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a b s t r a c t 

The alarming increase of antibiotic-resistant bacteria, causing conventional treatments of bacterial infec- 

tions to become increasingly inefficient, is one of the biggest threats to global health. Here, we have de- 

veloped probiotic cellulose, an antibiotic-free biomaterial for the treatment of severe skin infections and 

chronic wounds. This composite biomaterial was in-depth characterized by Gram stain, scanning electron 

microscopy (SEM) and confocal fluorescence microscopy. Results demonstrated that probiotic cellulose 

consists of dense films of cellulose nanofibers, free of cellulose-producing bacteria, completely invaded by 

live probiotics ( Lactobacillus fermentum or Lactobacillus gasseri ). Viability assays, including time evolution 

of pH and reducing capacity against electrochromic polyoxometalate, confirmed that probiotics within the 

cellulose matrix are not only alive but also metabolically active, a key point for the use of probiotic cel- 

lulose as an antibiotic-free antibacterial biomaterial. Antibacterial assays in pathogen-favorable media, a 

real-life infection scenario, demonstrated that probiotic cellulose strongly reduces the viability of Staphy- 

lococcus aureus (SA) and Pseudomonas aeruginosa (PA) , the most active pathogens in severe skin infections 

and chronic wounds. Likewise, probiotic cellulose was also found to be effective to inhibit the prolifera- 

tion of methicillin-resistant SA (MRSA) . The combination of the properties of bacterial cellulose as wound 

dressing biomaterial and the antibacterial activity of probiotics makes probiotic cellulose an alternative 

to antibiotics for the treatment of topical infections, including severe and hard-to-heal chronic wounds. 

In addition, probiotic cellulose was obtained by a one-pot synthetic approach under mild conditions, not 

requiring the long and expensive chemical treatments to purify the genuine bacterial cellulose. 

Statement of significance 

Antibiotic resistance is responsible for around 70 0.0 0 0 deaths per year worldwide, with the 
potential to cause 10 million deaths by 2050. New antibiotic-free approaches are thus urgently 
needed for the treatment and prevention of bacterial infections. We produced probiotic cel- 
lulose, which consists of dense films of cellulose nanofibers completely invaded by live and 

metabolically active probiotics. This antibiotic-free biomaterial exhibits excellent anti-bacterial 
activity against Staphylococcus aureus and Pseudomonas aeruginosa , the most active pathogens 
in skin infections and chronic wounds. Likewise, probiotic cellulose was also effective against a 
methicillin-resistant Staphylococcus aureus strain. The synthesis of probiotic cellulose involves a 
single-step reaction under mild chemical conditions, thus cheaper and safer than the conven- 
tional methods to obtain bacterial cellulose. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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a

o global health [1] . Antibiotic resistance is responsible for around 

0 0.0 0 0 deaths per year worldwide, with the potential to cause 

0 million deaths by 2050 [1] . The WHO reported in 2014 that “a

ost-antibiotic era - in which common infections and minor in- 

uries can kill - far from being an apocalyptic fantasy, is instead a 

ery real possibility for the 21st century” [2] . New antibiotic-free 

pproaches are thus urgently needed for the treatment and pre- 

ention of bacterial infections. 

A promising alternative to antibiotics is the use of probiotics. 

robiotics are live microorganisms traditionally known to help re- 

tore the natural balance of bacteria in the gut microbiota when 

t has been disrupted by an illness or treatment. Likewise, they 

ay be helpful to prevent diarrhea when taking antibiotics and to 

ase some symptoms of irritable bowel syndrome. Nowadays, the 

erm probiotic goes beyond commensal bacteria for the gut micro- 

iota since probiotics can provide health benefits to other tissues, 

y restoring their corresponding microbiota and/or excreting an- 

ipathogenic compounds [3] . In particular, Lactobacilli strains have 

lready shown antimicrobial properties and the ability to acceler- 

te the healing process [4] . 

Nonetheless, non-encapsulated probiotics are vulnerable when 

esting and proliferating in the hostile environment of the infected 

issue, thus jeopardizing their viability and consequently their ben- 

ficial health effects [5] . Therefore, one of the keys to the use 

f probiotics is the choice of an appropriate matrix to host and 

rotect them. However, most of the studies on engineering pro- 

ective matrices for probiotics were intended for food and nu- 

raceuticals [6–10] and very little has been done yet regarding the 

se of encapsulated probiotics to treat skin infections. The extra- 

rotection and localization afforded by a matrix can reinforce the 

bility of the encapsulated probiotics to colonize and interact with 

he wound bed, facilitating the inhibition of the pathogenic growth 

rocess [4] . 

Bacterial cellulose (BC) is a biopolymer synthesized by some 

erobic bacteria [ 11 , 12 ]. It has received special attention due to its

nique properties in comparison with plant cellulose (PC). Both BC 

nd PC consist of β(1 → 4) linked glucose units that self-assemble 

nto fibers through a complex hierarchical process. However, BC 

s chemically pure, free of hemicellulose, lignin or pectin, and 

hus being nontoxic and biocompatible [11] . Furthermore, the thin 

anofibers of BC, ranging from 40-80 nm in diameter, are ap- 

roximately 100 times smaller than those of PC [13] . This confers 

C higher surface area, notable mechanical properties, high water- 

olding capacity and high adsorption capability. 

Thanks to these properties, BC has been widely studied for 

iomedical applications [ 14 , 15 ] and, in particular, for tissue engi- 

eering, reconstruction of damaged tissues [16] , and as a wound 

ressing material [17–21] . BC provides optimum moisture balance 

o dry wounds, absorbs wound exudates, provides an effective 

hysical barrier against external infection and does not adhere to 

he wound surface, thereby avoiding tissue damage upon removal 

 17 , 18 ]. Moreover, in vivo wound healing studies have demon- 

trated that BC-based materials feature faster epithelialization and 

egeneration than other commercially available products [12] . 

However, BC itself has no activity against bacterial infection, 

hich is a recurrent issue affecting hard-to-heal chronic wounds. 

he synthesis of BC derivatives with antibacterial properties has 

ong been, in fact, a challenge for biomaterial scientists. Most ap- 

roaches dealt with BC functionalization by physical surface in- 

eractions or chemical bonding. Thus, antibacterial polymers, pep- 

ides or nanoparticles were incorporated to BC [22–26] . However, 

oth physical and chemical approaches have limitations. BC con- 

ains available hydroxyl groups on its surface that facilitate the 

ossibility of coating, but due to the weak interaction between BC 

nd the coating, it potentially suffers from shedding. The chem- 

cal modification becomes difficult due to the poor solubility of 
2 
C, which makes necessary the use of solvents that influences the 

reen safety of products, and limits its large-scale production. 

BC has been recently functionalized with Bacillus subtilis result- 

ng in a composite biomaterial with antimicrobial properties and 

he capacity of promoting skin wound healing [27] . However, the 

unctionalization process required first the isolation and purifica- 

ion of BC and then the inoculation and further growth of the bacil- 

us , which only penetrates few layers of the bacterial cellulose. 

In this work, we have developed a one-pot approach under mild 

onditions to obtain antibiotic-free antibacterial biomaterials, so- 

alled probiotic cellulose, which consist of cellulose films where 

robiotics progressively grow until completely invading the en- 

ire scaffold. Antibacterial assays (agar-diffusion and time-kill tests) 

emonstrated that probiotic cellulose is able to kill Staphylococ- 

us aureus (SA) and Pseudomonas aeruginosa (PA) , the most active 

athogens in severe skin infections and chronic wounds, even in 

athogen-favorable media. Noticeably, probiotic cellulose was also 

ound to be effective to inhibit the proliferation of methicillin- 

esistant SA (MRSA) isolated from clinical urine sample. 

. Materials and methods 

.1. Reagents and solutions 

High-grade quality reagents were purchased from Sigma- 

ldrich. Aqueous solutions were prepared with ultrapure water 

18.2 M �.cm, Bacteria < 0.1 CFU/mL at 25 °C, Milli-Q, Millipore). 

.2. Bacterial strains and culture conditions 

The lyophilized Acetobacter xylinum (ATCC 11142, Ax ) was sup- 

lied by the Colección Española de Cultivos Tipo (CECT) and grown 

n Hestrin-Schramm (HS) [28] agar at 30 °C. Lactobacillus fermen- 

um ( Lf ) and Lactobacillus gasseri ( Lg ) were kindly provided by 

iosearch Life S.A. and grown in de Man, Rogosa and Sharpe 

edium (MRS, Oxoid) at 37 °C. 

The pathogenic strains of Staphylococcus aureus (CECT 976, SA ) 

nd Pseudomonas aeruginosa (CECT 108, PA ) were supplied by the 

olección Española de Cultivos Tipo (CECT). The pathogenic strains 

ere grown in tryptic soy broth (TSB No2, Sigma-Aldrich) at 30 °C 

nd 37 °C, respectively. 

MRSA bacteria were isolated from clinical urine sample at the 

icrobiology Laboratory of the “Virgen de las Nieves” University 

ospital (Granada, Spain). The MicroScan system (Beckman Coul- 

er, Brea, CA, USA) and mass spectrometry (Maldi-Tof®, Bruker Dal- 

onik GmbH, Bremen, Germany) were used to identify the isolate. 

he MicroScan microdilution system was employed to characterize 

esistance to antibiotics. Minimum Inhibitory Concentration (MIC) 

ssays were performed and the lowest concentration of the fol- 

owing antimicrobials (in mg mL −1 ) was interpreted according to 

he EUCAST 2020 recommendations. The strain was found to be 

esistant to penicillin ( > 0.25), oxacillin (2), ciprofloxacin ( > 2), lev- 

floxacin ( > 4), fosfomycin (64) and daptomycin (2); and suscepti- 

le to erythromycin ( < 0.5), clindamycin ( < 0.25), gentamicin ( < 1), 

ancomycin (2), teicoplanin ( < 1), mupirocin ( < 4), trimethoprim- 

ulfamethoxazole ( < 1/19), linezolid (2), rifampicina ( < 0.5) and 

etracycline ( < 1). MRSA bacteria were grown in TSB at 36 °C. 

.3. Synthesis of bacterial cellulose (BC) and probiotic cellulose 

The synthesis of probiotic celluloses ( Lf - and Lg -cellulose) 

as carried out by co-culturing 0.1 mL of an Ax suspension 

OD 600nm 

= 0.3) and 0.1 mL of a probiotic ( Lf or Lg ) suspension

OD 600nm 

= 0.4) in 1 mL of HS medium and aerobic conditions at 

0 °C. The material obtained after 3 days of culture is referred to 

s bacterial cellulose (BC) in this work. Afterward, HS medium was 
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eplaced by 5 mL of MRS and BC was incubated in an anaerobic 

tmosphere at 37 °C for 48 hours (Figure S1). The MRS medium 

as replaced after 24 hours. After 48 hours of culturing in MRS, 

robiotic-celluloses ( Lf - or Lg -cellulose) were obtained. 

With the aim of exploring the reproducibility of probiotic 

rowth into the cellulose matrix, we performed three independent 

xperiments with fresh batches of Ax, Lf or Lg and fresh solutions 

n different weeks obtaining 3 samples of Lf - and Lg -cellulose per 

atch. Subsequently, the probiotics into the matrix of each sample 

ere quantified (see Section 2.6 ). 

For the sake of comparison, bacterial cellulose was also puri- 

ed and then functionalized with probiotics. The purification of BC 

as achieved as follows: immersion in ethanol, boiling in water 

or 40 min, immersion in NaOH 0.1M at 90 °C for 1 hour (with

our dissolution replacements), and neutralization in distilled wa- 

er. Cellulose was then functionalized with adsorbed probiotics by 

ncubation in MRS broth inoculated with Lf (BC + Lf ) or Lg (BC + Lg ),

t the same conditions as probiotic celluloses. 

Lf and Lg are included in the list of Qualified Presumption of 

afety (QPS) of the European Food Safety Authority (EFSA) and 

ood and Drug Administration (FDA). QPS provides a safety status 

or microorganisms intentionally used in the food and feed chain. 

hese microorganisms can be also used as living entities that may 

each the consumer as such, or may be used as production organ- 

sms or as dead biomass [29] . Likewise, FDA approved some wound 

ressing devices based on bacterial cellulose [ 15 , 30 ]. 

.4. Gram staining 

This staining protocol allows differentiating between two ma- 

or bacterial groups, Gram-positive (stained purple) and Gram- 

egative (stained red) cells. Ax is a Gram-negative bacterium, 

hereas Lf and Lg are Gram-positive bacteria. After 1, 2 and 7 

ays of incubation in MRS, Lf -cellulose was dehydrated in gradient 

thanol and washed with xylene [31] . Then, the samples were em- 

edded in paraffin and transversally cut in 4 μm sections using a 

icrotome. Slides were deparaffinized, cleared in xylene, and rehy- 

rated before the staining. Then, a standard Gram staining protocol 

as performed. In brief, crystal violet was applied for 1 minute 

t room temperature, and slides were briefly rinsed under run- 

ing water to remove the excess of staining. Iodine mordant was 

pplied for 30 seconds and washed with water. To remove vio- 

et crystal from Gram-negative bacteria, slides were covered with 

thanol for 15 seconds and quickly rinsed under running water un- 

il the water run clear. Finally, Gram-negative bacteria were stained 

ith safranin for 1 minute and rinsed with water. The slides were 

bserved using an iScope (Euromex) microscope, in bright field 

ode and under a 100x immersion oil objective to differentiate 

etween Gram-positive and Gram-negative. The same slides were 

lso observed using a Nikon Eclipse E200 microscope, in dark field 

ode and under a 10x objective to obtain macroscopic images of 

he whole Lf -cellulose section. Images were acquired with an Ax- 

oCam ERc 5s (ZEISS) camera. 

.5. Field emission scanning electron microscopy (FESEM) 

Probiotic celluloses were fixed in 1 mL of cacodylate buffer (0.1 

, pH 7.4) containing 2.5% of glutaraldehyde at 4 °C for 24 h. 

ubsequently, samples were washed with cacodylate buffer three 

imes for 30 min at 4 °C. The samples were stained with osmium 

etroxide (OsO 4 ) solution (1 % v/v) for 2 h in the dark, being then

epeatedly rinsed with Milli-Q water to remove the excess of OsO 4 

olution. Samples were then dehydrated at room temperature with 

thanol/water mixtures of 50%, 70%, 90% and 100% (v/v) for 20 

in each, being the last concentration repeated three times and 

ried at the CO critical point. Finally, dehydrated samples were 
2 

3 
ounted on aluminum stubs using a carbon tape, sputtered with 

 thin carbon film, and analyzed using a FESEM (Zeiss SUPRA40V) 

f the Centre for Scientific Instrumentation (University of Granada, 

IC-UGR). The fiber width distribution of each condition was ob- 

ained by measuring 100 fibers of different SEM micrographs with 

mageJ software (version 1.48v; NIH, Bethesda, MD). 

.6. Quantification of immobilized probiotics 

Probiotic cellulose (2 cm-diameter, 1.5 mm-thick) was digested 

ith cellulase from Trichoderma reesei (No C2730-50ML, Sigma–

ldrich). For this purpose, samples were immersed in 2 mL of en- 

yme solution (50 μL cellulase/mL potassium phosphate buffer, 50 

M, pH 6) and incubated at 37 °C for 1h, with orbital shaking 

180 rpm) [32] . Then, the samples were centrifuged to collect the 

robiotics and washed three times with saline solution. Probiotics 

ere suspended in 5 mL of saline solution and colony-forming 

nits (CFU) were determined by counting in MRS-agar plates af- 

er 24 h of incubation at 37 °C in anaerobic conditions (using the 

D GasPak TM ES Anaerobe Container System). The serial dilution 

ith a number of visible colonies around 20-300 was used to cal- 

ulate CFU, and plating was performed in triplicate. Nine indepen- 

ent samples of probiotic cellulose ( Lf- or Lg -cellulose) were di- 

ested and analyzed. Data are expressed as mean of experimental 

eplicates (n = 9) ± standard deviations. 

The mass of BC was weighted to denote the concentration of 

robiotics as CFU per milligram of cellulose. To this aim, samples 

ere immersed in ethanol after the co-culture in HS medium (aer- 

biosis), boiled in deionized water for 30 min, treated with 0.1 M 

aOH at 90 °C for 1h, and washed with deionized water until neu- 

ral pH was achieved [33] . With this treatment, BC was purified 

nd bacteria were removed. Finally, purified celluloses were dried 

t 100 °C and weighted using a BOECO BAS31plus microbalance. 

hree replicates were measured. 

.7. Live-dead viability assays 

Bacterial viability of BC and probiotic celluloses was quali- 

atively assessed by confocal laser scanning microscopy (CLSM). 

he samples were washed with sterile saline solution and stained 

ith LIVE/DEAD BacLight Bacterial Viability Kit (ThermoFisher) 

ollowing the manufacturer’s instructions. This assay combines 

embrane-impermeable DNA-binding stain, i.e. propidium iodide 

PI), with membrane-permeable DNA-binding counterstain, SYTO9, 

o stain dead and live and dead bacteria, respectively. Cell via- 

ility along the BC matrix was evaluated with a confocal micro- 

cope (Nikon Eclipse Ti-E A1, CIC-UGR) equipped with a 20x oil 

mmersion objective. For acquiring SYTO 9 signals (green channel), 

88 nm laser and 505–550 nm emission filter were used. For PI 

red channel), 561 nm laser and 575 nm long-pass emission filter 

ere used. Images were analyzed with NIS Elements software. 

.8. Bacterial activity 

The metabolic activity of the two probiotic celluloses, Lf and Lg - 

ellulose, freshly prepared and stored for one week or one month 

t 25 and 4 °C was evaluated by pH monitoring (HACH SensIONTM 

Hmeter). Probiotic pellets obtained after the digestion of probi- 

tic celluloses were also stored in the same conditions for compar- 

son. The reductive capacity against electrochromic polyoxometa- 

ates (POM, [P 2 Mo VI 
18 O 62 ] 

6 −) was evaluated according to a previ- 

usly reported protocol [34] . Briefly, Lf -cellulose and Lg -cellulose 

amples were incubated in 100 mL of diluted MRS broth (1:10) in 

naerobic conditions, at 37 °C and 180 rpm. At scheduled times (0, 

, 2, 4, 5, 7 and 20 h), 1mL-aliquot was collected, centrifuged (30 0 0

, 5 min) and filtered with a 0.2 μm filter to remove any residual 
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acteria. Then, 190 μL of the sample was mixed with 10 μL of 

OM solution (10 mM) on a 96-well and irradiated with UV light 

365 nm) for 10 min. The absorbance at 820 nm was measured in 

 Tecan’s NanoQuant plate reader (CIC-UGR). Data are expressed as 

ean of experimental replicates (n = 3) ± standard deviations. 

.9. Inhibitory and antimicrobial activity against SA, PA and MRSA 

The antimicrobial activity of non-encapsulated probiotics 

gainst SA and PA , two common pathogens involved in wound in- 

ection, was initially evaluated by an agar spot test in MRS [35] . 

n brief, overnight cultures of probiotics (10 9 CFU mL −1 ) were in- 

culated as a 5 μL spot on MRS agar plates (3 spots/plate). After 

4 h of incubation at 37 °C under anaerobic conditions, the plates 

ere overlaid with 6 mL of TSA (0.7 % w/v agar) at 45 °C, previ-

usly inoculated with 0.1 mL of an overnight culture of SA or PA . 

he plates were incubated 24 h at 30 °C and 37 °C, respectively, 

efore examination of the corresponding inhibition zones. 

Subsequently, the antimicrobial activity of probiotic cellulose 

as evaluated by agar diffusion assays [36] but in pathogen- 

avorable tryptic soy media [37] . The agar diffusion assay was car- 

ied out as follows: 0.1 mL of an overnight culture of SA, PA or 

RSA was spread on petri dishes containing TSA. Then, Lf - or Lg - 

ellulose were placed on agar plates containing the selected bacte- 

ial strains and incubated 24 hours at pathogen optimal tempera- 

ure (37 °C for PA , 30 °C for SA and 36 °C for MRSA ) before exam-

nation of inhibition zones. Aliquots of the inhibition zones were 

electively grown in MRS or TSB media. In the experiment with SA , 

e only found proliferation in MRS, pointing out the presence of 

ome probiotic cellulose detachment (see Fig. 6 B). Control exper- 

ments with non-encapsulated probiotics, bacterial cellulose (BC) 

nd cellulose with adsorbed probiotics (BC + Lf , BC + Lg ) were also

arried out following the same protocol and using equivalent CFU 

f Lf and Lg . After 24 hours of incubation, the inhibition zones of 

on-encapsulated probiotics and celluloses were imaged and com- 

ared. 

The inhibitory activity of probiotic cellulose was evaluated by 

ime-kill assays. Lg - and Lf -cellulose were introduced into TSB 

edium containing 7 × 10 6 CFU of pathogen and incubated with 

rbital shaking for 24 h at 30 °C for SA and at 37 °C for PA [ 38 , 39 ].

he pathogen survival was assayed by the serial dilution method, 

lating on TSA in triplicate and counting after 24 hours of incu- 

ation. Control experiments with bacterial cellulose (BC) were also 

arried out following the same protocol. 

.10. Statistics 

Results were analyzed with the software GraphPad Prism 5 and 

ata are expressed as mean ± standard deviation. For the statistical 

nalysis, we applied the one-way ANOVA, Bonferroni’s method. 
ig. 1. Graphical sketch of the protocol used to obtain probiotic cellulose. The co-culture 

acterial cellulose gel (BC, step 2), which, under anaerobic conditions, is gradually invaded

cross-section) of BC obtained under aerobic conditions (top, step 2) and probiotic cellulo

4 
. Results 

.1. Synthesis and characterization of probiotic cellulose 

The synthetic approach used to obtain probiotic cellulose is 

epresented in Fig. 1 . It is based on the fact that cellulose- 

roducing bacterium Ax is strictly aerobic, while probiotics are fac- 

ltative anaerobic bacteria ( Fig. 1 A and S1). Two types of probi- 

tics, selected according to their activity in terms of the preven- 

ion and/or treatment of infections [ 40 , 41 ], were explored. Specif- 

cally, Lf is an immunostimulant that strengthens the microbiota 

nd Lg has exhibited antimicrobial activity against SA [40] , one 

f the most common bacteria involved in chronic skin ulcers 

42] . 

The co-culture of Ax and probiotic in an aerobic HS medium 

optimum for Ax ) resulted in the formation of a thick cellulose 

lm (Figure S1) containing Ax and the corresponding probiotic ( Lf 

r Lg ). Gram staining shed light on the growth of probiotic cel- 

ulose ( Fig. 2 and S2), since Ax and probiotics are Gram-negative 

nd Gram-positive bacteria, respectively (Figure S2). Under aero- 

ic conditions, the facultative anaerobic probiotics were situated 

t the bottom of the cellulose film ( Fig. 2 A), that is, as far away

s possible from the air–culture interface. Replacing the HS with 

RS medium and removing oxygen (anaerobic conditions are op- 

imal for probiotics) caused the massive proliferation of probi- 

tics ( Fig. 2 B), which completely invaded the cellulose network 

 Fig. 2 C). 

BC produced aerobically in the presence of Ax and probiotic 

s, therefore, a two-sided material. FESEM micrographs of the air- 

xposed face showed the typical fibrous morphology of Ax ( Fig. 3 A 

nd Figure S3), whereas bacteria at the submerged face presented 

he typical bacilliform appearance of probiotics. In fact, FESEM mi- 

rographs of the cross-section ( Fig. 3 B) revealed two clearly dif- 

erentiated areas: one exposed to air, containing exclusively Ax , 

nd the other exposed to the bulk aqueous phase, which only 

ncluded probiotics. When increasing the incubation time in the 

naerobic medium, the probiotics extensively proliferated and in- 

aded the entire cellulose matrix to such an extent that both 

aces were similar ( Fig. 3 C and S3). Under these latter condi- 

ions no evidences of reminiscent Ax were detected, while probi- 

tics were distributed throughout the cellulose network. Despite 

he high density of probiotics ( Fig. 3 C), i.e. , 1.4 × 10 11 ± 3.1

10 10 and 8.7 × 10 10 ± 1.5 × 10 10 CFU of Lf and Lg , respec- 

ively, per mg of cellulose, the entrapment did not affect the size of 

he cellulose nanofibers, which maintained diameters ranging be- 

ween 20 and 90 nm (Figure S4). The high number of entrapped 

robiotics modifies the optical properties of probiotic cellulose 

n comparison to cellulose film grown under aerobic conditions 

 Fig. 3 D). 
of Ax and the probiotics ( Lf or Lg , step 1) under aerobic conditions produces a thick 

 by probiotics resulting in probiotic cellulose (step 3). (B) Graphical representation 

se produced by switching to anaerobic conditions (bottom, step 3). 
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Fig. 2. Dark-field optical micrographs of cross-sections of Gram-stained cellulose films showing the gradual invasion of the probiotics as a function of increasing incubation 

time (from left to right). Scale bar = 100 μm. 

Fig. 3. (A) FESEM micrograph of the air-exposed surface of cellulose co-cultured with Ax and Lf in aerobic conditions. Note that most of the bacteria present the typical 

fibrous morphology of Ax (white arrows). (B) FESEM micrograph of the cross-section of the two-sided biomaterial formed under anaerobic conditions (24 h of incubation): 

one side contains Ax (white arrows) and the other Lf . (C) FESEM micrograph of the surface of cellulose co-cultured with Ax and Lf under anaerobic conditions (48 h of 

incubation). In this case, both surfaces (exposed to either air or solution) appeared fully covered of bacteria exhibiting the typical morphology of Lf . Scale bars (A,C) = 5 μm; 

(B) = 20 μm. (D) Photographs of BC (top) and probiotic cellulose (bottom). Scale bar = 1 cm. 
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.2. In vitro live-dead viability 

Live/dead viability tests, based on SYTO 

TM 9 and propidium io- 

ide fluorescent dyes, demonstrated that the probiotics entrapped 

n the cellulose remained viable ( Fig. 4 ). Confocal laser scan- 

ing microscopy (CLSM) images of the cellulose obtained after co- 

ulture of Ax and Lf in aerobiosis contained a mixture of green 

pots (live) with a high density of red spots (dead) of fibrous Ax 

nd shorter bacilliform Lf bacteria ( Fig. 4 A-D). Contrastingly, the 

robiotic cellulose showed a very high density of live probiotics 

green spots), with very few red spots (dead) ( Fig. 4 G-J). Moreover, 

he 3D CLSM image confirmed that probiotic cellulose is a homo- 

eneous material, since live probiotics migrated and colonized the 

ntire cellulose matrix after 48 h ( Fig. 4 K-L). 

.3. Activity assays 

Importantly, the entrapped probiotics were also metabolically 

ctive. Live Lf and Lg excrete metabolites to the medium, in partic- 

lar lactic acid, which regulates the pH at around 4. Within a few 
5 
ours, the pH of the MRS media in contact with the probiotic cel- 

ulose (both Lf - and Lg -cellulose) dropped from 7 to approximately 

, a value very close to the pk a of lactic acid ( Fig. 5 A), confirming

hat probiotics within the cellulose matrix retain their metabolic 

ctivity. 

In addition, we assessed the metabolic activity of probiotic cel- 

ulose using an assay previously developed by our team, that cor- 

elates the reductive capacity of bacteria to their metabolic activ- 

ty, using an electrochromic polyoxometalate (POM) [ 34 , 43 ]. Once 

educed, POM exhibits an absorption band in the UV-vis spectrum 

entered at 820 nm. The evolution of this absorption band after in- 

ubating aliquots from the supernatants of probiotic cellulose with 

n aqueous solution of POM was monitored ( Fig. 5 B). The increase 

f the absorbance at 820 nm supports the activity of probiotics in 

robiotic cellulose. 

.4. Activity assays of probiotics after long-time storage 

The probiotic activity of Lf - and Lg -cellulose after storage at 4 

nd 25 °C for one week and one month was analyzed by the time 
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Fig. 4. CLSM images of BC co-cultured with Ax and Lf under aerobic, (A-F), and then, anaerobic conditions, (G-L). Green channel (SYTO 9, live bacteria), red channel (pro- 

pidium iodide, dead bacteria) are shown. Panels (C, D) and (I, J) correspond to expanded views of the boxes (3x) in images (A, B) and (G, H), respectively. The 3D maps are 

representative of the merged channels (live and dead). Scale bars = 50 μm. 
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volution of pH in MRS media. The results were compared to those 

f non-encapsulated Lf and Lg (Figure S5). The activities of Lf - and 

g -cellulose were similar to those of free probiotics after one week 

f storage, both at 4 and 25 °C, reaching a pH value of 4 after 25

ours in MRS cultures. However, significant differences were ob- 

erved after one month of storage. While the activity of Lf and Lf -

ellulose kept similar at 4 °C, it became drastically different when 

he storage for one month was carried out at 25 °C. At this tem- 

erature, the extra-protection effect of the cellulose on the probi- 

tic activity was evident, since free Lf or Lg , in contrast to Lf - or

g -cellulose, did not reach the pH 4 after 25 hours in MRS. 
6 
.5. Inhibitory and antimicrobial activity 

The antibacterial activity of probiotic cellulose was assessed 

gainst SA and PA , two opportunistic pathogens responsible for a 

road range of skin infections, some of which are potentially fatal 

severe and chronic wounds) [ 42 , 44 ]. Both Lf and Lg have shown

ntimicrobial activity against SA and PA in media that favor the 

roliferation of probiotics [ 40 , 44 ] (Figure S6A). However, we found 

hat neither Lf nor Lg could inhibit the growth of SA or PA in opti-

al pathogenic media such as TSA (Figure S6B). This subtle nuance 

s of paramount importance, because in a real-life infection sce- 
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Fig. 5. (A) Time evolution of the pH of MRS media containing a film of probiotic ( Lf or Lg ) cellulose. (B) Time dependence of the UV-vis absorbance at 820 nm of probiotic 

cellulose in contact with a solution-containing POM. Data are expressed as mean with the corresponding standard deviation as error bars. 

Fig. 6. Inhibitory activity of probiotic cellulose. (A) Diagram of the experimental protocol used to assess the inhibitory activity (B) of probiotic cellulose ( Lf - and Lg -cellulose) 

and BC with adsorbed probiotics (BC + Lf and BC + Lg ) against SA and PA . 
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ario, the pathogen and probiotic meet in an environment that is 

ptimal for the former but not for the latter. With this in mind, we 

ested the antibacterial activity of probiotic cellulose using the agar 

iffusion experiments depicted in Fig. 6 A, where the pathogens 

ere dispersed in TSA. Even in these unfavorable conditions, pro- 

iotic celluloses (with Lf and Lg ) produced inhibition zones against 

oth pathogens ( Fig. 6 B). Noticeably, under these unfavorable con- 

itions for probiotics, BC functionalized with Lf or Lg through an 

adsorption-incubation” procedure (BC + Lf or BC + Lg ) as that pro- 

osed by Digel et al. [27] did not inhibit in the same extent the

athogenic proliferation in TSA media ( Fig. 6 B). 

These observations were confirmed by time–kill experiments. 

hen SA or PA were cultivated in TSB (an unfavorable medium for 

robiotics) [ 38 , 45 ], we found pathogen proliferation, from initial 

oads of 10 6 –10 7 to 10 9 CFU after 24 h ( Fig. 7 A). In a control exper-

ment, we observed that the addition of bacterial cellulose did not 

ffect the pathogen proliferation ( Fig. 7 A, SA + BC or PA + BC bars).

onetheless, when probiotic cellulose (either Lf- or Lg- cellulose) 

as added instead of bacterial cellulose, an important decrease of 

athogen viability was observed. In particular, Lf- cellulose inhib- 

ted PA and SA growth after 24 hours, while Lg- cellulose practically 

illed PA and notably decreased SA viability ( Fig. 7 B). 
L

7 
These interesting findings motivated us to explore the activity 

f probiotic cellulose against MRSA by agar diffusion assays . As 

ound in Fig. 8 , both Lf- and Lg -cellulose inhibited the growth of 

RSA . Although some inhibitory effects were also found for BC + Lf 

nd BC + Lg (biomaterials prepared by an adsorption-incubation 

rocedure), the inhibition zones were smaller than those found for 

robiotic celluloses ( Fig. 8 ). 

. Discussion 

Although BC is one of the most widely studied biomaterials 

or biomedical applications [ 14 , 15 ] and, in particular, as a wound 

ressing [17–21] , it has no activity against bacterial infections. 

n addition, the isolation of BC and/or its derivatives requires a 

ong and expensive procedure involving successive treatments with 

thanol and/or alkali at high temperatures, to eliminate any rem- 

ants of cellulose-producing bacteria [ 25–27 , 33 , 46–48 ]. 

Probiotic-containing bacterial cellulose was recently achieved 

y incubation of BC (previously purified) in a culture of Bacillus 

ubtilis [27] . Following this “adsorption-incubation” methodology, 

he bacillus only penetrates a few layers of the bacterial cellulose. 

ikely, the dense cellulose network does not allow the penetra- 
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Fig. 7. Antibacterial activity of probiotic cellulose. (A) PA and SA survival after co-incubation with BC or probiotic celluloses ( Lf- and Lg -cellulose) in TSB. Asterisks and 

ns denote statistical significance (p < 0.001) and no significance, respectively. (B) Diagram depicting the bactericidal properties of Lf- and Lg -cellulose compared to the 

corresponding control assays. 

Fig. 8. Inhibitory activity of probiotic cellulose (A, Lf -cellulose and B, Lg -cellulose) against MRSA by agar diffusion tests on TSA plates. BC + Lf (A), BC + Lg (B) and pure BC 

were also tested. Even though the media was optimal for the pathogens, clear inhibition zones appeared around the probiotic cellulose and in a less extent around the 

biomaterials prepared through an adsorption-incubation procedure (BC + Lf and BC + Lg ) . 
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ion of the bacillus to the porous cellulose network. SEM images 

howed the presence of bacillus adhered to the bacterial cellu- 

ose surface. The one-pot strategy here reported clearly improves 

he integration of probiotics into the entire BC matrix. BC was 

rown into an optimum probiotic culture (under anaerobic condi- 

ions) ( Fig. 1 and S1), which allowed probiotics to fully invading 

he under-construction cellulose scaffold ( Fig. 4 K-L). As a result, 

ur biomaterial, probiotic cellulose, incorporated a much higher 

mount of bacteria (ca. 10 14 CFU per g of BC) in comparison to 

hat obtained by the “adsorption-incubation” procedure (10 10 CFU 

f bacillus were incorporated per g of BC) [27] . Moreover, our strat- 
8 
gy, in contrast to that reported by Digel et al. [27] does not re-

uire the purification and isolation of bacterial cellulose films. Pro- 

iotic cellulose is in fact the first bacterial cellulose derivative that 

oes not require the previous isolation of bacterial cellulose. This 

spect is of the utmost importance when considering the economic 

nd environmental factors associated with the large-scale produc- 

ion of cellulose-based materials. 

The retention of high metabolic and cellular activities is an- 

ther critical parameter for the successful use of probiotic cellu- 

ose for the treatment of bacterial infections. The probiotics in pro- 

iotic cellulose are alive ( Fig. 4 ) and metabolically active ( Fig. 5 ).
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t the same time, the matrix provides the probiotics with extra- 

rotection. In fact, the probiotic activity of probiotic cellulose, in 

ontrast to non-encapsulated probiotics, is maintained after one- 

onth storage at room temperature or 4 °C. This extra-protection 

s of high relevance for real applications and confirms the suitabil- 

ty of bacterial cellulose as a matrix for the long-term stabilization 

f alive and active probiotics. 

Although many studies have tried to develop effective vac- 

ines or treatments against SA and PA , none of them have so 

ar gained approval from regulatory authorities, which makes the 

evelopment of antibacterial treatments against these bacteria 

ven more significant. Interestingly, probiotic cellulose has shown 

xcellent antibacterial properties (bacteriostatic and bactericidal) 

gainst SA and PA , even in media where the pathogens com- 

only proliferate ( Fig. 6 ). However, the biomaterial made by an 

adsorption-incubation” procedure [27] , containing the same com- 

onents, i.e. bacterial cellulose and the same probiotics (BC + Lf or 

C + Lg ), showed little or no inhibition of the pathogenic prolifer- 

tion ( Fig. 6 B). This difference suggests that the antibacterial ac- 

ivity of Lf- and Lg -cellulose is mainly due to the high popula- 

ion of encapsulated probiotics and not to the adsorbed ones, as 

hose present in BC + Lf or BC + Lg , obtained by the “adsorption-

ncubation” procedure [27] . The health benefits of probiotics are 

ell demonstrated but, unfortunately, little is yet known about 

heir mechanisms of action. Our results did not provide insights 

n the identification of excreted species of probiotic cellulose lead- 

ng to the inhibition of pathogenic growth. However, we can con- 

rm that the observed inhibitory effects are intrinsic to the probi- 

tics since bacterial cellulose has no antibacterial activity ( Fig. 6 ). 

n contrast to the conventional molecular approach by which an- 

ibiotics or antibacterial species are promptly delivered, probiotics 

ct as antibacterial bombs that produce a continuous release of an- 

ibacterial species while remaining alive. 

Once the antibacterial properties of probiotic cellulose were 

emonstrated against the two most common strains in skin infec- 

ions ( SA and PA ), we took a further step to prove that probiotic

ellulose also inhibited the proliferation of an antibiotic-resistant 

train, such as MRSA, which has shown resistance or susceptibil- 

ty to a large variety of antibiotics ( Section 2.2 ). Both Lf - and Lg -

ellulose resulted active against MRSA , leading to larger inhibition 

ones than those produced by BC + Lf or BC + Lg , pointing out once

ore the higher antibacterial activity of probiotic cellulose with 

espect to those made by the “adsorption-incubation” procedure. 

urther work is in progress to develop probiotic celluloses that si- 

ultaneously contain both Lf and Lg , or probiotic cocktails, with 

he aim to study an eventual probiotic synergy as a strategy to im- 

rove the antibacterial properties. 

. Conclusions 

We have developed a new antibiotic-free antibacterial bioma- 

erial – probiotic cellulose – which consists of bacterial cellulose 

oaded with live and active probiotics. The two probiotic cellu- 

oses ( Lg - and Lf -cellulose) showed enhanced antibacterial activ- 

ty against SA and PA, the two most active pathogens in severe 

kin infections, and methicillin-resistant MRSA . Furthermore, pro- 

iotic celluloses, in contrast to non-encapsulated probiotics, ex- 

ibit antibacterial efficacy even in conditions that are favorable for 

athogens and unfavorable for probiotics. Our strategy to produce 

robiotic cellulose can be extended to other facultative anaerobic 

robiotics or even combining different probiotics or other active 

pecies such as nanoparticles, polymers or peptides with the aim 

f obtaining multifunctional biomaterials towards other complex 

icrobial infections. Moreover, the production of probiotic cellu- 

ose involves a single-step process under mild conditions and does 

ot require the lengthy and expensive chemical treatments neces- 
9 
ary to isolate bacterial cellulose, and thus can be easily scaled for 

ndustrial production. Probiotic cellulose is an antibiotic-free an- 

ibacterial agent with practical application today, and tomorrow, in 

 hypothetical post-antibiotic era, where common infections and 

inor injuries could kill. 

tatement of significance 

Antibiotic resistance is responsible for around 70 0.0 0 0 deaths 

er year worldwide, with the potential to cause 10 million deaths 

y 2050. New antibiotic-free approaches are thus urgently needed 

or the treatment and prevention of bacterial infections. We pro- 

uced probiotic cellulose, which consists of dense films of cel- 

ulose nanofibers completely invaded by live and metabolically 

ctive probiotics. This antibiotic-free biomaterial exhibited excel- 

ent anti-bacterial activity against Staphylococcus aureus and Pseu- 

omonas aeruginosa , the most active pathogens in skin infections 

nd chronic wounds. Likewise, probiotic cellulose was also effec- 

ive against a methicillin-resistant Staphylococcus aureus strain. The 

ynthesis of probiotic cellulose involves a single-step reaction un- 

er mild chemical conditions, thus cheaper and safer than the con- 

entional methods to obtain bacterial cellulose. 
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