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PROGRESS AND POTENTIAL

3D biofilms are the source of

major hazards, such as

contamination in hospitals and

resistance to antibiotics. There is

an unmet need to create 3D

biofilms in vitro to understand

their biology and develop

solutions to the problems they

cause. Here, we report a living

material platform made by co-

assembly of artificial sputum

medium (ASM) with peptide

amphiphiles (PAs) to engineer

functional 3D biofilms of

polymicrobial communities. The
SUMMARY

Biofilms are robust living 3D materials that play key roles in nature
but also cause major problems, such as tolerance to antibiotic treat-
ment. Recreation of these living structures in vitro is critical to un-
derstand their biology and develop solutions to the problems they
cause. However, growing 3D biofilms in vitro is difficult primarily
because of the limitations in developing matrices that mimic the
inherent structural and compositional complexity of their extracel-
lular milieu. Here, we report a livingmaterial based on the co-assem-
bly of artificial sputum medium with bioactive peptide amphiphiles.
We demonstrate its capacity to support the growth of 3D polymicro-
bial biofilms and build an interkingdom infected lung epithelial
model to study the impact of the antibiotic ciprofloxacin. Our study
offers a living material capable of growing functional 3D biofilms
that simulate in vitro the nutritional and mechanical properties of
these systems in vivo.
living ASM/PA material has the

capability to fabricate an

interkingdom infected lung

epithelial model that can be used

to study the impact of the

antibiotic ciprofloxacin. This study

introduces an innovative living

material platform based on

supramolecular co-assembly and

the capability to be liquid-in-

liquid bioprinted, offering a fresh

concept toward living material

design.
INTRODUCTION

There is growing interest in living materials that have characteristics of living organ-

isms, such as the ability to adapt, be autonomous, and display the capacity to grow.1

These living materials consist of extracellular matrix materials (ECMMs) embedding

living components, such as engineered cells and bacteria, which are able to modify

the structure and properties of the ECMMs2. Particular attention is being paid to

enhancing the integration of synthetic ECMMs with living components. Aiming to

overcome this challenge, recent pioneering studies have reported ingestible polydi-

methylsiloxane bacterium-based biosensors to detect gastrointestinal bleeding in

real time3 and an F127-bisurethane methacrylate material comprising multiple engi-

neered bacteria capable of programming the synthesis of hydrogels.4 However, a

major limitation continues to be the lack of materials that can recreate the inherent

structural and compositional complexity of the natural living milieu.5 Such materials

would offer unique opportunities to enhance the functionality and impact of engi-

neered living materials.6

Biofilms are natural living communities made of assemblages of microbial cells

within 3D extracellular polymeric substances (EPSs) of self-produced high-molecu-

lar-weight biopolymers such as polysaccharides, extracellular DNA, proteins, and

lipids.7 Because of this special assembly, biofilms can dynamically adapt to environ-

mental cues and produce EPSs, which make up to 50%–90% of the total organic

material in the community and confer increased tolerance to antibiotics and
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environmental stresses.8 These properties make biofilms one of the most robust life-

styles in nature,8 offering unique functionalities with a positive impact, such as de-

composing waste9 and synthesizing high-molecular weight polymers. However,

the unique robust properties of biofilms also make them a major hazard that is diffi-

cult to treat, such as in the case of antimicrobial resilient biofilms present on hospital

surfaces10 or those infecting patients and showing tolerance of antibiotics.11 Under-

standing the underlying properties and recreating the structure of biofilms are crit-

ical to tackle these and other biofilm-related problems.12 A major limitation is the

current standard of growing these 3D natural living materials as 2D cultures.

The 3D context of biofilms is critical for the communication between the different mi-

crobes within them, ultimately defining the overall biofilm physiology and proper-

ties. Aiming to overcome this challenge, Ning et al.13 and Dubbin et al.14 fabricated

3D biofilms by bioprinting alginate or bioresin mixed with bacteria, enabling the 3D

proliferation of the microorganisms. However, these materials do not recreate the

nutritional components of natural biofilms. Particularly, they lack the complex mix

of proteins and other macromolecules, like nucleic acids present in real biofluids,

which play an important role in the mechanisms of biofilm formation and microbial

adherence.15–17 The use of patient-derived sputum has been key to study the patho-

biology of microbial pathogens causing lung disease. This biofluid provides mucins

as well as other proteins derived from plasma and products of cell death, such as

DNA, which constitute an important nutrient source for pathogenic microorganisms.

Mucins have also been associated with gene expression changes and, together with

host DNA, enhance biofilm formation by pathogens.

Sputum is a mucous substance secreted by cells in the lower airways of the respira-

tory tract, comprising structural and nutritional components such as salts, mucin,

DNA, and proteins as well as various human cells and polymicrobial communities.18

The viscous nature of sputum allows it to fight infection by trapping and enabling the

killing of bacteria by immune cells. This high viscosity also lowers the diffusion rates

impeding the penetration of antibiotics.19,20 However, in stubborn respiratory infec-

tions, bacteria harness the nutrient content of sputum to proliferate, forming 3D bio-

films exhibiting a sticky gel-like consistency that plays a critical role in antibiotic

tolerance. Artificial sputum medium (ASM) has been used to recreate the environ-

ment found in the lung of cystic fibrosis (CF) patients because it includes key nutri-

tional components of native sputum, such as salts, DNA, and key proteins such as

mucin,21 which enable the growth of bacteria found in these patients as biofilms.22

A real patient sputum is difficult to obtain due to the rigid ethical barrier, and the

amount recovered is very low. Therefore, having a way to develop the patient’s mi-

crobial communities in a matrix similar to the conditions found in vivo could circum-

vent this problem. To build a standard 3D matrix for microorganisms to generate 3D

biofilms, we believed that, by triggering ASM into a 3D matrix, it is possible to

generate CF-related microorganism 3D biofilms.

Self-assembly, themechanism by which well-defined nanostructures assemble spon-

taneously, offers an opportunity to design hydrogels with precise composition and

control over molecular display.23,24 A higher level of complexity can be accessed by

self-assembling different types of building blocks,25 increasing compositional diver-

sity26,27 and facilitating the emergence of new properties such as structural hierar-

chy,28,29 responsive behavior,30 or the capacity to heal.31 Multicomponent self-

assembly also offers a unique opportunity to engineer complex matrices for cell

culture,26 harnessing the large spectrum of bioactive peptide signals32 and ECM

macromolecules. We have developed methodologies to co-assemble peptides
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with macromolecules such as proteins33,34 and biopolymers,35,36 including peptide

amphiphiles (PAs), with different ECM proteins to grow complex multicellular sys-

tems such as cancer37,38 or bone36 spheroids. This approach also facilitates incorpo-

ration into biofabrication techniques such as 3D printing39 and expands the

complexity of biomaterial design.40

Here, we report a self-assembling living material designed to recreate key cellular,

nutritional, and structural features of natural 3D biofilms present in sputum of CF pa-

tients with respiratory tract infections. The components and properties of real

patient sputum are very different from sample to sample. The main goal of our study

was to develop a technology that enables practical and relevant investigations of

real-life microbial communities for lab testing, which is the ultimate objective and

innovative aspect of our work. We use PAs to co-assemble with components present

in ASM to generate rich nanofibrous hydrogels emulating natural sputum. The 3D

hydrogel environment supports the growth and enable production of 3D biofilms

of three major CF pathogens: Pseudomonas aeruginosa PAO1-L (Gram-negative),

Staphylococcus aureus SH1000 (Gram-positive), and Candida albicans SC5314

(fungus), individually and as a polymicrobial community of these species. The model

was used to co-culture the 3D biofilms with an established lung epithelial (Calu-3)

in vitro model to build an interkingdom infected lung epithelial model that enabled

study of the impact of the antibiotic ciprofloxacin on bacterial biofilms under in vivo-

like conditions.

In this study, we developed an innovative lung epithelial infection model that inte-

grates supramolecular living materials, biofabrication, and multiple microbial com-

munities. This bottom-up/top-down approach introduces different novelties. First,

taking advantage of multi-component self-assembly, we used PAmolecules as orga-

nizers of ASM components to generate a matrix (i.e., PA-AGD/ASM hydrogel) of

composite nanofibers displaying key bioactive peptides (AGD) and macromolecules

(e.g., mucin and DNA). This approach offers a novel strategy to engineer complex

but reproducible matrices comprising key nutritional signals for bacterial growth.

Second, we developed cell-friendly liquid-in-liquid methodologies to trigger

PA-ASM co-assembly while directing the assembly into defined hierarchical struc-

tures with spatial control. Finally, we demonstrated that the PA-AGD/ASM hydrogel

enables 3D biofilm formation and the capacity to rebuild its microstructure as the

microorganisms grow, in a manner that is more physiologically relevant compared

with commonly used collagen models. By integrating these different factors, we

aim to offer a modular platform that can be used to overcome current challenges

in the field of living materials and complex interkingdom infection models.
RESULTS

Rationale of the design

PAs were designed to selectively and non-selectively interact with key components

of ASM and template their assembly into composite nanofibers to generate rich hy-

drogels to grow different bacterial communities into 3D biofilms. Given that most

ASM components are negatively charged, we designed positively charged PAs to

trigger gelation upon co-assembly, incorporating the ASM components within the

hydrogel (Figure 1A). The main PA (C16VVVAAAKKKAGD) contained an AGD

sequence, a functional motif in fibrinogen41 (Figures 1B and 1C) that is known to

induce biofilm formation.42 Non-selective electrostatic PA-ASM interactions were

assessed using PA-K3 (less charged than PA-AGD) and PA-K4 (more charged than

PA-AGD) as controls. The components of ASM (Figure S1A) were tested individually
Matter 7, 1–21, January 3, 2024 3



Figure 1. Rationale for co-assembling living material

(A) Table summarizing the key information of the three peptide amphiphile (PA) molecules and

artificial sputum medium (ASM) used in the study. The PA-AGD molecule compromises the

functional motif AGD from fibrinogen, known to support the growth of biofilms.42

(B) Illustration of the components of PA/ASM/microorganism hydrogels designed to generate a

physiologically relevant milieu capable of reformation by the growing microorganisms.

(C) Schematic of the PA-ASM co-assembly, depicting the molecular and resulting supramolecular

components.

(D) Flowchart of the steps used to prepare and culture the PA/ASM/microorganism hydrogel.
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by co-assembly with these three PA sequences into nano- and microstructures.

Then, mucin and DNA were found to be the key ASM components to trigger co-as-

sembly with PA-AGD (Figure S1) into hydrogels displaying well-defined fiber nano-

and microstructures (Figure S1B). The PA-AGD/ASM hydrogel was used to establish

clinically relevant biofilms that are typically present in respiratory tract infections

such as those of the CF lung,43,44 including the pathogens P. aeruginosa PAO1-L

(PAO1), S. aureus SH1000 (SH1000), and C. albicans SC5314 (SC5314) (Figures 1B

and 1D). Furthermore, we rationalized that these microorganisms would grow and

produce EPSs that would continue to interact with the PAs, allowing an evolving

PA/ASMmicrostructure. Finally, an established lung epithelial (Calu-3) in vitromodel

was used to co-culture with the resulting PA/ASM/microorganism living material and

mimic an in vivo respiratory tract infection scenario.

Characterization of the PA/ASM co-assembly system

Supramolecular characterization of PA/ASM co-assembly

To determine the charge differences between PA-AGD, PA-K3, and PA-K4, zeta po-

tential was first used and revealed that PA-AGD had a zeta potential (37.3 mV) be-

tween that of PA-K3 (45.2 mV) and PA-K4 (31.7 mV) (Figure 1A). Then, dynamic light

scattering (DLS) measurements were used to estimate the particle size change of PAs

before and after co-assembly with ASM. PA-AGD co-assembled with ASM to form
4 Matter 7, 1–21, January 3, 2024



Figure 2. Properties of the co-assembled PA/ASM hydrogel

(A) Dynamic light scattering (DLS) revealing the intermediate size of PA-AGD/ASM co-assemblies compared with PA-K3/ASM and PA-K4/ASM.

(B) Small-angle neutron scattering (SANS) patterns of 38-Å radius PA-AGD-only fibril micelles (left) and PA-AGD/ASM co-assembled nanofibers (right),

exhibiting a characteristic scattering peak (gray arrow) associated with a uniform core-shell cylinder complex different from that of the PA-AGD fibrous

micelles.

(C) Scanning electron microscopy (SEM) images depicting the homogeneous and fibrous nanostructure (inset) of the PA-AGD/ASM hydrogel.

(D) Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) showing the presence of all ASM components in the PA-AGD/ASM

hydrogels.

(E) Illustration showing the components in ASM diffusing into the PA solution at the liquid-liquid interface to generate the gel. Images illustrate the co-

assembly when a drop of PA solution is immersed in a larger drop of ASM solution (PA-K3/ASM-membrane, PA-AGD/ASM-hydrogels, PA-K4/ASM-

viscous liquid). Error bars present G SD. *0.01 < p < 0.05, **p < 0.01.
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particle of�260 nm, which were smaller than PA-K3/ASM (�460 nm) but bigger than

PA-K4/ASM (�190 nm) (Figure 2A). The particle size of co-assembled structures cor-

relates with the propensity of interactions,33 suggesting that intermolecular interac-

tions in PA-AGD/ASM are weaker than those in PA-K3/ASM but stronger than those

in PA-K4/ASM. These results confirm that electrostatic interactions between PAs and

ASM play an important role in their co-assembly.

Nanoscale characterization of PA/ASM co-assembly structures

To investigate the co-assembled PA/ASM nanostructures, we used small-angle

neutron scattering (SANS) and found that PA-AGD self-assembled in water into cy-

lindrical nanofibers with a 38-Å radius (Figure 2B, left, gray graph). However, after

co-assembly with ASM, PA-AGD/ASM displayed a significant peak around the mid-

dle-q range (Figure 2B, right, gray arrow), which indicates a uniform co-assembly
Matter 7, 1–21, January 3, 2024 5
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complex. In addition, pronounced scattering appeared at low-q in PA-AGD/ASM,

which correspond to aggregates with smooth surfaces, further validating a uniform

co-assembled hydrogel. By fitting the graph (Figure 2B, right, gray graph), the re-

sulting PA-AGD/ASM nanostructure was interpreted as a core-shell cylindrical nano-

fiber consisting of a PA-AGD core with a 119-Å radius and an ASM shell 235 Å in

thickness (Figures S2 and 2B, right). In addition, PA-K3 controls self-assembly into

similar fiber nanostructures as PA-AGD (Figure 2B, left, black graph), but after co-as-

sembly, PA-K3/ASM did not exhibit the distinctive middle-q peak observed in

PA-AGD/ASM (Figure 2B, right, black graph), indicating lack of uniformity in the

co-assembled complex. These results demonstrate that PA-AGD co-assembles

with ASM into hydrogels with hierarchically uniform nanofibers.

Microscale characterization of PA/ASM co-assembling structures

To characterize the PA-AGD/ASM co-assemblies at the microscale, scanning elec-

tron microscopy (SEM) (Figure 2C) observations first revealed homogeneous nano-

fibrous networks (Figure 2C, inset) that resemble the classic PA nanofibers. Then, to

characterize the composition of these nanofibers and the resulting gels, we used

mass spectrometry (MS) and sodium dodecyl sulfate-polyacrylamide gel electropho-

resis (SDS-PAGE). MS revealed that PA-AGD and all components of the ASM were

incorporated in the co-assembly hydrogel (Figure S3). The SDS-PAGE confirmed

this finding by showing that all bands representing the different molecular weights

within PA-AGD and the ASM were present in the co-assembly hydrogel (Figure 2D).

These results demonstrate that the PAs are able co-assemble with the ASM into

nanofibrous ASM-rich hydrogels, opening the possibility to be used as complex

but easily assembled 3D microenvironments for cell culture.

Macroscale characterization of PA/ASM co-assembly hydrogels

We then focused on characterizing the co-assembly kinetics and macrostructure

properties of PA/ASM hydrogels. To do so, stereoscopic microscopy was first

used to investigate the liquid-liquid interface formed when a 5-mL drop of 2% PA

water solution was injected into a larger 10-mL drop of ASM (Figure 2E). Upon

PA-K3 and ASM co-assembly, an interfacial barrier formed spontaneously and trig-

gered the diffusion of ASM components toward the PA-K3 solution. A similar mem-

branous co-assembly structure and diffusion pattern of macromolecules moving

toward a PA solution has been reported previously using elastin-like proteins and

PAs.33 In contrast, when co-assembling PA-AGD with ASM, diffusion led to the

formation of a robust 3D hydrogel rather than a 2D membrane (Figure 2E). We hy-

pothesize that a weaker affinity between PA-AGD and ASM (Figure 2A) led to a

more permeable interfacial barrier than that of PA-K3/ASM, facilitating the contin-

uous diffusion of macromolecules from the ASM to the PA-AGD solution. This

hypothesis was supported by the co-assembly of PA-K4 and ASM, which also led

to a looser 3D hydrogel. In this case, PA-K4 and ASM exhibited an even weaker af-

finity, which may play a key role in the higher permeability of the system (Figures 2A

and 2E). Overall, the results demonstrate that PA-AGD can co-assemble with ASM

into stable hydrogel macrostructures rich in ASM nutrients that simulate natural

sputum.
Engineered living materials of 3D biofilms

Supporting the growth of 3D biofilms as PA-AGD/ASM/microorganism hydrogels

The PA-AGD/ASM hydrogel was then tested to assess its capacity to support the

growth of different types of microbial pathogens frequently coexisting in 3D biofilms

of CF lung infections. These are the fungus SC5314, the Gram-negative PAO1, and

the Gram-positive SH1000. We first focused on assessing the growth of each
6 Matter 7, 1–21, January 3, 2024



Figure 3. Structure properties of PA/ASM/microorganism hydrogels comprising 3D biofilms

(A–D) SEM images depict 3D biofilms after 24-h culture of (A) A SC5314, (B) PAO1, (C) SH1000, and

(D) a community of these 3 species in the PA/ASM hydrogels exhibiting the characteristic matrix

microstructures.

(E) Confocal images illustrating 3D biofilms after 24-h culture of the community comprising the 3

species growing within PA/ASM hydrogels (left) in contrast with biofilms growing in the collagen

gels (right) exhibiting PAO1 overgrowth. Hyphae, red arrows; nanofibrils, green, cyan, pink, and

yellow arrows.
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microorganism individually within our co-assembled hydrogel. The specific microor-

ganisms were used at optimized densities (103/mL PAO1，107/mL SH1000，and

106/mL SC5314) and premixed with ASM, enabling their incorporation within the hy-

drogels upon PA-AGD/ASM co-assembly. All three formed 3D microorganism col-

onies embedded in EPS within the hydrogels (Figures 3A–3C), with SC5314 bodies

producing a dense hyphal network (Figure 3A, red arrow). Also, all three cultures ex-

hibited morphological nanofibril differences compared with those of the PA-AGD/

ASM hydrogel in the absence of the microorganisms (Figure 2C, inset). Prior to

microorganism culture, the nanofibrils of the PA-AGD/ASM hydrogels were concen-

trated and coarse (Figure 2C, inset). In contrast, after 24 h of incubation with the mi-

croorganisms, the nanofibrils surrounding SC5314 were thin and dense (Figure 3A,

green arrow), those of PAO1 were long and thin (Figure 3B, cyan arrow), and those of

SH1000 were short and thick (Figure 3C, pink arrow). We speculate that these

morphological differences in the nanofibers observed within each of the cultures

may result from the PA nanofibers templating the assembly of newly formed EPSs

produced by the microorganisms. We believe that this morphology difference

results from the growth of different microorganism species, given that the only
Matter 7, 1–21, January 3, 2024 7
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difference between these cultures was the specific species used. The capacity of or-

ganisms to remodel the matrix is a characteristic of living materials, a process that

was observed within the PA-AGD/ASM hydrogels. These results align with previous

findings revealing morphological nanofiber differences upon PA-ECM co-assem-

bly45 as well as those observed in PA nanofibers before and after ASM co-assembly

(Figure 2A).

We then conducted 24-h cultures incorporating all threemicrobial species. Themain

challenge of co-culturing polymicrobial communities, including P. aeruginosa, is the

antagonistic nature of this bacterial pathogen toward other microbial species.46

Interestingly, we found that the growth of polymicrobial communities within the hy-

pha/nanofibril-rich PA-AGD/ASM hydrogels (Figure 3D, yellow arrow) exhibited col-

onies of all species and no domination of PAO1 (Figure 3E, left). In contrast, collagen

hydrogels were able to support the growth of independent strains for 24 h, which

was verified by analyzing the microorganism proliferation by colony-forming unit

(CFU) counting (Figure S4). However, polymicrobial cultures grown in collagen

gels displayed a dominant growth of PAO1 with only a few SC5314 bodies observed

without hyphae (Figure 3E, right). Unlike the PA-AGD/ASM hydrogel, the collagen

hydrogel can support the growth of independent strains, but not in the case of poly-

microbial cultures at microorganismal densities. We believe that this finding may

result from the collagen having a limited capacity to interact with EPS and, conse-

quently, may impose some restrictions on the formation of 3D biofilms by the micro-

organisms. These results demonstrate that PA-AGD/ASM/microorganism hydrogels

support the growth of fungi and bacteria as well as polymicrobial communities

capable of remodeling the material’s ECM while preventing domination of

P. aeruginosa.
Engineered in vitro infection model integrating 3D biofilms and Calu-3

epithelial cells

Validation of biocompatibility with and toxicity to lung-related cells

Given the living nature of the PA-AGD/ASM/microorganism hydrogels, we then

focused on engineering a respiratory tract infection in vitro model incorporating

lung-relevant cells. For this purpose, we first assessed the biocompatibility of the

co-assembling gels using eukaryotic cells to ensure that any potential damage to

them would be attributed to the infection. Consequently, lung fibroblast (MRC5)

and epithelial (Calu-3) cell lines were used to mimic the natural environment of the

native respiratory tract.47 To demonstrate the biocompatibility of the PA-AGD/

ASM hydrogels, these two cell lines were cultured on a porous insert membrane

with the co-assembled hydrogels positioned on top. Hyaluronic acid (HA) hydrogels

exhibited high biocompatibility when cultured with the MRC5 and Calu-3 cell lines

(Figure 4) and, consequently, were used as non-cytotoxic controls. We used a

ToxiLight assay to investigate potential cytotoxic effects caused as a result of cell

exposure to the PA-AGD/ASM hydrogel. After 24 h of co-culture, cell viability of

MRC5 and Calu-3 cells remained greater than 80%, and no significant difference

was observed between PA-AGD/ASM hydrogels and HA controls (Figure 4A),

demonstrating the biocompatibility of the co-assembly system. Furthermore,

PA-AGD/ASM hydrogels were deposited on top of Calu-3 cells and cultured for

10 days. The hydrogels remained stable and were not degraded by the kinetic meta-

bolism of the cells growing directly underneath (Figure 4B). Calu-3 cells exposed to

the PA-AGD/ASM hydrogels were stained (Figure 4C) and quantified (Figure 4D) for

ZO1 and mucin expression and did not exhibit any disruption of their tight junctions

or mucin production compared with those growing in the blank (without the hydro-

gel on top) or HA control groups. Equally, MRC5 cells stained for F-actin displayed
8 Matter 7, 1–21, January 3, 2024



Figure 4. In vitro biocompatibility of lung-related eukaryotic cells growing on the PA/ASM

hydrogels

(A) ToxiLight relative light unit (RLU) assay illustrating that the PA/ASM hydrogels were not toxic to

lung epithelial cells (Calu-3) after 6 h and 24 h of co-culture.

(B) SEM images demonstrating that the PA/ASM hydrogels did not degrade when positioned on

top of Calu-3 cells for 10 days of co-culture.

(C) Confocal images showing the similar antibody expression of MRC5 cells (green, F-actin) and

Calu-3 cells (green, ZO1; red, mucin) for 10 days in PA/ASM hydrogel as well as blank control and

positive control (HA hydrogel) groups.

(D) Quantification of ZO1 (tight junction barrier) expressed as mean fluorescence intensity (MFI). No

significant difference in expression is shown between controls and PA-ASM hydrogels. Error bars

present GSD. *0.01 < p < 0.05, **p < 0.01.

ll
OPEN ACCESS

Please cite this article in press as: Wu et al., Co-assembling living material as an in vitro lung epithelial infection model, Matter (2023), https://
doi.org/10.1016/j.matt.2023.10.029

Article
filamentous actin, indicating an undisrupted cytoskeleton. These results demon-

strate the biocompatibility of PA-AGD/ASM hydrogels and their potential to serve

as in vitro models of the respiratory tract.

Co-assembling the PA-AGD/ASM/microorganism hydrogel with the Calu-3 cell
in vitro epithelial model

To demonstrate the functionality of our hydrogel system to recreate key features of a

respiratory tract infection, 5 mL of PA-AGD/ASM/microorganism hydrogels simu-

lating infected sputum were positioned on the surface of a Calu-3 cell in vitro epithe-

lial model (Figure 5A). We prepared PA-AGD/ASM/microorganism hydrogels using

PAO1, and trans-epithelial electric resistance (TEER) measurements were conducted

every 10 min to assess the moment when tight junctions between Calu-3 cells begin

to be destroyed. TEER measurements revealed a drop as acute infection developed

from �900 U cm2 to �600 U cm2 after 30 min of culturing PA-AGD/ASM/PAO1 hy-

drogels on top of Calu-3 cells, indicating that the PA-AGD/ASM/PAO1 hydrogels

began to disrupt the tight junctions between Calu-3 cells. This result was supported

by a LIVE/DEAD assay revealing that most cells were dead by 6 h, and almost no cells

were alive after 24 h (Figure 5B). These findings suggest that antibiotics may be

applied within 30 min after incorporation of the PA-AGD/ASM/PAO1 hydrogel to

avoid any weakening of the tight junction barrier.
Matter 7, 1–21, January 3, 2024 9



Figure 5. PA/ASM/PAO1 hydrogels co-cultured with the Calu-3 in vitro model to test infection

(A) Illustration of the experimental setup consisting of PA/ASM/PAO1 hydrogels being positioned on top of Calu-3 cells to build the co-culture model.

(B) LIVE/DEAD (green/red) assay illustrating the biovalidation of Calu-3 cells. The Calu-3 cells began to detach from the insert surface at 6 h, and all died

in 24 h when cultured with the hydrogels.

(C and D) With different co-culture periods (0 min, 30 min) of Calu-3 and PA/ASM/PAO1 hydrogels before addition of the antibiotic ciprofloxacin (Cip),

the different doses of Cip, with (D) the corresponding image assay indicating that 2 mg/mL was enough for the survival of the Calu-3 cells when applied at

the beginning of co-culture, and 20 mg/mL Cip was necessary when applied after 30-min co-culture.

(E) Immunostaining indicating (i) untreated Calu-3 cells as a blank control expressing the continuous tight junctions (ZO1), (ii) Calu-3 cells cultured with

PAO1 as 2D biofilms losing most ZO1 in 30 min, (iii) while kept more ZO1 by culturing with PA/ASM/PAO1 hydrogel where PAO1 as 3D biofilms (iv)

2 mg/mL Cip was not enough to keep ZO1, and (v) 20 mg/mL Cip was necessary to protect ZO1 between Calu-3 cells. Error bars present G SD.

*0.01 < p < 0.05, **p < 0.01.
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PA-AGD/ASM/PAO1-Calu-3 in-vitro-infected epithelial model response to
ciprofloxacin

3D biofilms present in sputum lead to high antibiotic tolerance within the respiratory

tract.48,49 Thus, an ideal in vitro-infected epithelial model should be able to simulate

antibiotic tolerance. To assess this within our PA-AGD/ASM/PAO1-Calu-3 in vitro

model, the broad-spectrum antibiotic ciprofloxacin (Cip), which is used extensively

for treatment of respiratory infections, was tested by supplementing 1 mL Dulbecco’s

modified Eagle’s medium (DMEM) with the antibiotic in 24-well plates holding the in-

serts for culture (Figure 5A). First, Cip was applied to PA-AGD/ASM/PAO1 hydrogels

without Calu-3 cells to estimate the antibiotic tolerance of 3D biofilms growing within

the hydrogels (Figure 1D; Figure S5). CFU counting and fluorescence microscope ob-

servations revealed that the hydrogel incorporating the 3D biofilms of 3 strains could

tolerate up to2mg/mLofCip (103 theminimum inhibitory concentration (MIC)of plank-

tonic P. aeruginosa cells50) (Figure S5). After the tight junctions of Calu-3 cells were dis-

rupted by the microorganisms presented in PA-AGD/ASM/microorganism hydrogels,

the antibiotic was able to penetrate the hydrogels and kill relevant microbes. Thus,

the effect of the antibiotic was similar to that caused by PA-AGD/ASM/microorganism

hydrogels without Calu-3 cells.With this dose of Cip inmind, we then assessedwhether

Cip treatmentwouldallowsurvival ofCalu-3 cells after exposure topolymicrobial hydro-

gels. Two concentrations of Cip (2 and 20 mg/mL) were used and delivered using two

different methods: (1) PA-AGD/ASM/PAO1 hydrogel and Cip applied together to the

Calu-3 in vitroepithelialmodel and (2) first co-cultureof thePA-AGD/ASM/PAO1hydro-

gel and the Calu-3 in vitro epithelial model for 30min to destroy the tight junctions and

application of Cip. A LIVE/DEAD assay was conducted after 24-h co-culture of the hy-

drogels and Calu-3 in vitro epithelial models for all groups.

For method (1), 2 mg/mL of Cip was enough to protect Calu-3 cells from being killed by

PAO1, and no significant differences were observed between the blank control of the

Calu-3 in vitro epithelial model and the PA-AGD/ASM/PAO1 hydrogels. For method

(2), higher concentrations of Cip (20 mg/mL) were needed to protect the Calu-3 cells

(Figures 5C and 5D). These results indicate that delivery method (2) allows higher anti-

biotic tolerance of the microbial communities, which is more clinically relevant. To vali-

date this finding, immunostaining was used to characterize tight junctions (ZO1, shown

in red) and a self-fluorescent PAO1 (shown in green) to visualize the PA-AGD/ASM/

PAO1 hydrogel. After 30-min culture combining the hydrogel and the Calu-3 in vitro

epithelial model, the tight junctions of ZO1 were partially lost (Figure 5Eiii). In contrast,

the control 2D biofilm generated by culturing PAO1 in liquid ASM for 24 h exhibited

more damaged tight junctions (Figure 5Eii), which might result from the free migration

of PAO1 cells. These findings again confirm that the invasive properties of 2D and 3D

biofilms are different and, consequently, demonstrate the importance of recreating

3D biofilms to better mimic the natural scenario. The confocal images of more ZO1 in

20 mg/mL (Figure 5Ev) than in 2 mg/mL (Figure 5Eiv) demonstrates that the 3D biofilms

within the PA-AGD/ASM/PAO1-Calu-3 in vitro model were able to tolerate at least

2 mg/mL of Cip. However, 2 mg/mL is the highest concentration 3D biofilms in PA-

AGD/ASM/PAO1hydrogel can toleratewithoutCalu-3 cells. Furthermore, this result in-

dicates that 20 mg/mL of Cip is the dose needed to protect tight junctions of the Calu-3

in vitro epithelial model from PAO1 infection.

Engineered PA-AGD/ASM/PAO1+SH1000+SC5314 polymicrobial community/
Calu-3 with a 3D biofilm to establish an in-vitro-infected lung epithelial model

A respiratory tract infection normally contains a community of multiple microbial spe-

cies. To engineer an in vitro-infected lung epithelial model, we co-cultured PA/ASM/

PAO1-mTurq+SH1000-YFP+SC5314-yCherry (all strains were fluorescently labeled)
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Figure 6. PA-AGD/ASM/PAO1+SH1000+SC5314 polymicrobial community/Calu-3 to build an

infected lung epithelial in vitro model

(A) Confocal image illustrating the polymicrobial 3D biofilms within the hydrogels on top of Calu-3

cells expressing tight junction antibodies (ZO1).

(B) SEM image demonstrating the in vitro-infected lung epithelial model integrating the

polymicrobial 3D biofilms and the Calu-3 epithelial cells.

(C–E) Immunostaining showing an interface between Calu-3 cells and the polymicrobial 3D biofilms

(C) and LIVE/DEAD assay for the same view (D), showing that Calu-3 cells at the interface were

dead, while those on the Calu-3 cell side (left) were alive with integrated tight conjunctions

(E, inset).

(F) SEM image illustrating the interface consisting of dead Calu-3 cells and 3 species of

microorganisms.
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hydrogels on top of the Calu-3 in vitro epithelial model (Figure 6A). To establish an in-

terkingdom in vitro model, 20 mg/mL Cip was applied by adding it to 1 mL DMEM in

24-well plates outside of the insert (Figure 5A). SEM (Figures 6B and 6F), confocal im-

aging of the fluorescent strains (Figures 6C and 6E), and LIVE/DEAD assays (Figure 6D)

were conducted to investigate the growth of the polymicrobial community and Calu-3

in vitromodel. SEM imaging confirmed that themicroorganisms growing within the 3D

biofilms were located on top of the layer of Calu-3 epithelial cells (Figure 6B, left).

Higher magnification observations illustrated the healthy morphologies of each of
12 Matter 7, 1–21, January 3, 2024
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the microbial species, PA/ASM hydrogel, and Calu-3 cells (Figure 6B, right). Prior to

SEM examination, confocal imaging showed that the self-fluorescent strains were

clearly present and growing over Calu-3 cells within the hydrogel (Figure 6C). Further-

more, LIVE/DEAD assays confirmed that the Calu-3 cells were alive (Figure 6D), and

immunostaining demonstrated the integrity of their tight junctions (Figure 6E). In addi-

tion, the boundary area was observed at the interface between the microbial commu-

nity and the Calu-3 epithelial cells. Furthermore, LIVE/DEAD assays evidenced that

more dead cells were at the boundary (Figure 6D), which are likely the result of the cyto-

toxicity of the microbial community (Figure 6F). These results demonstrate that the

in vitro-infected lung epithelial model is able to support the growth of polymicrobial

communities and eukaryotic cells and represents a realistic scenario of respiratory tract

infection with antibiotic tolerance.
Biofabrication properties

We developed a living micro-organism material with the capacity to be integrated

with eukaryotic cells to engineer an in vitro-infected lung epithelial model. The me-

chanical properties are another critical parameter to consider when designing living

materials and 3D printing processes.6,51 In this regard, viscosity is the most critical

parameter for assessing the mechanical properties of infected sputum from respira-

tory tract-infected patients. Therefore, viscosity tests were conducted and revealed

that the value (�10 mPa s) of PA-AGD/ASM co-assembly hydrogels was similar to

that of real sputum from CF patients with a mild infection52 (Figure 7A). The capacity

to incorporate such living materials within additive manufacturing would allow the

fabrication of different types of models enabling spatial control of biofilm structure

and geometry over multiple length scales. Taking advantage of PA-ASM co-assem-

bly and liquid-in-liquid printing (Figure 7B), we integrated the PA-ASM co-assembly

system with extrusion-based (Figure 7C) and inkjet-based printing to demonstrate

the viability of this approach. By extruding PA-AGD solution into ASM, self-sup-

ported and well-defined filaments were fabricated into intricate single- or multilay-

ered geometries (Figure 7C; Video S1). Furthermore, by spraying PA-AGD solution

into ASM, nanoscale particles were also fabricated (Figure 7D). In addition to versa-

tility of fabrication, the ASM-PA system was applied by incorporation with a zigzag

polydimethylsiloxane (PDMS) template fabricated using standard protocols.53 The

5-mm-wide channels were filled with PA-AGD solution first, and ASM with PAO1

was added on top to co-assemble the gel in the channel. After 24-h culture, the

LIVE/DEAD assay indicated that PAO1 grew well inside the 3D hydrogel (Figure 7E).

Increased levels of the bacterial intracellular signal c-di-guanosine monophosphate

(GMP) has been associated with biofilm formation.54 Therefore, a c-di-GMP-depen-

dent transcriptional fusion, PcdrA-gfpS,55 able to report on the levels of this signal,

was used to monitor biofilm formation activity in the PA gel by the PAO1 strain

harboring this fusion and constitutively expressing the fluorescent protein mCherry.

The modified PAO1 with ASM was premixed with the prepared hydrogels in a star-

shaped PDMS concave template. After 24 h incubation, GFP fluorescence was

detected in the 3D hydrogels, showing the production of c-di-GMP and, hence, re-

porting biofilm formation (Figure 7F). These results demonstrate that, by taking

advantage of the liquid-to-gel transition of the co-assembly system, high-resolution

(�5 mm) biofabrication with 3D biofilms was feasible.
DISCUSSION

We demonstrated the possibility to co-assemble PAs and the complex biofluid ASM

into a hierarchical homogeneous hydrogel designed to display key functional
Matter 7, 1–21, January 3, 2024 13



Figure 7. Biofabrication of the PA/ASM system

(A) Graph indicating that the viscosity of PA-AGD/ASM hydrogel was higher than that of individual

PA-AGD or ASM and similar to the sputum of CF patients with mild infection.49

(B) Illustration of the approach to combine the PA/ASM co-assembly system with extrusion-based

and inkjet-based 3D printing.

(C) Time-lapse images demonstrating the rapid PA/ASM printing using an extrusion-based 3D

printer to generate single- or multi-layer structures with high fidelity.

(D) SEM image depicting the homogeneous PA/ASM nanoparticle structures (white arrow) with

300-nm diameter generated by a nebulizer, which was similar to the structure generated by an

inkjet-based 3D printer but with higher resolution.

(E) LIVE/DEAD assay demonstrating the biovalidation of a biofabricated PA/ASM/PAO1 system

incorporated within a 5-mm-wide zigzag channel template.

(F) Confocal images illustrating the modified PAO1 producing 3D biofilms (green, PAO1; purple,

biofilms). Error bars present G SD. *0.01 < p < 0.05, **p < 0.01.
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peptides and transform ASM components into structural building blocks. This mate-

rial can support the growth of 3D biofilms of different strains of microorganisms,

including individual Gram-positive and Gram-negative bacteria and fungi as well

as polymicrobial communities made of these. In this way, the multicomponent

self-assembling material offers a more physiologically relevant milieu capable of

promoting more realistic polymicrobial growth. Furthermore, we demonstrated

how themicroorganisms can reform the nanostructure of the co-assemblingmaterial

as they grow, suggesting that the PA/ASM/microorganism hydrogel behaves as a

living material. In addition, we illustrated the capability to integrate the PA/ASM/

microorganism hydrogel with a Calu-3 in vitro model to build an infected in vitro

epithelial model of the respiratory tract and tested it with different concentrations

of the antibiotic Cip. Altogether, we developed a ‘‘biocooperative’’ platform that

harnesses a complex biofluid (ASM) to engineer a living material that can recreate

features of 3D biofilms and build an interkingdom in vitro model of polymicrobial

communities and living tissue cells. A main novelty of our study is the integration

of (1) molecular and supramolecular design, (2) bioengineering of reproducible

hierarchical materials with complex composition, (3) growth of multiple microbial

communities, and (4) practical biofabrication methods. Our study has reached the
14 Matter 7, 1–21, January 3, 2024
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major goal of improving the complexity of the matrix to recreate 3D biofilms and

developed methodologies to do so in a reproducible and controllable manner.

However, it is important to mention that the differences present in sputum samples

between different patients should not be ignored. In this case, the next step of our

study will focus on developing customized co-assembling living systems that enable

the use of real sputum samples.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to the lead con-

tact, Alvaro Mata (a.mata@nottingham.ac.uk).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All experimental and theoretical data are available upon reasonable request from

the lead contact.

Materials

PA-K3 (purity, 99.1%), PA-AGD (purity, 98.7%), and PA-K4 (purity, 98.3%) were de-

signed as reported previously56 and purchased from Biomatik (ON, Canada). ASM

was prepared in house following the recipe reported by Kirchner et al.57

Microbial strains and culture conditions

The PAO1 and SH1000 strains were routinely propagated in lysogeny broth (LB; Oxoid,

Cambridge, UK) for 16 h at 37�Cwith shaking at 250 rpm, and SC5314 was propagated

in yeast peptone dextrose (YPD) broth (Oxoid) for 16 h at 30�Cwith shaking at 200 rpm.

For biofilm growth, 16-h planktonic cultures of PAO1, SH1000, and SC5314 were

washed twice by centrifugation (10,000 3 g) and resuspended in 13 phosphate-buff-

ered saline (PBS), and cell numbers were adjusted to different CFUs/mL, respectively,

in ASM. For selective isolation of microbes, Pseudomonas isolation agar (PIA; Oxoid)

andmannitol salt agar (MSA;Oxoid) were utilized. To prevent growth of bacteria during

the enumeration of SC5314, tetracycline (Sigma-Aldrich, Haverhill, UK) was added to a

final concentration of 125 mg/mL to Sabouraud dextrose agar (SAB; Oxoid). To prevent

growth of SC5314 during MSA enumeration, nystatin (Sigma-Aldrich) was added to a

final concentration of 8 mg/mL.

Hydrogel biofilm model setup

50 mL of a 2 wt % PA-AGD solution in water was added to a 24-well insert

(83.3925.500, Sarstedt, Newton, NC, USA). Microorganisms, including PAO1,

SH1000, and SC5314, were premixed with ASM at various densities for different tar-

gets, as described in the under Microbial strains and culture conditions. Microorgan-

isms were prepared in 50 mL of ASM and mixed with the PA-AGD solution in the

insert to form a standard hydrogel. This hydrogel was cultured in a 24-well plate

with 1 mL ASM at 37�C. Antibiotic treatments were applied via the outer ASM in

the microwell plate.

Zeta potential (z)

To illustrate the co-assembly mechanism of the ASM-PA systems, the z of Pas were

measured on a Zetasizer (Nano-ZS ZEN 3600, Malvern Instruments, Worcestershire,

UK) at room temperature. The concentration of PAs used for the measurements was
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0.1 wt %. The pH values of solutions were adjusted to be equal to pHs of PA solutions

at 2 wt % using 1MHCl and 1MNH4OH. The samples were equilibrated for 30min at

room temperature prior to measurement of their z.

DLS

DLS was performed to measure the particle sizes of PAs and ASM-PAs. The PAs were

dissolved separately in MilliQ water at a concentration of 0.1%, and ASMwas diluted

using MilliQ water. The two solutions were mixed at a 1:1 ratio, and the particle sizes

were measured using a Zetasizer (Nano-ZS ZEN 3600, Malvern Instruments). Sam-

ples were equilibrated for 10 min at room temperature before measurements.

SEM

The microstructures of ASM-PA hydrogels with or without microorganisms were first

fixed with 4% paraformaldehyde (PFA) for 30 min and then dehydrated using

increasing concentrations of ethanol water solvents (70%, 90%, 96%, and 100%).

All samples were subjected to a critical point dryer (EMCPD300, Leica, Wetzlar, Ger-

many) prior to imaging. The SEM micrographs were captured on an Inspect Q600

(FEI, Eindhoven, the Netherlands) after sputter coating with gold (10 nm thick).

SDS-PAGE and gel digestion

For SDS-PAGE analysis, PA, ASM, and ASM-PA samples were pipetted up and down

to break hydrogel matrices, vortexed for 1 min to allow homogenization, and diluted

10-fold in PBS. Before SDS-PAGE gel loading, samples were prepared by mixing

15 mL of PA, ASM, and ASM-PA solution with 7 mL Bolt 43 Lithium dodecyl sulfate

(LDS) loading buffer and 3 mL Bolt 43 reducing agent (Thermo Fisher Scientific, Carls-

bad, CA, USA). Solutions were heated at 80�C for 5 min on a heating block (HB120-S,

Scilogex, USA). After heating, 25 mL of each sample was loaded in pre-cast NuPAGE

4%–12% BisTris mini protein gels mounted on Invitrogen mini gel tanks (Thermo

Fisher Scientific). Samples were run alongside 5 mL of pre-stained protein ladder

PageRuler Plus (range, 10–250 kDa, Thermo Fisher Scientific). To visualize protein

bands, NuPAGEgels were run for 1 h at 120 V usingNuPAGEMES SDS running buffer

(Thermo Fisher Scientific), stained overnight with InstantBlue (Expedeon, Germany),

and imaged using a compact scanner (CanoScan LiDE 220, Japan). For gel digestion,

NuPAGE gels were run for 5 min at 120 V using NuPAGE MES SDS running buffer

(Thermo Fisher Scientific). Gel bands were stained overnight at 4�C with

InstantBlue, and staining solution was replaced with deionized water. Bands of inter-

est were excised from the gel, dehydrated using acetonitrile followed by vacuum

centrifugation, reduced with 10 mM dithiothreitol, and alkylated with 55 mM iodoa-

cetamide. Gel pieces were then washed twice with 25 mM ammonium bicarbonate

followed by acetonitrile before trypsin digestion overnight at 37�C.

Liquid chromatography-tandem MS (LC-MS/MS)

Digested samples were analyzed by LC-MS/MS using UltiMate 3000 Rapid Separa-

tion LC (RSLC; Dionex, CA, USA) coupled to a Q Exactive HF-X Hybrid Quadrupole-

Orbitrap Mass Spectrometer (Thermo Fisher Scientific). Mobile phase A was 0.1%

formic acid in water, and mobile phase B was 0.1% formic acid in acetonitrile, and

the column used was a 75 mm 3 250 mm i.d. 1.7 mM charged surface hybrid

(CSH) C18 analytical column (Waters, Wilmslow, UK). A 1-mL aliquot of the sample

was transferred to a 5-ml loop and loaded onto the column at a flow rate of 300

nL/min for 5 min at 5% B. The loop was then taken out of line, and the flow was

reduced from 300 nL/min to 200 nL/min in 0.5 min. Peptides were separated using

a gradient that went from 5% to 18% B in 34.5 min, then from 18% to 27% B in 8 min,

and finally from 27% B to 60% B in 1 min. The column was washed at 60% B for 3 min
16 Matter 7, 1–21, January 3, 2024



ll
OPEN ACCESS

Please cite this article in press as: Wu et al., Co-assembling living material as an in vitro lung epithelial infection model, Matter (2023), https://
doi.org/10.1016/j.matt.2023.10.029

Article
before re-equilibration to 5% B in 1 min. At 55 min, the flow was increased to 300 nL/

min until the end of the run at 60 min. MS data were acquired in a data-directed

manner for 60 min in positive mode. Peptides were selected automatically for frag-

mentation by data-dependent analysis on the basis of the top 12 peptides with m/z

between 300 and 1,750 Th and a charge state of 2, 3, or 4 with dynamic exclusion set

at 15 s. The MS resolution was set at 120,000 with an AGC target of 3e6 and a

maximum fill time set at 20 ms. The MS2 resolution was set to 30,000 with an AGC

target of 2e5, a maximum fill time of 45ms, an isolation window of 1.3 Th, and a colli-

sion energy of 28.

LC-MS/MS data analysis

Data produced were searched using Mascot (Matrix Science, Chicago, IL, US),

against the Swissprot and Trembl databases with the taxonomy of Sus scrofa.

Data were validated using Scaffold (Proteome Software, Portland, OR, USA). From

the raw data containing identified proteins and numbers of matched peptides,

only proteins containing at least 4 unique peptides were accepted. Processed

data were used to compare protein compositions of PA, ASM, and ASM-PA samples.

SANS

The PAs were dissolved in D2Owith 2 wt%, and PA (2 wt %)-ASMgels (50%D2O/50%

H2O) were prepared for measuring. SANS measurements were performed on the

fixed-geometry, time-of-flight ZOOM diffractometer (ISIS Neutron and Muon

Source, Oxfordshire, UK). A white beam of radiation with neutron wavelengths span-

ning 2.2–10 Å was enabled access to Q [Q = 4psin (q/2)/l] range of 0.004–0.4 Å�1

with a fixed-sample detector distance of 4.1 m. Solutions (0.4 mL) of individual com-

ponents were contained in 1-mm-path-length UV spectrophotometer-grade quartz

cuvettes (Hellman), while the composite peptide-drug gel was prepared in a

demountable 1-mm-path-length cuvettes. The cuvettes were mounted in aluminum

holders on top of an enclosed, computer-controlled sample chamber at 25�C. Time

taken for each measurement was approximately 30 min. All scattering data were

normalized for the sample transmission, the backgrounds was corrected using a

quartz cell filled with D2O, and the linearity and efficiency of the detector response

were corrected using the instrument-specific software.

3D printing

3D printing was performed on a commercial extrusion printer (Cellink, MA, USA).

Print designs were created using commercial software (Autodesk, San Francisco,

CA, USA) and sliced with the free software Slic3r (https://slic3r.org/). PA-AGD

(2 wt %) was dyed with thioflavin T (0.5 mL/mL) and extruded into a bath of ASM

through a 22G nozzle at a printhead movement speed of 40 mm/s.

Viscosity test

A four-channel liquid-handling apparatus (Microlab STARlet, Hamilton Robotics,

Reno, NV, USA) was used to characterize the viscosity of PA-AGD (2 wt %), ASM,

and PA-AGD (2 wt %)/ASM gel. This method has been developed to simulta-

neously characterize viscosities of multiple samples in a high-throughput manner.58

The results have proven to be highly accurate in comparison with conventional vis-

cosity measurement methods such as using an oscillatory rheometer. 300 mL of

each sample was added to a 96-well polypropylene plate containing 1-mL wells

(260252, Thermo Fisher Scientific), which was placed in a heating module at

25�C. Three replicates were tested for each sample. Samples were aspirated into

300-mL pipettes (235902, CO-RE non-filter tips, Hamilton Robotics) attached to

channels on the test head at 10 mL for 15 s. Submerge depth was set at 2 mm
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below the liquid surface. The testing generated real-time pressure data, which

were subsequently used to calculate viscosities of tested samples using a self-

developed MATLAB program.

Imaging of the biofilm model

Microbial localization was determined by utilizing fluorescent protein (FP)-express-

ing strains grown in appropriate media with the following antimicrobial selection:

PAO1 mTurquoise2 (125 mg/mL tetracycline [TC]), SH1000 pTK005 YFP (40 mg/mL

chloramphenicol [CM]), and C. albicans CAF2 yCherry. To assess the viability of

the microbial population in the polymicrobial biofilms, wild-type strains (no FP)

were stained with the LIVE/DEAD BacLight Bacterial Viability Kit (L7007, Fisher Sci-

entific, Loughborugh, UK) according to the manufacturer’s instructions. Following

staining, biofilms were rinsed with sterile water and imaged using an LSM 700

laser-scanning confocal microscope (CLSM; Carl Zeiss, Wetzlar, Germany).

Calu-3 cell culture and gel application

Calu-3 cells (ATCC, HTB-55) were cultured in Eagle’s Minimum Essential Medium

(MEM) (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS), 1% peni-

cillin/streptomycin, 1% GlutaMAX, 1% sodium pyruvate, and 1% non-essential

amino acids until 80% confluent. Cells were trypsinized using trypLE (Gibco), and

4 3 105 cells/cm2 were seeded onto the apical side of a Polyester (PET) Transwell

membrane with 5-mm pore size (Sarstedt) for 4–5 days at 37�C in 5% CO2. Cells

were then subjected to an air-liquid interface for a further 3–4 days until a monolayer

formed. 10 mL PA-AGD/ASM gel with or without microorganisms was applied

directly to the surface of the monolayer of Calu-3 cells.

Cell viability and cytotoxicity testing

Calu-3 cells were assessed for viability using LIVE/DEAD stain (Fisher Scientific)

following exposure to gels for 6 and 24 h. In brief, ethidium homodimer-1 and cal-

cein AMweremixed at a 1:4 ratio in PBS and applied to cells for 20min at 37�C. Cells
were viewed using an Etaluma Lumascope 720 microscope. Cytotoxicity tests were

carried out using a ToxiLight non-destructive bioassay kit (Lonza, Basel, Switzerland)

according to the manufacturer’s instructions. Luminescence was read at 1-s intervals

on a GloMax Discover microplate reader (Promega, Southampton, UK).

Immunofluorescence staining

Immunofluorescence staining was performed to determine whether addition of the

gels had any detrimental effect on Calu-3 cell barrier integrity. Membranes with cells

were fixed in 4% formaldehyde solution (VWR Chemicals, Singapore, Singapore) for

15 min and rinsed twice in PBS. Cells were permeabilized with Triton X-100 (0.5%,

Thermo Fisher Scientific) for 5 min, followed by 3 5-min rinses with PBS Tween 20

(0.2%). Non-specific binding was blocked by incubating cells in PBS with goat serum

(10%, Thermo Fisher Scientific) for 1 h at room temperature. Primary antibody stain-

ing was undertaken using rabbit anti-human ZO-1 (1:100, Thermo Fisher Scientific)

and incubation overnight at 4�C. Cells were rinsed with PBS Tween 20 (0.2%) prior

to goat anti-rabbit immunoglobulin G (IgG; H+L) Alexa Fluor 488 secondary anti-

body staining (1:200, Thermo Fisher Scientific) for 1 h at room temperature, followed

by counterstaining with DAPI. Membranes were mounted using Prolong Gold Anti-

fade reagent (Fisher Scientific) and viewed using an LSM 700 CLSM (Carl Zeiss).
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