbance of the biofilms, to a total of 4 µL of nanoparticle stock solution and thus final concentration of 10−5 w/v%.278

Image acquisition. Prior to single particle tracking, biofilms were imaged using an inverted fluorescence microscope (Z1279

observer, Zeiss) with an 63x oil immersion objective at 6 µm above the well surface using an excitation wavelength of 450280

nm 20 min after addition of the nanoparticles, these were tracked using frequency of 10 Hz during 50 s using an excitation281

wavelength of 495 nm.282

For localization of nanoparticles with respect to bacteria, biofilms were imaged 1 hr after nanoparticle addition, which was283

performed identically to the single particle tracking experiments. Z-stacks of bacteria, EPS and nanoparticles were acquired284

simultaneously by respective excitation at 405 nm, 540 nm and 488 nm using a 63x oil immersion objective mounted on a285

confocal laser scanning microscope (LSM880, Zeiss). Z-stacks were captured on an Airyscan detector (Zeiss) using Fast286

Airyscan mode.287

Image processing. For the single particle tracking, blob detection was performed on every frame of the nanoparticle channel288

using the Trackmate plugin (55) implemented in the ImageJ platform (56) using a Difference of Gaussian filter with an estimated289

blob size of 1.5 µm. Detected spots with a quality metric below 20 were omitted from further analysis. The Linear Assignment290

Problem (LAP) tracker of Trackmate was used to link spots in subsequent frames allowing a maximal linking distance of 3 µm291

without gap closing.292

After acquisition, Z-stacks were post-processed using Airyscan post-processing of Zen Black (Zeiss) with automatic Wiener293

Filter strength parameter. Nanoparticle Z-stacks were segmented using the Trackmate plugin as well (55), with quality threshold294

set to 100, and radius to 0.75 µm for aminated and 0.5 µm for carboxylated nanoparticles. For segmentation of bacteria, the295

signal in the Z-stacks was magnified using the histogram matching algorithm implemented in ImageJ (56) to match the intensity296

histogram of each slice to that at the bottom of the biofilm. Bacterial positions and geometry were extracted by splitting the297

Z-stacks in a set of substacks using a 4-by-4 in the xy-plane with a 20% overlap in both x and direction. A Hession-based Frangi298

vesselness filter was used to enhance blob-like features in each of the image substack, which were subsequently classified in299

bacteria and background using an Otsu threshold scaled with a factor 0.07. Binarized image substacks were stitched back300

together, followed by watershed segmentation of individual bacteria using the ImageJ platform (57). The position, radii and301

directions were obtained by computation of the 3D moment matrix of each individual blob (58). The largest eigenvalue was302

used as the length of the bacteria, while the two smaller radii were averaged out keeping the ellipsoid volume constant. Objects303

with a length smaller than 0.5 µm or radius smaller than 0.25 µm were omitted from further analysis. Finally, lengths bigger304

than 3 µm were set to 3 µm and the maximum radius was set 1 µm the same way. Thickness of the EPS was measured manually305

perpendicular to the bacterial cell wall of 50 randomly chosen bacteria in the central slice of the Z-stack (56).306

Brownian dynamics model. There are two separate entities in our model. The first are the time invariant spherocylindrical307

bacteria, with state variables of length Lc, radius Rc, node positions x0 and x1, matrix characteristic length σM and matrix308

viscosity ∆ηM . The second entity are the nanoparticles, with state variables radius Rp, mass density ρp position xi(t) and309

experienced viscosity η(xi(t)). The environment state variables are temperature T , bulk density ρ0, nanoparticle concentration310

Cp and bulk viscosity η0. Nanoparticles experience reflective boundary conditions when they move too far from the biofilm.311

There is no interaction between nanoparticles. We assume the characteristic time of diffusion as an order of magnitude smaller312

than the characteristic time of biofilm growth (59), therefore assume the biofilm as static during the diffusion simulation.313

Diffusion is simulated for a total of 10 minutes, the degree of convergence over time is shown in Supplementary Fig. 9 and 10.314

State variables and their scales are listed in Table 2.315

316

Extracellular polymeric substances (EPS) interact with nanoparticles in the biofilm and slow down diffusion. This leads to317
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Table 2. Time-independent state variables when modelling nanoparticle diffusion in a biofilm environment. When σM is varied, we keep a constant ∆ηM = 10 mPas,
When ∆ηM is varied, we keep a constant σM = 0.5 µm.

Symbol Value [Default] Unit Description
Rp 60 nm Nanoparticle radius
ρp 1060 kg/m3 Nanoparticle mass density
Rc 0.5 µm Spherocylinder radius
Lc 3 µm Spherocylinder length
σM 0.05 - 2 [0.5] µm Matrix characteristic length
η0 1 mPas Bulk viscosity
∆ηM 0 - 100 [10] mPas Viscosity at bacteria interface, in addition to η0
kcp 20 pN/µm Harmonic potential stiffness
T 300 K Bulk temperature
Cp 10 pM Nanoparticle concentration
ρ0 997 kg/m3 Bulk mass density
Ts 10 minutes Total simulation time

inhomogeneities of the viscosity in the medium and thus the spatially varying overdamped Langevin equation318

∂txi = F (xi)
γ(xi)

+ f(xi)
γ(xi)

+g(xi)ξ(t), (2)319

with g2(xi) = 2kBT/γ(x) the strength of Gaussian white noise ξ(t) with properties 〈ξ(t)〉 = 0 and 〈ξ(t)ξ(t′)〉 = δ(t− t′),320

F (xi) the resultant of contact forces, γ(xi) the friction coefficient, kB the Boltzmann constant, T the temperature and a drift321

force f . The drift force originates from the Stratonovich convention, which according to Jacka and Oksendal best describes the322

diffusion of particles inside an inhomogeneous environment (60). Since nanoparticles are represented as spheres, we describe323

the friction coefficient with Stokes-Einstein so that γ(xi) = 6πrtη(xi), with rt radius of the nanoparticle and η(xi) the local324

dynamic viscosity.325

326

Since Gaussian viscosity kernels are often used for diffusion in heterogeneous environments (37), we will also assume that327

η(xi) declines according to a Gaussian with respect to the distance from the surface of the bacteria so that328

η(xi) = η0 + ∆ηM
N∑
j=1

e−‖xi−xj‖2/2σ2
M , (3)329

where ∆ηM is the difference between viscosity in water, η0 and viscosity near the surface of bacteria, xj the point on the330

surface of bacteria j, closest to the NP and σM the characteristic length scale of the viscosity kernel. The drift force f(xi) =331

−1
2kBT

∇γ(xi)
γ(xi) in Eq. 2 is then332

f(xi) = 1
2
kBT∆ηM
η(xi)

N∑
j=1

xi−xj
σ2
M

e−‖xi−xj‖2/2σ2
M . (4)333

334

335

In addition, nanoparticles experience a gravity force Fg = g · (ρp−ρ0)Vp towards the bottom of the biofilm, with Vp the336

volume of the spherical nanoparticle. Then, contact forces F (xi) between bacteria and nanoparticles are calculated as337

harmonic repulsive potentials, with stiffness kcp. After contacts, experienced viscosity of each nanoparticle is calculated as338

described in Eq. 3. Resulting velocities and forces are calculated with the conjugate gradient method, after which resulting339

positions are calculated via a Forward-Euler integration scheme. Particles experience a closed boundary box surrounding the340

biofilm.341

342

Generation of virtual biofilms. We simulate biofilm structures using the Cahn-Hilliard equations

∂u

∂t
−∇·M

(
∇
(

df
du −λ∇

2u

))
= 0 in Ω, (5)

M

(
∇
(

df
du −λ∇

2u

))
= 0 on ∂Ω, (6)

Mλ∇u ·n= 0 on ∂Ω, (7)
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with the Dolfin platform from FEniCSx (61). We initialize the field of u(x) as

u(x,0) = (c0 + crν)/
(

1 + e−
h(x)−x0

cra

)
,

where ν is a uniformly distributed random number between -1 and 1, x is the voxel position in a 56×56×56 grid, cr = 0.1,343

c0 = 0.5, h(x) is height at location x, x0 = 0.15 and cra = 0.15. We simulate for 1e9 time steps with Dirichlet boundary344

conditions. The Dirichlet boundary conditions lead to lower mean of field u(x) over time, thus we multiply each u(x, t) value345

with
〈
u(x, tf )

〉
/〈u(x, t)〉, with tf the final time step, where

〈
u(x, tf )

〉
= 0.36. Since the characteristic length Lt scales with346

t1/3 (Lifshitz–Slyozov law), we generate biofilms at time steps 1e6× t3i , with ti an integer from 0 to 10, such that Lt ∝ t1/3i .347

We seed bacteria at a constant volume density (2.8% v/v%), after which bacteria are accepted with probability u(x, ti), such348

that the final volume density is 1% v/v%. Characteristic length Lt of the virtual biofilms was calculated using Paraview contour349

filter, followed by the integrate variable filter to calculate surface area of the Cahn-Hilliard domains (62). Characteristic length350

was then calculated as Lt = V/S, with S the estimated surface and V the volume of the Cahn-Hilliard domain. Finally, the351

slope of Lt as a function of t1/3 was calculated with linear regression (following the Lifshitz–Slyozov law), such that Lt = 0352

µm at ti = 0, see Supplementary Fig. 11.353

Reaction-diffusion model in gyroid structures. The setup and reasoning for our finite element simulations of antibiotics354

diffusion in gyroid structure is explained in more detail in Supplementary information.355

Diffusion measures. The time averaged mean squared displacement (TAMSD)356

x2
i (∆) = 1

T −∆

T−∆∑
t=0

(xi(t+ ∆)−xi(t))2 , (8)357

for particle i, where ∆ is the lag time and T total track length. The diffusion coefficient D is calculated from the TAMSD via358

linear least squares, as x2
i (∆) ∝ Di∆. Diffusion exponent α is calculated from the TAMSD via nonlinear least squares, as359

x2(∆)∝Dα∆α.360

361

The “affinity” and “coverage length” measures are computed by calculating pairwise surface-to-surface distances from each362

NP to each bacteria. The percentage of NPs which are closer than 1 µm to the closest bacteria are is called the affinity, while363

the median distance from each bacteria to the closest NP is called “coverage length”. A small coverage length indicates that364

most bacteria are well reached by the NPs and are likely susceptible to potential encapsulated treatments. It should be noted365

that as a treatment measure, the coverage length is expected to be dependent on both structure of the biofilm as well as on the366

concentration of NPs.367
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Figures455

Fig. 1. Overview of the 3D microscopy of nanoparticles incubated in a Salmonella enterica Typhimurium biofilm. Nanoparticles are green fluorescently labeled, either
aminated (Am) or carboxylated (Cb), with blue fluorescently labeled bacteria, either cultivated in nutrient-rich or nutrient-poor conditions. a Max intensity orthogonal projection
of a nutrient-poor biofilm with aminated nanoparticles. b Max intensity orthogonal projection of a nutrient-rich biofilm with aminated nanoparticles. c Schematic representation
of affinity and coverage length measures. d CLSM images of red fluorescently stained curly and cellulose for nutrient-poor and nutrient-rich biofilms. Data shown for different
biofilms than a, b and e. e Results for affinity and coverage length. Error bars are the standard deviation of three biological repeats. Significance levels are tested with
pairwise Student’s t-tests, without multiple correction. (top) (∗) is a p-value of 0.006, (bottom) (∗) are p-values of 0.004 for Am and 0.002 for Cb.

Fig. 2. Overview of SPT tracks and data. Data shown for aminated polystyrene nanoparticles after 20 minutes incubation in Salmonella enterica Typhimurium biofilm. a
Visualization of the analyzed tracks. Bacteria are presented in blue and were imaged separately before the tracks were imaged. Nanoparticle tracks are coloured according
to their mobility. b Ensemble probability distribution of displacements with 0.1 s lag time. The dashed line shows the slope for a Laplacian fit, estimated via non-linear
least squares on the displacement curves on log-scale. c Distribution of the diffusion coefficients D, estimated via linear least squares on the time averaged mean squared
displacement (TAMSD) as x2(∆)∝D∆. A break was included in the y-axis to show the distribution of larger D as well. d Distribution of anomalous diffusion exponents α,
estimated via nonlinear least squares on the TAMSD.
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Fig. 3. Simulations within segmented in vitro Salmonella enterica Typhimurium biofilms. a Schematic representation of the Gaussian viscosity kernel in our Brownian
dynamics model. Nanoparticle (green) tracks are coloured relative to viscosity, which depends on proximity to bacteria (blue). b Simulated nanoparticles (red) in segmented
nutrient-poor biofilm (133× 133× 34 µm), coloured relative total biofilm height. (left) XY projection of channels where η = η0 in a nutrient-poor biofilm. (right) Ensemble
displacement distribution of simulated nanoparticles after diffusing for 10 minutes. c Simulated nanoparticles (red) in segmented nutrient-rich biofilm (133× 133× 34
µm), coloured relative total biofilm height. (left) XY projection of channels where η = η0 in a nutrient-rich biofilm. (right) Ensemble displacement distribution of simulated
nanoparticles after diffusing for 10 minutes. d Ensemble displacement distribution of simulated nanoparticles after diffusing in a segmented nutrient-poor biofilm for 10
minutes, coloured according to ∆ηM . e Affinity for simulated nanoparticles, closer than 1 µm to segmented bacteria in nutrient-poor and rich biofilms, for varying σM , at
constant ∆ηM = 10 mPas. Filled area is the standard deviation in three segmented biofilm biological repeats. f Coverage length for simulated nanoparticles in nutrient-poor
biofilms for varying ∆ηM , at constant σM = 0.5 µm. Filled area is the standard deviation in three segmented biofilm biological repeats. g Coverage length for simulated
nanoparticles in nutrient-poor and rich biofilms for varying σM , at constant ∆ηM = 10 mPas. Filled area is the standard deviation in three segmented biofilm biological
repeats.
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Fig. 4. Results for simulated virtual biofilms, generated from Cahn-Hilliard equations for phase separation. a Virtual biofilms for various characteristic lengthsLt. The biofilms
have dimensions of 133×133×133 µm. b XZ views of channels in our virtual biofilms. For visual purposes we visualized only a slice of 20 µm, at the center of the biofilm.
c Affinity for nanoparticles closer than 1 µm in virtual biofilms, at constant ∆ηM = 10 mPas. d Coverage length for nanoparticles in virtual biofilms, at constant ∆ηM = 10
mPas. e (left) Gyroid surfaces used in our FEM simulations. At the surface of these gyroid surfaces, absorption is high and diffusivity is low. (right) Absorbed concentration
of antibiotics relative to their source concentration for high and low gyroid characteristic length Lg , shown as distributions.
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