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ABSTRACT 12 

Engineered living materials (ELMs) rely on the ability to control cell behavior in material 13 

systems. ELMs containing bacteria secreting beneficial molecules are being developed for 14 

therapeutic purposes. Using commensal strains embedded in physically cross-linked agarose 15 

hydrogels, we systematically investigate how gel rigidity and initial bacterial density affect the 16 

morphology of bacterial colonies and their secretory function. Although often considered 17 

independently, these parameters jointly define the microscale environment experienced by 18 

embedded cells, influencing nutrient access, mechanical interactions, and potential cell-to-cell 19 

communication. We show that matrix rigidity effectively tunes aggregate morphology, 20 

modulating their shape and compactness, without compromising bacterial growth or secretion. 21 

In parallel, initial bacterial density determines the biomass accumulation dynamics and spatial 22 

distribution of aggregates, which in turn influence the onset and temporal profile of secretory 23 

activity, without altering its final magnitude. This decoupling between structural organization 24 



and secretory output opens new possibilities for engineering ELMs with tailored architectures 25 

and prolonged secretory and release activity. 26 

 27 

Introduction 28 

Commensal bacteria, which are closely associated with human health and contribute to 29 

protection against certain diseases, are increasingly recognized as promising candidates for 30 

living therapeutics [1]. However, the use of living bacteria in biomedical applications requires 31 

overcoming some essential challenges while respecting regulatory requirements, notably 32 

maintaining bacterial viability and activity to ensure their therapeutic effect, as well as 33 

eliminating potentially adverse effects of commensal bacteria turning opportunistic if left free 34 

to proliferate [2–4]. It is therefore important to develop safe and effective strategies that enable 35 

the clinical applicability of bacteria-based therapies. Among these, the encapsulation of 36 

bacterial cells in a polymer matrix allowing diffusion of nutrients and secreted molecules while 37 

still prolonging cellular viability and activity but limiting cell dissemination, has emerged as a 38 

promising approach. Such materials comprising active micro-organisms belong to the class of 39 

engineered living materials (ELMs) [5,6]. Here, we investigate the inclusion of commensal 40 

bacterial in gelled media of different mechanical strengths and study the morphology of 41 

growing bacterial colonies and its impact on their secretory activity, aiming at finding 42 

conditions for prolonged and slow release of a model therapeutic protein. 43 

Materials used in ELMs mainly include hydrogels which mimic the natural biofilm 44 

environment. Thanks to their 3D structure, high water content, biocompatibility, and tunable 45 



physicochemical and viscoelastic properties [1,7,8], they can protect bacterial cells from 46 

environmental assaults [9,10]. Hydrogels can be either natural or synthetic and are classified as 47 

physical or chemical depending on the type of cross-linking involved in the formation of their 48 

macromolecular network [11]. The natural polymers most frequently used for cell encapsulation 49 

are agarose [12–16], gelatin [17,18], carrageenan [19,20], dextran [21], or alginate [4,22]; 50 

among synthetic polymers, polyvinyl alcohol [23,24], polyacrylamide [25] or Pluronic [26–30], 51 

chemically modified or not [31], are frequent choices. The selection of the hydrogel in which 52 

bacterial cells are incorporated is crucial for the development of ELMs because it provides the 53 

environmental cues that govern cell fate. For instance, bacteria encapsulated in covalently 54 

cross-linked polyacrylamide hydrogels often show reduced viability and metabolic activity, in 55 

contrast to those embedded in physically cross-linked hydrogels like agarose [13]. Other works 56 

have shown that increasing matrix rigidity can lead to changes in gene expression [32], reduced 57 

growth kinetics [14], formation of compact cellular aggregates [17,18], higher resistance to 58 

diverse antibiotics [15], as well as different secretion profiles depending on the degree of 59 

mechanical stress exerted on cells [29]. However, the conclusions from literature may differ or 60 

are incomplete depending on the nature of the polymer matrix and the protocols used. It is 61 

therefore important to improve our current understanding of bacterial behavior in different 62 

hydrogel matrices and to elucidate the conditions under which mechanical constraints have a 63 

significant impact on their physiology, including growth kinetics, morphodynamics, spatial 64 

distribution, and most importantly secretory activity. This would help us develop rational design 65 

guidelines for ELMs encapsulating bacteria for therapeutic applications. 66 

 67 

In this context, the objective of this work is to identify how the rheological properties of 68 

physically cross-linked nutrient-containing hydrogels embedding commensal bacteria may 69 

control their proliferation and activity, in the absence of an external nutrient source. Agarose, a 70 



heteropolysaccharide obtained after purification of agar extracted from red algae, was selected 71 

as the embedding matrix. The macromolecular chains consist of repeating units of D-galactose 72 

and 3,6-anhydro-L-galactose linked by α- and β-glycosidic bonds. Agarose forms a 73 

thermoreversible physical hydrogel via chain aggregation upon cooling [33,34], allowing to 74 

easily incorporate bacteria in mild non-detrimental conditions. Unlike chemically cross-linked 75 

gels, these hydrogels possess a dynamic microstructure that can rearrange under the forces 76 

exerted by growing cells, potentially allowing them to expand in parallel to the kinetics of gel 77 

reorganization. The biocompatible properties, structural stability, high water content and 78 

microbial inertness make agarose gels particularly suitable for studying growth dynamics of 79 

encapsulated bacteria [33,35–37]. Importantly, their rheological properties are affected not only 80 

by the polymer concentration [38] but also by the algal sources and extraction methods [33,36], 81 

content and degree of regularity of alternation of D-galactose and 3,6-anhydro-L-galactose 82 

residues [39,40], molar mass [41,42] and degree of desulfation of its native polysaccharide agar 83 

[43] (determining the proportion of anhydrous units in the agarose backbone). These factors 84 

affect how agarose chains self-assemble and align into a macromolecular network during gel 85 

formation [44–46], leading to varying degrees of crystallinity and giving rise to distinct 86 

commercial grades of agarose. In particular, highly crystalline agaroses form well-ordered 87 

double helices that interact to create strong, rigid gel networks with high melting points. In 88 

contrast, amorphous agaroses exhibit more irregular chain packing, resulting in softer, weaker 89 

gels. Therefore, the suitability of agarose hydrogels for practical applications can be tuned by 90 

two main parameters: the gel strength and the hysteresis between the gelling and the melting 91 

temperatures [35]. 92 

 93 

In this study, agarose hydrogels having different rheological properties, obtained by varying 94 

the agarose concentration or grade, were used to embed two beneficial, gram-positive and non-95 



motile commensal bacterial strains, namely Staphylococcus epidermidis (S. epidermidis) and 96 

Lactiplantibacillus plantarum (L. plantarum), differing by their shape (sphere versus rod, 97 

respectively). We systematically investigate how the rheological characteristics of the 98 

surrounding matrix influence bacterial proliferation, morphodynamics, spatial organization, 99 

and secretory activity. We also study how the initial bacterial density influences the growth 100 

pattern and activity of embedded bacteria, demonstrating the possibility to tune the secretory 101 

kinetics to obtain prolonged activity. 102 

Results and Discussion 103 

Influence of rigidity of the embedding matrix on bacterial growth 104 

We first aimed to study how embedded bacterial cells respond to the mechanical constraints 105 

imposed by the surrounding physical hydrogel, with a focus on sustaining their proliferation 106 

and activity. For this, two gram-positive, non-motile bacterial strains differing in shape, namely 107 

S. epidermidis engineered to express green fluorescent protein (denoted GFP-S. epidermidis) 108 

and L. plantarum expressing mScarlet (denoted mScarlet-L. plantarum), were selected. 109 

Additionally, different nutrient-enriched physically-crosslinked agarose hydrogels were 110 

prepared to embed these bacteria (Table 1), differing in their agarose concentration (from 0.5 111 

to 2.0%) or in their agarose grades (ultra-low gel strength "UL-agarose", low gel strength "L-112 

agarose", and high gel strength "H-agarose"). Rheological measurements were performed on 113 

the agarose hydrogel formulations to obtain their storage (G′) and loss (G″) moduli (Fig. S1, 114 

Supplementary Information), confirming a wide range of mechanical properties between these 115 

three grades (Table 1): the storage modulus (G') increased from 32 Pa for 1.0% UL-agarose to 116 

1200 Pa for 1.0% L-agarose, with the storage modulus of the 1.0% H-agarose hydrogel even 117 

not being accurately measurable due to its much higher rigidity.   118 

 119 



Table 1. Description of the agarose hydrogels prepared in DifcoTM Nutrient broth 120 

and their corresponding rheological characteristics at 37 °C under a stress amplitude of 1 Pa 121 

and a frequency of 1 Hz. 122 

 UL-agarose L-agarose H-agarose (*) 

Concentration (% w/v) 1.0 0.5 1.0 2.0 1.0 1.5 

Storage modulus G’ (Pa) 32 310 1200 1600 - - 

Tan 0.06 0.03 0.05 0.08 - - 

(*) This hydrogel was too strong to be measured with accuracy.  123 

 124 

To evaluate how matrix rigidity modulates bacterial behavior, we embedded GFP-S. 125 

epidermidis and mScarlet-L. plantarum in agarose hydrogels. We first worked with L-agarose 126 

hydrogels of increasing polymer concentrations (0.5%, 1.0%, and 2.0% w/v). By working with 127 

a single grade of agarose, we avoid possible complexities associated to the changing 128 

composition of the macromolecules in the different grades. Besides, the variation of tested 129 

concentrations alone provides a wide range of storage moduli, from 310 to 1600 Pa (Table 1). 130 

This increase of rigidity reflects the progressive densification of the agarose macromolecular 131 

network with higher polymer concentration, resulting in stronger gels of reduced deformability 132 

[38,47–50].  133 

 134 

Fig. 1A shows optical microscopy images of spherical GFP-S. epidermidis cells embedded in 135 

these hydrogels, recorded at various culture times. In contrast to liquid culture in which the cells 136 

are homogeneously distributed throughout the volume (Fig. S2, Supplementary Information), 137 

proliferation within hydrogels led to the formation of multicellular aggregates. The formation 138 

of bacterial aggregates into both physical and chemical hydrogels has been extensively reported 139 

[16,17,29,51,52] and is generally attributed to the mechanical constraints imposed by the 140 

matrix, which prevent growing cells from easily moving away after division. Regardless of the 141 



L-agarose concentration, proliferation appeared to initiate from a single cell and proceeded in 142 

a concentric manner, with aggregates expanding radially from the center. However, after 24 143 

hours of culture, aggregate size no longer increased in our agarose systems, likely due to 144 

nutrient depletion in the medium, which led to growth arrest. The effect of matrix rigidity on 145 

aggregate architecture becomes increasingly apparent as cell proliferation progresses and 146 

aggregates grow. As summarized schematically in Fig. 1B, increasing L-agarose concentration 147 

led to progressively more compact and organized aggregates. At 0.5%, aggregates remained 148 

fuzzy with no clear boundary, while at 1.0% they became spherical with well-defined 149 

boundaries. At 2.0%, part of bacterial aggregates adopted a lenticular morphology, likely 150 

reflecting increased mechanical resistance to radial expansion. Although we did not explore 151 

stiffer agarose conditions beyond 2.0%, studies using chemically cross-linked hydrogels, such 152 

as Pluronic diacrylate-based matrices, have shown that bacterial aggregate expansion can be 153 

inhibited under highly elastic and non-deformable environments [29,31,32]. 154 

The pore size of agarose gels was shown to increase towards the micrometer range at low 155 

concentrations, approaching the size of cells. Together with local rearrangement of the 156 

macromolecular network arising from the pressure exerted by growing cells, this permits easier 157 

diffusion of bacteria through the agarose, resulting in a more fuzzy boundary at low gel 158 

concentrations [53,54]. Thus, the observed morphological transition from fuzzy to compact 159 

aggregates reflects the decreasing capacity of the agarose hydrogel to deform under the pressure 160 

exerted by growing cells. Indeed, unlike covalently cross-linked hydrogels with predominantly 161 

elastic behavior, agarose can undergo local rearrangements of its fibrillar network due to 162 

reversible physical cross-links, allowing for matrix relaxation and adaptation to growing 163 

cellular masses [50,55].  164 

 165 



The viscoelastic properties of the embedding matrix modulate bacterial aggregate morphology 166 

but intrinsic cellular traits may also contribute to their organization. Previous studies have 167 

demonstrated that bacterial cell shape can play a selective role in growth dynamics under 168 

physical confinement by influencing aggregate architecture [56]. Rod-shaped bacteria were 169 

shown to form more elongated aggregates with increased surface area, thereby facilitating 170 

enhanced nutrient accessibility, in contrast to the more compact spherical aggregates typically 171 

formed by spherical bacteria. These findings motivated us to examine whether cell shape also 172 

impacts aggregate organization in agarose hydrogels. To this end, we performed parallel 173 

experiments with rod-shaped mScarlet-L. plantarum embedded in 0.5%, 1.0%, and 2.0% L-174 

agarose. Although the mechanical properties of these L-agarose hydrogels differed slightly 175 

from those used for GFP-S. epidermidis, owing to the use of a different culture broth (Table S1, 176 

Supplementary Information), both strains exhibited similar qualitative patterns across agarose 177 

concentrations, as shown in the 3D reconstructed confocal images recorded after 24 hours (Fig. 178 

1C): increasing rigidity led to more compact and organized aggregates, with lenticular shapes 179 

occasionally emerging at the higher agarose concentration. These results suggest that matrix 180 

mechanics dominate over intrinsic cellular shape in determining aggregate morphology, at least 181 

within this range of rigidities. 182 

 183 

While spatial structure is clearly affected, it remains unclear whether this morphological 184 

reorganization of bacterial aggregates across gel rigidity translates into altered bacterial 185 

metabolism. Beyond purely geometric features, aggregate structure may influence the local 186 

microenvironment experienced by embedded cells. In particular, the spatial arrangement of 187 

bacteria within aggregates likely exposes the cells to heterogeneous gradients of oxygen, 188 

nutrients, and quorum-sensing molecules, which may modulate gene expression and, in turn, 189 

affect bacterial growth, function and metabolism. To address this, we quantified bacterial 190 



growth kinetics using fluorescence intensity as an indirect measure for biomass accumulation 191 

and fitted the resulting curves using Richards’ model [57]. As shown in Fig. 1D and 1E, both 192 

GFP-S. epidermidis and mScarlet-L. plantarum exhibited nearly identical growth dynamics 193 

across the three gel concentrations. The extracted maximal relative growth rates (µrel) showed 194 

no significant differences, indicating that proliferation is not impacted by increased matrix 195 

rigidity, despite pronounced differences in aggregate structure. This suggests that the growth 196 

and activity of these bacteria are robust to changes in mechanical confinement within physically 197 

cross-linked agarose systems. 198 

  199 

Having established that growth rates remain unchanged with gel strength, we next examined 200 

whether aggregate size is affected by gel rigidity. Quantification of the projected surface area 201 

of aggregates after 24 hours revealed no significant variation across agarose concentrations 202 

(Fig. 1F), further supporting the idea that overall biomass accumulation is insensitive to 203 

increasing confinement. While the projected area remained stable for both strains, aggregate 204 

circularity increased whereas roundness remained globally constant with gel rigidity (Fig. 1G 205 

and 1H). Circularity is the ratio between the area of the object and the one of a perfect circle of 206 

same perimeter, while roundness is the ratio between the area of the object and that of a circle 207 

having the same major axis length. Unlike circularity, which is based on the object’s perimeter 208 

and is sensitive to contour irregularities, roundness reflects overall elongation and is less 209 

affected by edge roughness. An increase of circularity together with a constant roundness 210 

indicates a reduction in boundary complexity with increasing gel rigidity, rather than a change 211 

in the large-scale shape of the aggregates. Quantitative image analysis further revealed that 212 

circularity values were systematically higher for S. epidermidis than for L. plantarum, reflecting 213 

the inherently more symmetrical shape of spherical cells compared to rod-shaped ones. In 214 

contrast, the fact that roundness remained unchanged across bacteria and conditions suggests 215 



that the mechanical constraints imposed by the tested agarose concentrations were not 216 

sufficiently strong to induce a significant elongation effect dependent on bacterial shape. As 217 

observed previously, only a fraction of lenticular aggregates was present in the stiffest gel 218 

condition, contributing very little to the overall roundness values. Overall, our results highlight 219 

that the mechanical environment governs the overall time-dependence of aggregate 220 

organization, with little influence of bacterial shape. 221 



 222 

Fig. 1. Influence of agarose concentration on GFP-S. epidermidis and mScarlet-L. plantarum growth. A. Time-223 

lapse brightfield microscopy images showing representative S. epidermidis aggregates formed in 0.5%, 1.0%, and 224 

2.0% L-agarose gels. B. Schematic representation of the proliferation patterns observed as a function of increasing 225 

agarose gel rigidity. C. 3D confocal microscopy images of bacterial aggregates, recorded in L-agarose gels with 226 



different concentrations, after 24 hours of culture. D-E. Bacterial growth curves fitted with the Richards’ model, 227 

along with the maximal relative growth rates (µrel) extracted from these curves (green: GFP-S. epidermidis; red: 228 

mScarlet-L. plantarum). The relative growth rate was calculated by dividing the absolute growth rate by the growth 229 

amplitude obtained from the growth curves. Data in D-E correspond to N = 2 independent experiments, n = 5 for 230 

S. epidermidis and N=3 independent experiments, n = 3 for L. plantarum. F-H. Quantitative analysis of 231 

morphological parameters of both strains grown in L-agarose gels at different concentrations (green bars: GFP-S. 232 

epidermidis; red bars: mScarlet-L. plantarum). Measurements were performed on maximum intensity projections 233 

of 3D confocal images from approximately 10 to 20 aggregates per condition in a single representative experiment: 234 

F. average surface area, G. circularity and H. roundness of the projected surface of bacterial aggregates. Statistical 235 

significance was assessed using the Kruskal-Wallis test followed by Dunn’s multiple comparisons post-hoc test, 236 

with **p < 0.01 and ****p < 0.0001.  237 

 238 

However, in their natural environments, bacterial communities are rarely shaped by physical 239 

forces alone. Many species produce an extracellular matrix that plays a central role in 240 

maintaining aggregate integrity and biofilm architecture. This matrix could potentially enhance 241 

or counteract the effects of mechanical confinement, particularly in soft environments. To 242 

explore the influence of matrix production on aggregate morphology, we turned to a comparison 243 

between wild-type GFP-S. epidermidis and a mutant strain lacking the ica operon and therefore 244 

deficient in biofilm formation. Both strains formed similarly shaped aggregates across all tested 245 

L-agarose concentrations (Fig. S3, Supplementary Information), indicating that in those agarose 246 

systems, the formation and morphology of bacterial aggregates are primarily governed by the 247 

mechanical constraints imposed by the hydrogel matrix, rather than by extracellular matrix 248 

components such as exopolysaccharides (EPS). It is worth noting that our results align with 249 

those of Staudinger et al. [52], who also observed aggregate formation of biofilm-deficient P. 250 

aeruginosa mutants growing in agar hydrogels. Listeria monocytogenes and Escherichia coli 251 

which have very different secretion systems compared to S. epidermidis and L. Plantarum 252 

showed similar aggregate morphology when cultured in agarose gel [58]. 253 



This suggests that neither cell shape nor cell secretions significantly influence aggregate 254 

morphology or growth, whereas the mechanical environment emerges as the dominant factor. 255 

Until now, we modulated gel rigidity by varying agarose concentration. However, this approach 256 

does not account for other physicochemical properties of the gel (i.e., variations in molar mass, 257 

degree of substitution, and chain conformation leading to distinct network architectures) that 258 

may also influence bacterial behavior. While polymer concentration is a well-established 259 

parameter to control hydrogel rigidity, different commercial grades of agarose, defined by their 260 

gel strength, exhibit distinct rheological behaviors even at identical concentrations (Table 1). 261 

To assess whether such variations in agarose grade impact bacterial growth and organization in 262 

a manner akin to concentration-dependent changes, we compared three agarose grades, namely 263 

ultra-low (UL), low (L) and high (H) strength gels. As shown in Fig. 2A, increasing gel strength 264 

by selecting the agarose grade led to more compact and lenticular aggregates, mirroring the 265 

effects observed with increasing concentration. Growth kinetics based on fluorescence 266 

measurements (Fig. 2B and 2C) showed only minor differences across agarose grades, 267 

confirming that matrix rigidity influences morphology but not bacterial proliferation. This 268 

reinforces the idea that aggregate shape is governed by mechanical constraints, regardless of 269 

how they are introduced, either by increasing polymer content or by changing the 270 

physicochemical nature of the gel. 271 

 272 

 273 

 274 



  275 

Fig. 2. Influence of agarose grades on GFP-S. epidermidis. A. 3D confocal microscopy images showing GFP-S. 276 

epidermidis aggregates in different grades of agarose (UL-, L-, and H-agarose), prepared at the same concentration 277 

(1.0% w/v). Images were taken after 24 hours of culture. B. Bacterial growth curves fitted with the Richards’ 278 

model, along with the maximal relative growth rates extracted from the curves (N = 2, n = 5). Statistical analyses 279 

were performed using Kruskal-Wallis test with Dunn’s post-hoc comparisons. Significance is indicated as **p < 280 

0.01, ***p < 0.001. 281 

 282 

Influence of initial bacterial density on bacterial growth in agarose gel 283 

After having established the role of matrix rigidity in shaping bacterial aggregates, we turned 284 

our attention to the influence of initial bacterial density. While matrix mechanics constrain the 285 

physical space available for bacterial proliferation, the initial number of cells entrapped in the 286 

hydrogel determines how bacteria distribute and compete for limited resources. Moreover, cell-287 

to-cell communication regulating bacterial proliferation and activity is a direct function of the 288 

population density [59]. For these reasons, we expected the initial bacterial density to affect 289 

both the biomass dynamics and the morphology of the resulting aggregates by modulating local 290 

nutrient consumption and quorum-sensing dynamics.  291 

To evaluate this, rigid 1.5% H-agarose hydrogels were inoculated with GFP-expressing S. 292 

epidermidis at concentrations ranging from 10³ to 10⁶ CFU/mL. Biomass accumulation over 293 

time was first assessed by measuring total fluorescence across 48 hours. We observed that while 294 



the lag phase duration was strongly dependent on the initial bacterial density, with high density 295 

(10⁶ CFU/mL) initiating growth after ~2 hours and low density (10³ CFU/mL) showing delayed 296 

growth up to ~9-10 hours, the subsequent exponential growth rates were comparable across 297 

conditions (Fig. 3A). Furthermore, the final fluorescence levels at 48 hours reached comparable 298 

plateaus, consistent with previous reports showing that under spatial and nutrient confinement, 299 

final biomass tends to converge regardless of the initial bacterial density [60,61].  300 

Despite similar biomass accumulation, confocal 3D reconstructions revealed strong differences 301 

in aggregate morphology. Notably, increasing the initial bacterial density  led to the formation 302 

of smaller, more numerous aggregates (Fig. 3B). A quantitative analysis of the equatorial cross-303 

sections of individual aggregates confirmed a significant and exponential reduction in aggregate 304 

size with increasing initial bacterial density (Fig. 3C), in line with observations reported for 305 

other bacterial species embedded in agar [62], agarose [51], alginate [61] or food-type matrices 306 

[60,63]. This size reduction likely stems from increased local competition for nutrients at high 307 

initial bacterial density, which limits the proliferation of cells within individual aggregates. 308 



 309 

Fig. 3. Influence of initial bacterial density on the growth kinetics and morphodynamics of GFP- S. epidermidis in 310 

a rigid H-agarose gel (1.5% w/v). A. Growth curves corresponding to different initial bacterial densities, ranging 311 

from 10³ to 10⁶ CFU/mL (N = 2, n = 5). B. 3D confocal microscopy images of bacterial aggregates formed at each 312 

initial bacterial density, acquired after 24 h of culture. C. Quantification of the average surface area of 313 

approximately 10-20 aggregates measured in the equatorial plane after 24 hours of culture, in a single 314 

representative experiment. Statistical analyses were performed using Kruskal-Wallis test with Dunn’s post-hoc 315 

comparisons. Significance is indicated as **p < 0.01, ***p < 0.001, ****p < 0.001. 316 

 317 

To broaden the scope of our study, we extended the analysis to mScarlet-L. plantarum and 318 

included additional matrix conditions by testing three L-agarose concentrations (0.5%, 1.0%, 319 

and 2.0%). Despite differences in gel stiffness, we again observed that initial bacterial density 320 



primarily influenced the lag phase duration, while the final biomass remained similar across 321 

conditions. For clarity and because growth curves were similar across all three rigidities, only 322 

the data from the 2.0% agarose gel, including growth curves and confocal images, are shown 323 

in Fig. 4A and 4B. Aggregate size decreased with increasing initial bacterial density, consistent 324 

with the trend seen in GFP-S. epidermidis. 325 

 326 

Fig. 4. Influence of initial bacterial density on the growth kinetics and morphodynamics of mScarlet-L. plantarum 327 

in 2.0% L-agarose gel. A. Growth curves corresponding to different initial bacterial densities, ranging from 10³ to 328 

10⁶ CFU/mL (N = 3, n = 3). B. 3D confocal microscopy images of L. plantarum aggregates formed at each initial 329 

bacterial density, acquired after 24 hours of culture. 330 

 331 

Influence of cellular organization in the gels on the secretory activity 332 

Matrix rigidity and initial bacterial density are key parameters that influence the spatial 333 

organization and physiological behavior of bacteria embedded in hydrogels. While rigidity 334 

primarily controls aggregate morphology, initial bacterial density modulates aggregate size, 335 

thereby tuning the microenvironmental conditions experienced by bacterial populations. 336 

Additionally, aggregate size in turn impacts local gradients of nutrients and secreted 337 

metabolites, which could explain delayed growth for the lower initial bacterial densities as 338 



suggested previously by other [58]. Given that such microenvironments can affect metabolism, 339 

we investigated how these two parameters impact the secretory activity of L. plantarum bacteria 340 

genetically modified to produce elafin (L. plantarum-elafin) [64] a protein with protease 341 

inhibitor properties [65].  342 

To this end, L. plantarum-elafin was embedded in L-agarose hydrogels of varying rigidity 343 

(0.5%, 1.0%, and 2.0%) and inoculated at different concentrations (10³ to 10⁶ CFU/mL). The 344 

resulting bacterial spatial organizations were characterized by microscopy after 24 hours (Fig. 345 

5A), confirming the previously observed variations in aggregate size and distribution as a 346 

function of both gel concentration and initial bacterial density.  347 

Secretory activity was systematically measured by performing an inhibition test in presence of 348 

neutrophil elastase and a fluorogenic peptide substrate. More precisely, elafin interacts with the 349 

neutrophil elastase to block its catalytic site, thereby preventing the access and cleavage of the 350 

fluorogenic substrate, thereby reducing the rate of production of a fluorescent probe. Therefore, 351 

the quantification of secreted elafin can be done through the decrease in the rate of fluorescence 352 

increase measured in the supernatant, slower rates indicating higher quantities of elafin. Initial 353 

measurements showed that matrix rigidity had no significant effect on elafin secretion and 354 

release, while initial bacterial density significantly influenced secretion levels after 24 h, with 355 

higher initial bacterial densities producing greater elastase inhibition (Fig. 5B).  356 

To assess whether secretion was merely delayed or fundamentally impaired, we extended the 357 

duration of the assay on the L-agarose 2.0% and monitored neutrophil elastase inhibition over 358 

72 hours (Fig. 5C). The results showed that low-initial bacterial density hydrogels eventually 359 

reached levels of secretory activity comparable to high-initial bacterial density conditions, 360 

albeit with a temporal delay. This indicates that bacterial aggregates, even when initially sparse 361 

and slow-growing, retain full secretory function once sufficient biomass is established. 362 

Therefore, the initial bacterial density modulates not the secretion capacity but rather the 363 



kinetics of reaching it. This provides a very useful handle to control the release kinetics of 364 

bacterial therapeutic substances and consequently the release properties of the living hydrogels. 365 

 366 

Fig. 5. Influence of gel rigidity and initial bacterial density on the secretory activity of L. plantarum-elafin. A. 367 

Brightfield microscopy images showing the cellular organization of L. plantarum-elafin aggregates after 24 hours 368 

of culture in L-agarose gels at different concentrations (0.5%, 1.0%, and 2.0% w/v) and initial bacterial densities 369 



(10³ to 10⁶ CFU/mL). B. Secretory activity measured after 24 hours of culture, as a function of agarose 370 

concentration for each initial bacterial density (sterile MRS medium was used as negative control and the 371 

supernatant of a highly concentrated L. plantarum culture containing secreted elafin, was used as a positive control) 372 

(N = 2, n = 1). C. Effect of initial bacterial density on secretory activity measured after 24, 48, and 72 hours of 373 

culture in a 2.0% L-agarose (N = 2, n = 2). For each time, the data are displayed with the leftmost bar for the 374 

negative control, the rightmost bar for the positive control, and the intermediate bars for the four selected initial 375 

bacterial densities, from lowest to highest. Statistical analyses were performed using Kruskal–Wallis test followed 376 

by Dunn’s post hoc test. Significance is set at p < 0.05 and indicated as * for p < 0.05. 377 

 378 

Conclusion 379 

In this work, we systematically explored how two physical parameters, i.e., matrix rigidity and 380 

initial bacterial density, influence the spatial organization and functional behavior of bacterial 381 

populations embedded in agarose hydrogels. We demonstrate that agarose rigidity effectively 382 

modulates aggregate morphology, influencing their shape and compactness within the matrix. 383 

In parallel, varying the initial bacterial density controls the temporal variation of the aggregate 384 

size. Together, these parameters offer complementary handles for engineering distinct 385 

microenvironments in 3D bacterial cultures. Importantly, we show that bacteria embedded in 386 

agarose gels maintain a robust growth and preserved secretory function across a wide range of 387 

embedding conditions, highlighting the suitability of agarose gels for sustaining active living 388 

systems. Importantly, initial bacterial density modulates the kinetics of both growth and 389 

secretory activity. Low initial densities lead to larger, spaced-out aggregates and slower 390 

biomass accumulation, resulting in delayed but not diminished secretory activity. Possible 391 

applications of this living hydrogel include therapeutic or cosmetic skin patches with sustained 392 

released of therapeutic bacterial molecules. 393 

 394 

 395 

 396 



Materials and Methods 397 

Materials 398 

Three agarose grades with distinct gel strengths (Table 2) were purchased from Sigma-Aldrich: 399 

UL-agarose (Type IX), L-agarose (Type VII), and H-agarose (Type II-A). Difco™ Nutrient 400 

Broth (234000) was obtained from BD Diagnostics, while MRS broth (X925.2) was purchased 401 

from Carl Roth. Chloramphenicol (C0378) and erythromycin (E5389) were both obtained from 402 

Sigma-Aldrich and used as selective antibiotics in bacterial cultures. For the secretory activity 403 

assays, human neutrophil elastase (324681) was acquired from Sigma-Aldrich and the 404 

fluorogenic substrate N-(methoxysuccinyl)-alanine-proline-valine-7-amino-4-405 

trifluoromethylcoumarin (MeOSuc-AAPV-AFC) (ab142178) was obtained from Abcam. 406 

Human neutrophil elastase (Sigma-Aldrich, 324681) was reconstituted in assay buffer (200 mM 407 

Tris-HCl, 200 mM NaCl, 0.05% Tween 20, 0.01% BSA, pH 7.5) to prepare a 200 µg/mL (200 408 

ng/µL) stock solution, aliquoted and stored at −80 °C. The fluorogenic substrate N-409 

(methoxysuccinyl)-Ala-Pro-Val-AMC was dissolved in DMSO to obtain a 2 mM stock 410 

solution, aliquoted and stored at −20 °C. Fluorescent strains S. epidermidis 1457 and its isogenic 411 

Δica mutant [66], both carrying the plasmid pCM29 (PsarA::sGFP, cam⁽ᴿ⁾), were kindly 412 

provided by Prof. A. Horswill (University of Colorado School of Medicine, USA). 413 

 414 

Two engineered strains of L. plantarum WCFS1 were employed in this study: a fluorescent 415 

strain harboring pTec_mScarlet, used for imaging, and a non-fluorescent strain carrying 416 

pTlpa_sp3_elafin, both with erythromycin selection marker was used to assess secretory 417 

activity. Both these genetic constructs were obtained using direct cloning method described in 418 

[67]. 419 

 420 

 421 



 422 

Table 2. Characteristics of the agarose grades used in this study as described by the provider.  423 

Name Type(*) Gel strength(*) 

[g.cm-2] 

UL-agarose IX ≥ 75 at 2.0% 

L-agarose VII ≥ 200 at 1.0% 

H-agarose II-A ≥ 1000 at 1.0% 

(*) According to the provider. 424 

 425 

Preparation of agarose hydrogels   426 

All powdered agarose types were directly mixed with dehydrated culture medium, followed by 427 

the addition of Milli-Q water. The quantities of agarose, culture medium powder, and Milli-Q 428 

water were adjusted to achieve the desired final concentrations of agarose (Table 1) and broth 429 

(8 g/L for BD broth and 52 g/L for MRS broth) in the gels. The resulting mixtures were then 430 

sterilized by autoclaving.   431 

 432 

Bacterial culture 433 

GFP-S. epidermidis was cultured in Difco™ Nutrient Broth supplemented with 10 µg/mL 434 

chloramphenicol and L. plantarum in MRS broth supplemented with 10 µg/mL. Cryo-preserved 435 

strains were revived overnight in 8 mL of broth in vented culture tubes incubated at 37°C and 436 

shaken at180 rpm and 250 rpm for GFP-S. epidermidis and L. plantarum, respectively. The 437 

resulting overnight precultures were used to inoculate fresh medium under the same conditions, 438 

and cells were grown for about 4-5 hours until reaching mid-exponential phase (OD₅₄₀ ~0.5 for 439 

GFP-S. epidermidis and OD₆₀₀ ~1.0 for L. plantarum). To determine the bacterial density, serial 440 

dilutions of cultures obtained at the target OD value were prepared and plated on agar using the 441 

single plate-serial dilution spotting (SP-SDS) method [68]. Plates were incubated at 37 °C for 442 



48 hours, after which colonies were counted to calculate colony-forming units per milliliter 443 

(CFU/mL). 444 

 445 

Bacterial encapsulation in agarose hydrogels 446 

A bacterial suspension obtained from mid-exponential phase culture (OD₅₄₀ ~0.5 for GFP-S. 447 

epidermidis and OD₆₀₀ ~1.0 for L. plantarum) was diluted in fresh culture broth to the desired 448 

concentration. A volume of 0.5 mL of this diluted suspension was mixed in a sterile Eppendorf 449 

tube with 1 mL of concentrated agarose solution (tempered to ~40 °C), resulting in 1.5 mL of 450 

gel embedding bacteria. The concentration of the agarose solution was adjusted to get the 451 

desired concentration in the final mixture. The obtained mixture was then immediately 452 

transferred into the appropriate support (e.g., 96-well microplate, Lab-Tek chamber, stage top 453 

chamber or Interactive Co-Culture Plate), depending on the intended experiment. To ensure 454 

complete gelation, samples were placed at 4 °C for 10 minutes before incubation at 37 °C. 455 

Unless otherwise specified, no additional nutrients were added beyond those initially present in 456 

the agarose hydrogel. 457 

 458 

Rheology 459 

Rheological measurements were performed on hydrogels prepared in broth, using a controlled 460 

stress rheometer (DHR2, TA Instrument, U.K.). Measurements were conducted with a striated 461 

plate-plate geometry (diameter 40 mm). Agarose solutions were heated to 85 °C for 30 minutes 462 

to reach a viscous liquid state then deposited on the Peltier plan heated to 50°C and the geometry 463 

gap was adjusted to 150 µm. The following protocol was subsequently followed to equilibrate 464 

the sample in temperature at a stress amplitude of 0.1 Pa and a frequency of 1 Hz: cooling from 465 

50 to 10°C (2°C.min−1), rest at 10°C for 20 minutes, heating from 10 to 37°C (2 °C.min−1), rest 466 

at 37°C for 2 hours. All measurements were performed with a solvent trap to prevent 467 



evaporation. The analysis of the data was performed with TRIOS V 5.1.0.46403 rheology 468 

software (TA Instrument, U.K.). 469 

 470 

Microscopy observation 471 

Bacteria-embedded agarose gels were imaged in bright-field mode using an Olympus IX71 472 

inverted microscope equipped with a 40× dry objective and a stage-top incubator (Okolab, O-473 

CT-UNO-TEMP-CO2), which maintained a constant temperature of 37 °C and humidity 474 

throughout the acquisition period. Imaging was conducted over 10 h, with manual image 475 

capture performed hourly. For each experimental condition, representative bacterial aggregates 476 

were selected and imaged at each time point. 477 

 478 

After 24 hours of culture, three-dimensional reconstructions of bacterial aggregates within the 479 

hydrogels were obtained using Z-stacks on a laser-scanning confocal microscope (Stellaris 480 

DMI8 LEICA WLL equipped with a HC PL APO 63x/1.20 W objective). Excitation and 481 

emission wavelengths were adjusted according to the fluorescent strains used (GFP-S. 482 

epidermidis and mScarlet-L. plantarum). The 3D images were processed with Lax X 3D 483 

visualization software. 484 

 485 

Maximum intensity projections were generated for each stack to obtain a single-plane 486 

representation of the entire aggregate, which was then analyzed using ImageJ. Before 487 

measurement, images were preprocessed in ImageJ to improve segmentation quality. For each 488 

condition (agarose gel rigidity and bacterial strain), 10 to 20 representative aggregates were 489 

selected based on their frequent occurrence and representative morphology. Aggregates 490 

partially overlapping with another aggregate or for which segmentation failed were excluded. 491 

Circularity was used to quantify both aggregate shape and contour irregularity, ranging from 0 492 



(highly elongated or irregular) to 1 (perfect circle). As additional metric, roundness was 493 

measured, reflecting the isotropic character of the structure and being less sensitive to contour 494 

irregularities than circularity. Values close to 1 indicate a structure that is uniform and isotropic, 495 

whereas values approaching 0 correspond to highly anisotropic or elongated aggregates. 496 

 497 

Study of bacterial growth kinetics 498 

Growth kinetics and biomass evolution were monitored in 96-well microplates containing 499 

200 µL of agarose gel embedding bacteria, prepared as described above. Experiments were 500 

performed for the two bacterial strains (GFP-S. epidermidis and mScarlet-L. plantarum) under 501 

three types of conditions: varying initial bacterial density in a single agarose hydrogel 502 

composition, varying gel rigidity at a fixed initial bacterial density, and varying both initial 503 

bacterial density and gel rigidity simultaneously. Empty wells were filled with autoclaved water 504 

to prevent evaporation, and the plate was sealed with a sterile SealPlate film to maintain 505 

constant humidity. The microplates were incubated at 37 °C, and fluorescence intensity was 506 

recorded every hour until reaching the stationary phase, indicating the end of bacterial growth 507 

(excitation/emission: 488/515 nm for GFP, 569/635 nm for mScarlet). Background 508 

fluorescence from cell-free gels was subtracted to isolate the bacterial signal, and the resulting 509 

curves were fitted using the explicit form of the Richards model, which describes growth with 510 

five parameters [57]: 511 

𝑦 = 𝐵 +  𝐴൛1 +  𝜈 ⋅ exp(1 + 𝜈) ⋅ 𝑒𝑥𝑝ൣ𝜇௥௘௟ ⋅ (1 + 𝜈)(ଵାଵ ఔ⁄ ) ⋅ (𝜆 − 𝑡)൧ൟ
(ିଵ ఔ⁄ )

           (1) 512 

the background signal B, the asymptote (𝐴) representing the maximum fluorescence reached 513 

above the background level, the maximal relative growth rate (𝜇௥௘௟) corresponding to the slope 514 

at the inflection point for the growth curve normalized to unit amplitude, the lag time (𝜆) defined 515 

as the intercept of the tangent of highest slope with the background level B, and 𝜈, a shape 516 



parameter with no biological interpretation. Each gel condition was tested in two independent 517 

experiments, with at least three replicates per experiment. The average value of each extracted 518 

parameter was computed across all replicates. 519 

 520 

Study of secretory activity 521 

Agarose gel embedding L. plantarum secreting elafin were poured into the first chamber of an 522 

Interactive Co-Culture Plate (ICCP) (Xceltis, 2501-02AB) as described above. This 523 

commercial system consists of two adjacent chambers separated by a sterile semi-permeable 524 

track-etched polycarbonate membrane (pore density: 108 cm-2, pore diameter: 0.2 µm, 525 

membrane thickness: 25 µm, provided by it4ip S.A., Belgium), which retains bacteria in the 526 

first chamber while allowing diffusion of secreted molecules into the second chamber. The 527 

second chamber was filled with sterile MRS broth. The ICCP was incubated at 37 °C for 24 h. 528 

The next day, the content of the second container (MRS w/o bacteria) of the ICCP system was 529 

harvested and used for elafin detection.  530 

This detection was carried out by evaluating the inhibitory activity of elafin against human 531 

neutrophil elastase in the presence of a fluorogenic peptide substrate, N-(methoxysuccinyl)-532 

alanine-proline-valine-7-amino-4-trifluoromethylcoumarin. Upon cleavage by neutrophil 533 

elastase, the substrate releases 7-amino-4-trifluoromethylcoumarin, a fluorescent compound 534 

detectable using a spectrophotometer (excitation/emission: 380/460 nm). Experimentally, 50 535 

µL of sample (supernatant collected from the ICCP second compartment) was mixed with 25 536 

µL of neutrophil elastase (2 ng/µL in Tris-HCl buffer) and incubated for 5 minutes at 37 °C. 537 

Then, 25 µL of the fluorogenic substrate (0.1 mM in DMSO) was added in the dark. 538 

Fluorescence was monitored over 55 min at 37 °C in a microplate reader (Tecan Infinite 200 539 

PRO). Secretory activity was quantified as follows, based on the slope of the fluorescence 540 

intensity versus time determined between 30 and 55 minutes:  541 



𝑆𝑒𝑐𝑟𝑒𝑡𝑜𝑟𝑦 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
௦௟௢௣௘(௡௘௚௔௧௜௩௘ ௖௢௡௧௥௢௟)ି௦௟௢௣ (௦௔௠௣௟௘)

௦௟௢௣௘ (௡௘௚௔௧௜௩௘ ௖௢௡௧௥௢௟)
            (2) 542 

A sterile MRS solution was used as negative control (no neutrophil elastase inhibition, high rate 543 

of fluorescence increase), and the supernatant of a highly concentrated L. plantarum culture 544 

(releasing a high enough content of elafin to fully inhibit the elastase activity) was used as a 545 

positive control (total neutrophil elastase inhibition, low rate of fluorescence increase due to 546 

residual activity). The secretory activity varies from 0 when the activity is identical to the 547 

negative control, to ~1 when the activity is similar to the one of the positive control. 548 

 549 

Statistical analysis 550 

Data are presented as mean ± standard error of the mean (SEM) unless otherwise specified. 551 

Statistical comparisons among multiple groups were conducted using the non-parametric 552 

Kruskal-Wallis test, followed by Dunn’s post hoc test when the overall test was significant (p 553 

< 0.01). For the analysis of secretory activity, statistical significance was defined at p < 0.05 554 

due to the limited sample size and high variability, which could reduce the statistical power of 555 

the test. All statistical analyses were performed using Python. 556 
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