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A B S T R A C T

Implant-associated infections remain a critical challenge due to the presence of biofilm-forming bacteria, which 
enhance tolerance to conventional treatments. This study investigates the efficacy of a tri-enzymatic cocktail 
(TEC; DNA/RNA endonuclease, endo-14-β-D-glucanase, β-N-acetylhexosaminidase) targeting biofilm matrix 
components combined with supratherapeutic doses of antibiotics encapsulated in a thermosensitive hydrogel 
(poloxamer P407) for local administration. In vitro, the hydrogel formulation enabled controlled release of active 
agents over 12 h. Vancomycin and TEC co-formulated in hydrogel achieved up to 3.8 Log10 CFU count reduction 
and 80 % biofilm biomass reduction on MRSA biofilms grown on titanium coupons, demonstrating enhanced 
efficacy as compared to individual active agents, with 1.3–3.2 log10 additional killing. Fluoroquinolone efficacy 
remained unchanged by enzyme addition. In vivo, in a model of tissue cages containing titanium beads implanted 
in the back of guinea pigs, hydrogel-delivered vancomycin maintained therapeutic levels for seven days. Coupled 
with an intraperitoneal administration of vancomycin for 4 days, a single local administration of hydrogel 
containing both vancomycin and TEC was more effective than hydrogels containing either vancomycin or TEC, 
achieving an additional 2.1 Log10 CFU reduction compared to local vancomycin, 2.3 Log10 compared to local 
TEC, and 4.3 Log10 compared to systemic vancomycin treatment alone. However, partial regrowth occurred at 
later stages, indicating room for further optimization. Nevertheless, these findings already underscore the po
tential of combining a high dose of antibiotic with an enzymatic cocktail in a sustained-release hydrogel delivery 
system as a promising strategy for improving the management of biofilm-associated implant infections.

1. Introduction

Implants have become a cornerstone of modern medicine, offering 
effective solutions for a wide range of medical conditions by restoring 
impaired biological functions or replacing missing anatomical structures 
[1]. Ongoing advances in materials and technology have further 
improved their effectiveness, biocompatibility, and patient outcomes [2,
3]. Nevertheless, implant-associated infections (IAIs), including pros
thetic joint infections (PJIs), remain a major complication leading to 
high morbidity and mortality [4] while imposing a substantial burden 

on healthcare systems [5]. These infections arise when microorganisms 
adhere to the implant surface and become embedded within an extra
cellular polymeric matrix, forming a complex three-dimensional mi
crobial biofilm [6]. Biofilms enhance bacterial tolerance to 
antimicrobial treatments and immune defenses, making infections 
particularly difficult to eradicate and contributing to their persistence 
over time [7].

Among the pathogens responsible for PJIs, Staphylococcus aureus is 
one of the most frequently isolated species [8]. The treatment of these 
infections typically combines prolonged antimicrobial therapy and 
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surgery, ranging from implant retention strategies to complete removal, 
complex reconstructions, or, in severe cases, amputation [9]. Treatment 
choice depends on several factors, including the type and virulence of 
the infecting organism, the overall health of the patient, the source and 
duration of infection, and the implant stability [10]. The Debridement, 
Antibiotics and Implant Retention (DAIR) strategy is often recom
mended due to its superior functional outcomes, lower morbidity, and 
reduced healthcare costs compared to implant replacement [11]. How
ever, DAIR carries a high failure rate (16–57.4 %) [12], largely due to 
bacterial tolerance to antibiotics within biofilms, underscoring the ur
gent need for enhanced antibiofilm strategies. Additionally, treating 
infections in poorly vascularized sites, such as bones and prosthetic 
devices, poses challenges for systemic antibiotics, making local drug 
delivery systems a promising alternative [13]. Among these, micro- or 
nanoparticles loaded with antimicrobials delivered in bone cement or 
injected in the articulation, prophylactic coatings of the implant as well 
as hydrogels containing antibiotic-loaded nanoparticles have been 
described [14]. To date, the co-formulation of antibiotics with large 
molecules such as enzymes has not yet been reported.

Previous in vitro work from our team demonstrated the enhanced 
activity of a tri-enzymatic cocktail (TEC; DNA/RNA endonuclease, endo- 
14-β-D-glucanase, and β-N-acetylhexosaminidase) combined with anti
biotics at clinically-achievable concentrations to eradicate biofilm in
fections caused by a variety of microorganisms (Escherichia coli, 
Staphylococcus epidermidis, and S. aureus) [15]. However, application of 
these agents in solution would most likely be inadequate for in vivo 
application due to rapid clearance from the infection site and limited 
local retention [13]. Therefore, an optimized delivery system is required 
to maintain therapeutic agents at the infection site without compro
mising their activity.

Poloxamer 407 (P407) thermosensitive hydrogels meet key criteria 
for local antibiotic delivery, being biodegradable, biocompatible, well- 
tolerated, and capable of providing sustained drug release [16,17]. 
P407 is already widely used for biomedical applications [18]. Existing as 
a liquid form at low temperatures and transitioning into a gel at body 
temperature [19], P407 offers a promising platform to effectively target 
biofilms in vivo while minimizing the systemic side effects of active 
agents.

This study aims to evaluate the efficacy of a combination of the TEC 
enzymatic cocktail and supratherapeutic concentrations of antibiotics 
formulated within P407 and administered locally, in order to enable 
their slow release and sustained local activity. To this end, we first 
conducted in vitro experiments to determine whether the hydrogel 
formulation of antibiotics and TEC preserves the anti-biofilm activity 
previously observed in solution [15]. We focused on the reference MRSA 
strain used in this preliminary work and growing biofilms on titanium 
alloy surfaces mimicking prosthetic implants. In a next step, we assessed 
the efficacy of the most effective combination formulated in this 
hydrogel in vivo, using a tissue cage model, in which Teflon perforated 
cages containing titanium beads simulating prosthetic components were 
implanted in the back of guinea pigs.

2. Materials and methods

2.1. Bacterial strain

The methicillin-resistant Staphylococcus aureus strain ATCC 33591 
was used as a representative methicillin-resistant isolate, susceptible to 
all antibiotics used in this study (Table 1). For in vitro experiments, 
bacteria were streaked from frozen stocks onto Tryptic Soy Agar (TSA) 
plates and incubated at 37 ◦C overnight. Fresh colonies were suspended 
in phosphate-buffered saline (PBS) and adjusted to an OD620 of 0.5 
(~8.5 log10 CFU/mL) using a CECIL 2021 spectrophotometer (Cecil 
Instruments Ltd, Milton, UK). For biofilm formation, the suspension was 
diluted 1:100 in TGN medium (Tryptic Soy Broth + 2 % w/v NaCl + 1 % 
w/v glucose) [15,20]. For in vivo infections, bacterial suspensions were 
similarly prepared and diluted 1:10 in PBS before injection. The sus
pension was stored at 4 ◦C until inoculation (within 2 h). The bacterial 
inoculum was confirmed by plating serial dilutions on TSA.

2.2. Antibiotics

Ciprofloxacin HCl (potency, 85.9 %) and moxifloxacin HCl (potency, 
90.9 %) were supplied by Bayer AG (Leverkusen, Germany). Vanco
mycin (potency, 97.5 %) was supplied by Mylan (Hoeilaart, Belgium). 
The antibiotics selected reflect common clinical choices for PJIs and 
therapeutic realities. Vancomycin is the reference treatment in clinical 
practice for severe MRSA infections [21,22]. Moxifloxacin is used in 
specific clinical situations due to its high tissue penetration and residual 
activity against strains resistant to other antibiotics [23]. Ciprofloxacin, 
employed empirically in clinical practice, also demonstrates high tissue 
penetration [24]. Antibiotic concentrations tested were based on the 
minimal inhibitory concentrations (MIC) of the S. aureus ATCC 33591 
strain. For in vitro assays, vancomycin and moxifloxacin were tested at 
10, 100, and 1000x MIC, and ciprofloxacin, at 10, 50, and 100x MIC due 
to its poor solubility. For in vivo experiments, vancomycin powder for 
intraperitoneal injection was reconstituted with 0.9 % saline at 50 
mg/mL, while its final concentration used in the hydrogel for local 
administration was set to 10 mg/mL (10,000x MIC). This local con
centration was chosen to ensure a high local exposure capable of over
coming the protective matrix of biofilms, while remaining within safe 
limits for localized delivery. Supporting this approach, a study by Sun 
et al. utilized a vancomycin-loaded in situ gelling hydrogel at a con
centration of 50 mg/mL, achieving effective antibacterial activity 
against S. aureus without inducing cytotoxicity [25]. Additionally, 
clinical applications have employed vancomycin at concentrations up to 
5 % (50 mg/mL) for local administration without significant adverse 
effects [26]. These findings suggest that a 10 mg/mL concentration 
would be both safe and effective for local administration, providing a 
strong rationale for its use in this study.

2.3. Tri-enzymatic cocktail (TEC)

The tri-enzymatic cocktail (TEC; OrthenzyQure™) used in this study 
was designed and provided by OneLife SA (Louvain-la-Neuve, Belgium). 
It consists of a sterile 20 mM Tris-buffered (pH = 7.4) aqueous solution 
containing 500 U/mL of aspecific DNA/RNA endonuclease from Serratia 
marcescens (c-LEcta GmbH, Leipzig, Germany), 50 U/mL of endo-1,4- 
β-D-glucanase from Aspergillus niger (Sigma-Aldrich, St-Louis, MO), and 
10 U/mL of β-N-acetylhexosaminidase from Actinobacillus sp (Novone
sis, Bagsværd, Denmark). Note that the concentration and/or microbial 
origin of cellulase, denarase, and β-N-acetylhexosaminidase in TEC used 
in this study are slightly different from those previously published [15,
27]. This is due to regular optimization of the formulation by OneLife 
SA. This tri-enzymatic cocktail (TEC) was stored at 4 ◦C and was heated 
at 37 ◦C for 30 min before use. TEC samples are available upon request at 
OneLife SA for research purposes (under R&D reference OL-R
D1000/OrthenzyQure™). The activity of the cocktail against a 

Table 1 
MIC (mg/L) values against MRSA ATCC33591 in two culture media.a.

Antibiotics Media

MHB-Ca TGN

Vancomycin 1 8
Ciprofloxacin 0.5 0.5
Moxifloxacin 0.125 0.125

a EUCAST breakpoints values (in CA-MHB; mg/L): Vancomycin: S ≤ 2; Cip
rofloxacin S≤(0.001)2, R ≥ 4; Moxifloxacin S ≤ 0.25 [31].
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standardized biofilm was evaluated weekly by Onelife SA over six 
consecutive weeks of storage at 4 ◦C and found to remain unchanged, 
demonstrating its stability (Supplementary Figure 1).

2.4. Preparation of a poloxamer 407 hydrogel formulation

Poloxamer 407 was selected as the hydrogel matrix based on its 
thermosensitive properties, documented biocompatibility, and its ability 
to release active agents efficiently [17,29]. This last property was 
confirmed in a preliminary study demonstrating the better performance 
of P407 over alginate-based hydrogel to release active agents 
(Supplementary Figure 2).

Poloxamer 407 (P407; Pluronic® F-127) was supplied by Merck 
KGaA (Darmstadt, Germany). Poloxamer solutions were prepared using 
a protocol adapted from the “cold method” first described by Schmolka 
[28]. Briefly, a weighed amount of 2 g of poloxamer 407 was gradually 
dissolved in 10 mL of cold (4 ◦C) sterile 20 mM Tris-buffered (pH = 7.4) 
aqueous solution with gentle stirring. The container was left overnight 
in a cold room (2◦C–4◦C) on a roller shaker running continuously at the 
fixed speed of 30 rpm to ensure complete dissolution, forming a clear, 
viscous solution.

For hydrogels containing active ingredients, the same process was 
followed, incorporating antibiotics, combined or not with TEC. These 
components were added to a sterile 20 mM Tris-buffered (pH 7.4) 
aqueous solution. The final concentrations in the gel were 0.5, 0.05, and 
0.005 mg/mL for ciprofloxacin; 1.25, 0.125, and 0.0125 mg/mL for 
moxifloxacin; and 10, 1, and 0.1 mg/mL for vancomycin. All poloxamer- 
containing solutions were sterilized by filtration using 0.22 μm pore size 
filters at 4 ◦C.

2.5. Rheological characterization of P407-based formulations

Rheological analyses were performed to assess the impact of active 
agent incorporation on the gelation properties of P407. Rheological 
parameters were measured using a stress-controlled rotational rheom
eter (MCR102; Anton-Paar, Graz, Austria) under oscillatory mode in 
plate-plate geometry (plate diameter 40 mm; Gap 0.076 mm) with a 
linear temperature ramp (10 ◦C–40 ◦C at 1 ◦C/min, 1 Hz, 0.1 % strain). 
The following parameters were examined. (i) The gelation temperature 
(Tgel), defined as the temperature at which G′ (storage modulus) crosses 
G″ (loss modulus), indicates the thermosensitive transition point from 
liquid to gel. (ii) The plateau G′ value (35.5◦C-38.5 ◦C) provides insight 
into gel consistency over physiological temperature ranges [30]. (iii) 
The gelation kinetics (ΔG’/ΔT), calculated a window of [T◦gel +2◦], 
quantifies the rate of network formation, which can influence in situ 
retention.

2.6. Antibiotic susceptibility testing

MICs were determined by microdilution following the European 
Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines 
[31] in cation adjusted Mueller-Hinton broth (MHB-Ca, Sigma-Aldrich) 
and TGN (Tryptic Soy Broth [VWR Chemicals, Leuven, Belgium] + 2 % 
w/v NaCl + 1 % w/v glucose), i.e., the medium used for growing biofilm 
[15].

2.7. In-vitro release kinetics of active ingredients from poloxamer 407

One mL of poloxamer solution containing an antibiotic and/or the 
TEC enzymatic cocktail was placed in 15 mL conical tubes and allowed 
to jellify at room temperature. Nine mL of sterile tris-HCl buffer was then 
added and the tubes were incubated at 37 ◦C. Five hundred μL aliquots 
were collected at hourly intervals for the first 8 h, followed by additional 
collections at 12, 24, 48, and 72 h. Volume was readjusted to initial 
volume (10 mL) with fresh buffer after each sampling. Antibiotic con
centrations were determined at each time point using validated methods 

adapted to each molecule. For vancomycin, we used a disk diffusion 
bioassay against S. aureus ATCC 25923 MSSA as test organism. The 
diameter of the inhibition zone was converted to concentration using a 
calibration curve established with vancomycin standards of known 
concentration. For ciprofloxacin and moxifloxacin, fluorescence-based 
quantification was performed using a SpectraMax M3 spectrophotom
eter (excitation/emission: 278/450 nm) [32] (Molecular Devices, San 
Jose, CA), exploiting the intrinsic fluorescence of fluoroquinolones. The 
concentrations were calculated using a standard curve prepared in the 
same buffer. Enzymatic concentrations were measured using the 
Pierce™ BCA protein assay (Thermo Fisher Scientific Inc., Waltham, 
MA), following the microplate protocol of manufacturer. Absorbance 
was read at 562 nm using a SpectraMax M3 and compared to a BSA 
standard curve.

2.8. Anti-biofilm activity in vitro

Biofilm formation. Biofilms were grown on titanium alloy 
(Ti–6Al–4V) coupons (BioSurface, Bozeman, MN, USA) placed in 24- 
well plates and covered by 1 mL of the final bacterial suspension. The 
plates were incubated for 24 h at 37 ◦C, with a constant orbital shaking 
of 50 rpm. Those growth conditions were previously shown to allow 
S. aureus biofilm to reach a steady-state over the study period [33].

Biofilm treatments. All coupons were then washed twice in sterile 
PBS and transferred to 6-well plates containing either 10 mL of TGN- 
media (control) or 9 mL of TGN supplemented with 1 mL of different 
treatment solutions: Tris-HCl buffer (pH = 7.4) with antibiotic solution 
or enzymatic cocktail, or their combination, or 1 mL of preformed 
hydrogel P407 without active agents, P407 containing antibiotics or the 
enzymatic cocktail, or their combination. Plates were then reincubated 
for 24 h at 37 ◦C under a constant orbital shaking of 50 rpm.

Biofilm quantification. Treated coupons were washed twice in 
sterile PBS and remaining biofilm was quantified as follows [15]. (i) 
Biofilm CFU counts. Coupons were placed in 15-mL conical tubes 
(Greiner Bio-One International GmbH, Kremsmünster, Austria) con
taining 3 mL of sterile PBS. In order to detach the biofilms and suspend 
the bacteria, the tubes were then vortexed for 30s at maximum intensity 
(Vortex-Genie 2; Scientific Industries, Inc., Bohemia, NY, USA), soni
cated for 5 min in an ultrasonic bath (Branson 5510 Ultrasonic bath, 
Emerson Electric, Saint-Louis, MO, USA) at a frequency of 42 kHz and a 
power of 130 W, and then vortexed again for 30 s. The suspension was 
then sampled and serially diluted before plating on TSA. After 16h in
cubation at 37 ◦C, CFU were counted using an automated method (image 
acquisition using Gel Doc XR1 and image processing using Quantity One 
(Bio-Rad, Hercules, CA, USA). (ii) Biomass quantification. Coupons 
were dried at 60 ◦C overnight. They were then stained with 1 mL of 1 % 
crystal violet solution for 10 min at room temperature (Sigma-Aldrich 
Corp.), washed twice using deionized water to remove the excess dye 
and then placed for 1 h in 24-well plates filled with 1 mL of 66 % acetic 
acid solution at room temperature (Merck KGaA, Darmstadt, Germany) 
to resolubilize the dye. Absorbance of the solution was read at 570 nm 
using a SpectraMax M3 spectrophotometer.

Fluorescence confocal microscopy with live-dead staining. Coupons 
were rinsed twice in sterile deionized water to avoid interference from 
phosphate ions. They were then stained using the Filmtracer LIVE/ 
DEAD biofilm viability kit (Thermo Fisher Scientific Inc.) according to 
the manufacturer’s instructions. Coupons were then rinsed again twice 
in sterile deionized water before imaging using an Axio Imager Z1 mi
croscope fitted with an ApoTome 1 attachment (Zeiss, Oberkochen, 
Germany) at a x20 magnification. The images were postprocessed using 
the FIJI software [34] and the maximum intensity projection technique, 
and by adjusting the brightness of the channels.

Biofilm-associated bacterial coverage and viability were analyzed 
from 2D confocal images (single optical plane, 1024 × 1024 pixels, 20 ×
magnification) using FIJI/ImageJ software [34]. For each experimental 
group, three to six independent fields were analyzed. The green (SYTO 
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9, live bacteria) and red (propidium iodide, dead bacteria) fluorescence 
channels were separated, and average intensity projections were 
generated for analysis to avoid overrepresentation of dense regions 
associated with maximum intensity projection. For each channel, the 
integrated density (i.e., product of fluorescence-positive area and mean 
intensity) was calculated. The green/red intensity ratio was used as a 
surrogate marker of bacterial viability. In parallel, the surface area 
covered by each signal (red and green) was quantified using the Otsu 
thresholding method [35], and expressed as a percentage of the total 
fluorescent area, serving as a proxy for bacterial coverage. The total 
surface colonization (red + green) was also calculated and normalized to 
the untreated control group (TGN). All image analyses were performed 
under identical thresholding parameters and blinded to the treatment 
groups.

Fluorescence confocal microscopy for EPS (Extracellular Poly
meric Substances) composition (eDNA and polysaccharides). To assess 
the composition of the biofilm extracellular matrix, additional confocal 
fluorescence imaging was performed to detect extracellular DNA 
(eDNA) and polysaccharides. Biofilms grown on titanium coupons were 
exposed to the same experimental conditions as described previously 
(TGN, TEC, vancomycin [VAN] as antibiotic, or the combination of VAN 
and TEC). Following treatment, samples were stained with 2 μL of 
TOTO-1 iodide (1 mM stock in DMSO; Thermo Fisher Scientific Inc.) to 
label extracellular DNA (eDNA), and 2 μL of a mixture of Calcofluor 
White M2R (commercial 1 % solution = 10 mg/mL; Sigma-Aldrich) and 

Evans Blue (commercial 0.5 % solution = 5 mg/mL; Sigma-Aldrich) to 
detect β-linked polysaccharides [36], then imaged with a 40x objective 
using a Zeiss Axio Imager Z1 microscope equipped with Apotome. Three 
independent fields were acquired per sample. Image processing and 
quantitative analysis were performed using FIJI (ImageJ). For each 
fluorescence channel (TOTO-1 and CFW-EB), Z-stacks were processed 
using average intensity projections to account for the overall spatial 
distribution and volumetric extent of matrix components across the 
biofilm depth. This approach was chosen over maximum projection to 
better reflect the total matrix burden, minimizing the influence of 
high-intensity outliers and providing a more integrated measurement of 
biofilm architecture. Otsu [35] thresholding was applied for segmenta
tion, and quantification was performed using the “Analyze Particles” 
plugin, with a minimum object size of 10 pixels2 to exclude background 
noise. The percentage of area covered (%Area) was recorded for each 
field and condition.

2.9. Antibiofilm activity in vivo

Animal model. We used the tissue cage guinea pig model estab
lished by Zimmerli et al. [37]. The animal experiments were performed 
with the approval of the local ethics committee (2022/UCL/MD/26). 
After a 7-days acclimatization period, four sterile cylindrical polytetra
fluoroethylene “Teflon” tissue cages (10 by 32 mm and perforated with 
130 holes) (Europlex, Nivelles, Belgium) containing 10 titanium alloy 

Fig. 1. Illustration of the in vivo model. (A) Ti–6Al–4V beads (up) and Teflon cage (down). (B) Per-operative view. (C) 14-day postoperative view. (D) 
Explantation post-mortem view.
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beads (Ti–6Al–4V; 3 mm diameter) per cage, were aseptically implanted 
in the back of guinea pigs weighting 450–600 g. The animals were 
anesthetized with an intraperitoneal injection of ketamine 50 mg/kg 
(Nimatek®, Dechra Pharmaceuticals PLC, Norwich, United Kingdom) 
and xylazine 5 mg/kg (Rompun®, Bayer AG, Leverkusen, Germany). 
The experiments were started after complete wound healing (i.e., 
approximately 2 weeks after surgery) (Fig. 1). Before each experiment, 
the cages were checked for sterility by culturing the aspirated cage fluid 
(TCF; 150–300 μL) for 7 days. A total of 48 female guinea pigs were 
randomly assigned to six groups: vancomycin pharmacokinetics (A), 
infected/non-treated (B), infected/treated locally in cages with P407 
(C), with P407 containing TEC (D; TEC in P407), with P407 containing 
vancomycin at 10 mg/mL (E; VAN in P407) and with P407 containing 
their combination (F; VAN + TEC in P407) (Fig. 2).

Vancomycin pharmacokinetics. Vancomycin concentrations were 
measured at preset time points (30 min, 1, 3, 6, 9, and 12 h) in serum and 
TCF of non-infected animals (group A) following a single intraperitoneal 
dose of vancomycin (15 mg/kg). Additionally, 5 days later (after 
washing the cages with saline solution), animals received 1 mL of P407 
containing vancomycin (10 mg/mL) and TEC locally into the cages and 
their concentrations were measured at 30 min, 1, 3, 6, 9, 12, 24, 96, 144, 
and 168 h in serum and TCF. Aliquots (150–300 μL) of all samples were 
transferred to Eppendorf tubes and centrifuged at 2500 g for 15 min, and 
supernatants were stored at − 20 ◦C until further analysis. For local in
jection, vancomycin concentrations were quantified using disk diffusion 
method with S. aureus strain ATCC 25923 MSSA as test organism as 
described earlier. For intraperitoneal injections, vancomycin concen
trations in serum and TCF were measured using the Roche VANC3 assay 
on a COBAS 8000 automated analyzer (Roche Diagnostics GmbH, 
Mannheim, Germany).

Infection and treatment efficacy. Cages were infected with the 
MRSA ATCC 33591 strain by percutaneous injection of 200 μL bacterial 
suspension in each cage (day 0). Infection was confirmed by quantitative 

culture of TCF fluid at day 3. Animals in group B were not treated. 
Animals in groups C, D, E, and F received a single local injection (into 
cages) of 1 mL of P407, with or without active agents, followed by 
intraperitoneal injection of vancomycin at 15 mg/kg every 12 h for 4 
days (days 3–6). To assess the efficacy of the treatment against plank
tonic bacteria, TCF samples were taken at preset times (day 3, 4, 7, 9 and 
11) from all animals. Samples were placed in 500-μL conical Eppendorf- 
tubes, vortexed at maximum intensity 30 s, serially diluted in PBS, and 
then plated on TSA for bacterial quantification. The efficacy of the 
treatment against adherent bacteria was assessed using implanted ma
terials removed from euthanized animals 24 h after the start of treat
ment, 24 h after the end of treatment, and at the end of the follow-up 
period. These samples were placed in 15-mL conical tubes containing 
5 mL of sterile PBS, vortexed at maximum intensity for 30 s, sonicated 
for 5 min (Branson 5510 Ultrasonic Bath, Emerson Electric, Saint Louis, 
MO), and vortexed again for 30 s to dislodge adhering bacteria.

Leucocytes count. TCF samples were collected in 500-μL 
Eppendorf-tubes and diluted 20-fold in Türk’s solution (3 % acetic acid, 
0.01 % crystal violet in mQ water). After 5 min, 10 μL of the diluted 
samples were placed in a Bürker counting chamber (Paul Marienfeld 
GmbH & Co. KG, Lauda-Königshofen, Germany), and cells in 4 large 
squares were counted by a blinded observer.

Postoperative follow-up. The pain level of the animals and their 
general condition were monitored daily using a standardized guinea pig 
pain scoring system [38], adapted from rodent welfare guidelines. The 
followed parameters included general appearance, spontaneous activity, 
social interaction, food and water intake, and wound inspection. Each 
criterion was scored from 0 (normal) to 3 (severely altered), with a 
maximum cumulative score of 15. Animals were euthanized if they 
scored 3 in any single category or ≥6 overall. Body weight was measured 
two days post-surgery and weekly thereafter (Supplementary Figure 3); 
a loss >20 % was also considered a humane endpoint. Postoperative 
analgesia consisted of meloxicam (0.4 mg/kg, subcutaneous, once daily 

Fig. 2. Study design. Animals were assigned to six groups six groups: vancomycin pharmacokinetics (group A), infected/non-treated (group B), infected/treated 
locally in cages with P407 (group C), with P407 containing TEC (group D), with P407 containing vancomycin at 10 mg/mL (group E) and with P407 containing their 
combination (group F).

R. Buzisa Mbuku et al.                                                                                                                                                                                                                        Bioϧlm 9 (2025) 100288 

5 



for 3 days).

2.10. Data transformation and statistical analysis

The release kinetics data were analyzed using nonlinear regression. 
The combined effect of TEC and antibiotics was assessed separately for in 
vitro and in vivo models. In the in vitro model, a one-way ANOVA was 
used after checking for normality with QQ plots and variances with the 
Levene test, while in the in vivo model, a two-way ANOVA was per
formed. Pairwise comparisons were made using the Tukey or Dunnett 
Honestly Significant Difference (HSD) test. Vancomycin serum AUCs 
were calculated using the trapezoid rule. Interaction between treatments 
was assessed through ANOVA [39]. The threshold for alpha errors was 
set at 0.05. Data are reported as means with 95 % confidence intervals 
(CI) or medians with 95 % CI obtained through bootstrapping. All sta
tistical analyses were conducted using GraphPad 9.4.1 (GraphPad 
Software Inc., San Diego, CA, USA).

3. Results

3.1. Antimicrobial susceptibility testing

MICs against MRSA ATCC33591 are shown in Table 1. The strain was 
susceptible to all antibiotics tested in CA-MHB; however, the vanco
mycin MIC was 3 doubling-dilutions higher when tested in TGN, 
consistent with previous observations from our laboratory [15].

3.2. Release kinetics of active agents from P407 in vitro

We first investigated the kinetics of release of active agents from 
P407. A high proportion of all active agents (≥75 %) were released 
within the first 12 h (Fig. 3; Table 2). Regarding antibiotics (Fig. 3A), 
vancomycin (VAN) was fully released in 12 h when loaded alone (κ: 0.18 
h− 1 and t1/2 3.7 h), and in only 8 h when co-formulated with TEC. 
Moxifloxacin (MXF), whether alone or combined with TEC, exhibited a 
similar initial rate similar to vancomycin, but reached a near-complete 
release only after 24 h. Ciprofloxacin (CIP) was not fully released after 
72 h, regardless of co-formulated with TEC. However, its release was 
reduced in the presence of enzymes. Complete release of TEC was 
observed within 24 h and was unaffected by the presence of antibiotics, 
except for ciprofloxacin, which accelerated enzyme release (Fig. 3B).

3.3. In vitro anti-biofilm activity of antibiotics, TEC, and their 
combination formulated in P407 or in solution

Based on these favorable release profiles, we next assessed whether 
formulating the active agents in P407 influenced their activity. MRSA 

Fig. 3. Kinetics of release of active agents from P407 hydrogel. In vitro 
release kinetics of antibiotics and enzymes from 2 g/10 mL poloxamer 407 
hydrogel in a TRIS-HCl buffer 20 mM at pH 7.4. (A) antibiotic release: van
comycin (VAN; red circles; initial concentration 10 mg/mL), moxifloxacin MXF: 
blue squares; initial concentration 1.25 mg/mL) or ciprofloxacin (CIP; green 
diamonds; initial concentration 5 mg/mL), alone (light color symbols) or 
combined with TEC (dark color symbols). (B) TEC release: TEC alone (black 
triangles) or combined with vancomycin (red circles), moxifloxacin (blue 
squares) and ciprofloxacin (green diamonds). Values are means ± standard 
deviation of triplicate (n = 3). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.)

Table 2 
Parameters of release kinetics of active agents from P407. Constant rate K (h− 1) 
and half-time t1/2 (h).

Active agents in 
P407

Parameters

K 
(h− 1)

p-value Half-life (h) [95 
% CI]

AUC (μg.h.ml− 1) 
[95 % CI]

Antibiotics
Vancomycin 

(VAN)
​ ​ ​ ​

alone 0.18 0.03 3.78 [3.59; 
4.37]

6707 [6690; 6725]

with TEC 0.23 3.00 [2.56; 
3.52]

6798 [6777 to 
6820]

Ciprofloxacin 
(CIP)

​ ​ ​ ​

alone 0.13 <0.0001 5.53 [4.98; 
6.16]

6189 [5858; 6521]

with TEC 0.08 13.73 [10.45; 
19.05]

4710 [4094; 5325]

Moxifloxacin 
(MXF)

​ ​ ​ ​

alone 0.17 0.62 4.06 [3.72; 
4.42]

6548 [6481; 6615]

with TEC 0.18 3.93 [3.59; 
4.31]

6315 [6284; 6347]

Enzymatic 
cocktail

​ ​ ​ ​

TEC ​ ​ ​ ​
alone 0.16 ​ 4.37 [3.86; 

4.96]
6655 [6588; 6722]

with VAN 0.15 0.28 4.61 [4.17; 
5.11]

6644 [6528; 6761]

with CIP 0.28 <0.001 2.54 [2.00; 
3.12]

6621 [6290; 6951]

with MXF 0.14 0.07 4.94 [4.33; 
5.67]

6277 [6063; 6490]

Concentration of active agents in Poloxamer 407: vancomycin 10 mg/mL, cip
rofloxacin 0.5 mg/mL, moxifloxacin 1.25 mg/mL and enzymes cocktail TEC 
(400 U/mL of aspecific DNA/RNA endonuclease, 50 U/ml of endo-1,4-b-D-glu
canase and 2,6 U/ml of β-N-acetylhexosaminidase).
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biofilms grown on titanium coupons were exposed to increasing con
centrations of antibiotics over 24h, either alone or in combination with 
TEC, formulated in solution or within P407. The effect of these treat
ments on biofilm culturability (CFU) and biomass are shown in Figs. 4 
and 5, respectively.

Overall, no statistically significant differences in CFU counts were 
observed when comparing solution or hydrogel formulations, except for 
ciprofloxacin which exhibited slightly greater activity in solution 
(Fig. 4). TEC alone did not affect CFU counts. Antibiotics alone showed 
concentration-dependent reduction in CFU counts. The combination of 
TEC and vancomycin proved more effective than the individual agents, 
resulting in an additional 1.3 Log10 reduction in CFU counts (p < 0.001) 
compared to vancomycin alone, a 3.2 Log10 reduction (p < 0.001) 
compared to TEC alone, and a 3.8 Log10 reduction compared to control 
(T24). Combining TEC with ciprofloxacin or moxifloxacin in hydrogel at 
the highest concentration tested reduced CFU counts by 3.3 Log10 (p <
0.001) and 4.4 Log10 (p < 0.001), respectively, compared to TEC alone; 
these effects are similar to those observed for the antibiotic alone, 
indicating that the adjunction of TEC did not improve fluoroquinolones 
activity against biofilms.

In terms of biomass reduction (Fig. 5), no statistical difference was 
seen between solution and hydrogel formulations across all conditions 
tested. The effect of antibiotics was concentration-dependent, with re
ductions ranging from 48 % to 51 % (vancomycin or ciprofloxacin) to 
65 % (moxifloxacin) at the highest concentration tested. TEC alone 
achieved a 71.3 % reduction (p < 0.001). The combination of TEC and 
vancomycin resulted in a 31.7 % reduction (p < 0.01) compared to 
vancomycin alone and by 8.7 % (ns) compared to TEC alone in hydrogel. 
Similarly, TEC combined with ciprofloxacin reduced biomass by 22.5 % 
compared to ciprofloxacin alone and by 1.8 % compared to TEC alone in 
hydrogel. The biomass reduction with the TEC and moxifloxacin com
bination was 25.2 % and 12.2 % greater compared to moxifloxacin alone 
or TEC alone, respectively. However, these differences with fluo
roquinolones or TEC alone did not reach statistical significance.

Given the enhanced efficacy observed with the vancomycin–TEC 
combination in reducing both CFU counts and biofilm biomass in vitro 
and the privileged use of vancomycin against MRSA infections in the 
clinics, this combination was selected for (i) further in vitro character
ization and (ii) in vivo evaluation, in a model of biofilm-infection on 
material implanted in guinea pigs.

3.4. Confocal microscopy imaging of biofilms exposed to P407-based 
formulations containing vancomycin, TEC, or their combination

Confocal fluorescence microscopy following LIVE/DEAD staining 
corroborated the CFU and biomass assay results for the VAN-TEC com
bination, demonstrating a marked reduction in viable cells as evidenced 
by decreased green fluorescence intensity (Fig. 6). Quantitative analysis 
of confocal images revealed a significant decrease in the surface area 
colonized by bacteria after treatment. Compared to the untreated con
trol (TGN), TEC reduced surface coverage by ~25 %, VAN by ~70 %, 

(caption on next column)

Fig. 4. Activity of antibiotics and TEC in vitro. CFU (in Log10 per coupon) in 
biofilms of MRSA ATCC33591 at the time of drug addition (T0), or after 24 of 
incubation in control conditions (T24) or in the presence of TEC alone, anti
biotic alone at the indicated concentrations in x of their MIC ((A): vancomycin; 
VAN 0.1, 1, 10 mg/mL; (B) moxifloxacin; MXF 0.0125, 0.125, 1.25; (C) cip
rofloxacin, CIP 0.05, 0.25, 0.5 mg/mL) or the combination of the antibiotic at 
the highest concentration tested + TEC. The active agents are formulated in 
Poloxamer 407 hydrogel (20 % w/v) or Tris-HCl buffer (20 mM, pH 7.4) (black 
bars) or in solution (grey bars). Values are the mean ± standard error from 
triplicate experiments performed in three replicates. Distinct letters indicate 
statistically significant differences when comparing the two formulations 
(Poloxamer 407 vs. solution). Statistical analysis: two-way ANOVA with Tukey 
HSD, comparing different treatments in a same formulation (*p < 0.05; **p <
0.01; ***p < 0.001).
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and the VAN-TEC combination by ~95 %. The difference between VAN- 
TEC and individual therapies was statistically significant (p < 0.05 to p 
< 0.001), confirming the superior efficacy of the combined enzymatic 
and antibiotic treatment in reducing biofilm coverage (Fig. 6B). To 
further evaluate bacterial viability, the proportions of live (green) and 
dead (red) cells were assessed using a percentage area approach 
(Fig. 6C). In the TGN group, the majority of the biofilm signal originated 
from live bacteria (~90 %). TEC induced a modest reduction in viability 
(~23 % red), which did not reach statistical significance versus control 
(ns). VAN significantly increased the dead cell fraction (~48 %, p < 0.01 
vs TEC), while the VAN-TEC combination resulted in a striking pre
dominance of red signal (~80 %), significantly higher than that 
observed in all other groups (p < 0.0001 vs TGN, p < 0.05 vs VAN). 
These results indicate that while enzymatic treatment alone has limited 
bactericidal effect, its combination with vancomycin enhances killing 
efficacy, likely due to improved antibiotic activity following biofilm 
matrix disruption.

To further explore the effect of TEC and VAN treatments on biofilm 
architecture, we quantified two major components of the extracellular 
polymeric substances (EPS): extracellular DNA (eDNA) and poly
saccharides (CFW signal). Representative confocal images (Fig. 7) 
revealed a substantial reduction in both signals in the TEC and VAN-TEC 
groups compared to untreated biofilms (TGN). Quantification was per
formed on average intensity projections of Z-stacks to capture the full 
volumetric contribution of matrix material across the biofilm thickness. 
This method provides a robust estimate of total matrix presence, inte
grating both distribution and intensity. TEC alone led to a decrease of 65 
% in eDNA and 48 % in polysaccharides area coverage, while VAN-TEC 
reduced eDNA and CFW signals by 70 % and 57 %, respectively. VAN 
alone showed a moderate effect (− 39 % eDNA, − 20 % CFW). These 
results were consistent across average and maximum values per field, 
underscoring the matrix-degrading effect of the enzymatic cocktail.

3.5. Rheological characterization of P407-based formulations containing 
vancomycin, TEC, or their combination

We conducted a comprehensive rheological characterization of P407 
hydrogels as a final preliminary to in-vivo experiments to determine 
whether the incorporation of VAN, the trienzymatic cocktail TEC, or 
their combination (VAN-TEC) altered its thermoresponsive properties. 
As shown in Fig. 8 (and Supplementary Fig. 4 for more details), tem
perature ramp experiments revealed that VAN increased the sol-gel 
transition temperature (Tgel) of P407 from 24.5 ◦C to 26.5 ◦C (p <
0.05), while both TEC and VAN-TEC reduced it from 24.5 ◦C to 22 ◦C (p 
< 0.05), bringing gelation onset closer to ambient temperature. This 
shift suggests a need for refrigerated storage and immediate injection 
upon removal from refrigeration to prevent warming and premature 
gelling before administration. Despite this decrease in Tgel, the storage 
modulus at physiological temperature (G′ at 37 ◦C) remained in the 
kilopascal range for all formulations, indicating that the gel achieved 
adequate mechanical stiffness after full transition. The elastic modulus 
(average G′ between 35.5 and 38.5 ◦C) reduced in all loaded formula
tions, particularly with TEC and VAN-TEC, suggesting a moderate 
decrease in gel solidity. As elasticity reflects resistance to deformation, 
these findings indicate that gels containing active agents might be more 
susceptible to mechanical stress. Regarding the gelation kinetics, 
defined by the slope ΔG’/ΔT around Tgel, P407 exhibited the steepest 
slope (166 Pa/◦C), consistent with a sharp gelation transition. VAN, and 
to a much larger extent, TEC and VAN-TEC significantly reduced this 
slope, indicating a more gradual gelation process that could translate 
into delayed in situ formation under physiological conditions.

Altogether, these data suggest that while P407 remains a biocom
patible and thermoresponsive platform, the incorporation TEC alone or 
combined with VAN slightly lowers the gelation temperature, reduces 
the mechanical stiffness of the gel, and flattens the gelation slope, 
leading to a slower, more progressive sol–gel transition.

Fig. 5. Activity of antibiotics and TEC in vitro. Biofilm biomass (in per
centage of value measured at time 0) in biofilms of MRSA ATCC33591 at the 
time of drug addition (T0), or after 24 of incubation in control conditions (T24) 
or in the presence of antibiotics alone at the indicated concentrations in x of 
their MIC ((A) vancomycin; VAN 0.1, 1, 10 mg/mL; (B) moxifloxacin; MXF 
0.0125, 0.125, 1.25; (C) ciprofloxacin, CIP 0.05, 0.25, 0.5 mg/mL), TEC alone, 
or the combination of the antibiotic at the highest concentration tested + TEC. 
The active agents are formulated in Poloxamer 407 hydrogel (20 % w/v) or 
Tris-HCl buffer (20 mM, pH 7.4) (black bars) or in solution (grey bars). Values 
are the mean ± standard error from triplicate experiments performed in three 
replicates. Distinct letters indicate statistically significant differences when 
comparing the two formulations (Poloxamer 407 vs. solution). Statistical 
analysis: two-way ANOVA with Tukey HSD, comparing different treatments in a 
same formulation (*p < 0.05; **p < 0.01; ***p < 0.001).
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3.6. Vancomycin pharmacokinetics in vivo

As a preliminary step in evaluating the treatment efficacy, we first 
examined the pharmacokinetic profile of vancomycin in non-infected 
animals after a single dose given either intraperitoneally or injected 
into tissue cages in hydrogel formulation (group A). Fig. 9 (panels A 
and B) illustrates the concentration-time curves of vancomycin in serum 
and sterile TCF after the administration of a single intraperitoneal dose 
of 15 mg/kg. Tables 3 and 4 summarize the values of the calculated 
pharmacokinetic parameters. The peak concentration (Cmax) in TCF was 
delayed by 2h30 compared to serum. Moreover, both the peak concen
tration (Cmax) and the Area Under the Curve (AUC) were approximately 
4.4-fold and 2-fold lower in TCF compared to serum. The half-life (T1/2) 
in TCF was nearly 5 times longer than that observed in serum.

The local pharmacokinetic profile of vancomycin released from P407 
formulation containing 10 mg/mL of antibiotic and injected in tissue 
cages is shown in Fig. 9C. The local vancomycin concentration 
decreased from 984 μg/mL after 30 min, to 300 μg/mL after 12 h, then to 
79.7 μg/mL after 24 h. Local levels remained therefore higher than the 
minimal inhibitory concentrations for MRSA ATCC33591 (1 μg/mL in 
MHB-Ca or 8 μg/mL in TGN [15]) throughout the experiment (>20 
μg/mL and 10 μg/mL, after 4 and 7 days, respectively). The AUC0–168h 
calculated after the local injection of vancomycin into the cage was 
approximately 210 times higher than that observed in the tissue cage 
fluid following a single intraperitoneal dose of 15 mg/kg vancomycin. 
Vancomycin concentration was undetectable in serum following the 
local injection.

3.7. Infection profile in Guinea pigs

A second group of animals (group B) was used to follow the course of 
the infection in the absence of treatment. CFU counts in aspirated TCF 
were measured at predetermined time points during the experiment and 
implanted materials were analyzed at the end of the follow-up. Plank
tonic bacterial counts in TCF increased by 1.62 Log10 CFU/mL over the 
11-days period. All animals had positive cultures throughout the 

experiment (Fig. 10A). The average adherent bacterial count was 8.3 
Log10 CFU per cage at day 11 (Fig. 10B).

3.8. Activity of antimicrobial treatments in vivo

3.8.1. Efficacy of treatments against planktonic and adherent bacteria
In the other groups of animals (C-D-E-F), local treatment was applied 

once (on day 3) while intraperitoneal vancomycin was administered 
twice daily over 4 days (days 3- to 6; Fig. 2). Bacterial counts in TCF 
(planktonic bacteria) or adhering on tissue cages or beads (biofilm) were 
monitored over time. Since all animals were administered the same 
intraperitoneal treatment, we compare the different groups based on the 
local treatment they received.

The planktonic bacterial count results are shown in Fig. 10A. Before 
treatment (day 3), CFU counts in TCF were similar in all groups (6.96 
log10 CFU/mL in group C (P407), 6.95 log10 CFU/mL in group D (TEC in 
P407), 6.80 log10 CFU/mL in group E (VAN in P407) and 7.13 log10 in 
group F (VAN + TEC in P407), respectively). Twenty-four hours after the 
start of the treatment (day 4), we observed a significant reduction in 
CFU count in animals administered with local vancomycin alone (group 
E; 2.7 Log10 CFU/mL reduction) or combined with TEC (group F; 2.8 
Log10 reduction), respectively. Only a 1.9 Log10 CFU/mL reduction was 
observed in animals having received local TEC only (group D) when 
compared to animals treated with local P407 only (group C) (p < 0.001). 
No regrowth was observed until the end of follow-up in groups E and F. 
In groups C and D, the CFU counts remained globally stable until the end 
of the experiment. Furthermore, the evolution of planktonic bacteria 
counts in groups C or D was comparable to that observed in untreated 
animals (Group B).

Adherent bacterial counts were assessed on explanted materials, 
after the animals were sacrificed (Fig. 10B). Twenty-four hours after the 
start of treatment (day 4), a significantly higher reduction in adherent 
bacterial counts was observed in animals treated with local VAN + TEC 
in P407 (group F) compared to animals treated with local vancomycin 
alone in P407 (group E; difference of 2.1 Log10), local TEC alone in P407 
(group D; difference of 2.3 Log10) or local P407 without active agents 

Fig. 6. Confocal microscopy and quantitative analysis of surface colonization and viability in MRSA biofilm. (A) Representative confocal microscopy images 
of mature MRSA ATCC33591 biofilm grown for 24 h in TGN (control), or in the presence of poloxamer 407 hydrogel (20 % w/v) containing TEC and/or vancomycin 
(VAN, 10 mg/mL). Green: live bacteria (SYTO 9); red: dead bacteria (propidium iodide). Scale bars: 50 μm. (B) Residual surface area colonized by bacteria (SYTO 9 
+ PI signal), expressed as a percentage of the untreated TGN control. This measurement reflects the extent of bacterial attachment on the surface. (C) Percentage of 
surface covered by live (green) and dead (red) bacteria. This analysis enables visualization of treatment-induced shifts in bacterial viability. Images were acquired at 
20 × magnification. Data represent mean ± SEM from three independent fields per condition. Statistical analysis by one-way ANOVA followed by Tukey’s test. *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns: not significant. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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(group C; difference of 4.3 Log10). This difference remained significant 
at days 7 and 11 (i.e. after the end of the intraperitoneal treatment), 
although some regrowth was noticed at day 7 and 11 in animals treated 
with local TEC in P407 (group D; regain of 1.6 Log10 at day 11 compared 
to day 4) and local VAN + TEC in P407 (group F; regain of 1.8 Log10).

3.9. Leucocytes count

Leucocytes counts are shown in Fig. 11. The baseline leucocyte 

counts were similar across the four groups and a uniform increase was 
observed following the inoculation. 24 h after the treatment period (day 
7), we observed a significant decrease for animals from group E (VAN in 
P407) and F (VAN + TEC in P407) compared to animals from group C 
(P407; p < 0.01 and p < 0.0001, respectively). No significant difference 
was observed between animals in group D (TEC in P407) and in groups C 
(P407) or E (VAN in P407).

Fig. 7. Confocal microscopy images and quantitative analysis of extracellular matrix constituents. Extracellular DNA (eDNA, left) and extracellular poly
saccharides (right) in mature MRSA ATCC33591 biofilms grown on titanium coupons and treated for 24 h with TGN (control), TEC, vancomycin 10 mg/mL (VAN), or 
their combination (VAN-TEC), all formulated in P407 hydrogel. Representative 3D-rendered maximum intensity projections of biofilm matrix components stained 
with TOTO-1 (eDNA, green) and Calcofluor White (EPS, blue). Images acquired at 40 × magnification, scale bars = 25 μm. Quantification of the % Area covered by 
eDNA and EPS for each condition based on average intensity projection of Z-stacks (n = 3–5 fields/condition). Percentage reduction in matrix components relative to 
the untreated control (TGN), calculated as: % Reduction= (1− (Mean signal treated/Mean signal TGN)) × 100. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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4. Discussion

The treatment of PJI, particularly those caused by MRSA, often re
quires prolonged antibiotic therapy and multiple revision surgeries [40]. 
To address this challenge, novel therapeutic approaches are being 
actively explored. A promising strategy to enhance the treatment of 
MRSA-associated implant infections involves the combined use of 
enzymatic cocktails and antibiotics [41], but this strategy has, to the 
best of our knowledge, not yet been evaluated in vivo in-depth.

In this study, we evaluate the potential of combining supra
therapeutic doses of antibiotics with a tri-enzymatic cocktail (TEC) [15] 
incorporated in a thermosensitive poloxamer 407 hydrogel to enable 
their local delivery, retention and activity at the site of infection. Our 
findings demonstrate that the hydrogel formulation preserves the ac
tivity of both the antibiotics and enzymes, with efficacy in vitro com
parable to that of the same agents delivered in solution. Additionally, we 
confirm that the combination of TEC with supratherapeutic vancomycin 
is more effective, resulting in significantly higher reduction in both CFU 
counts and biofilm biomass in an MRSA biofilms as compared to van
comycin or TEC alone [15]. Moreover, in an in vivo model of infection on 
implanted material, the local combination therapy with vancomycin and 
TEC, coupled to intraperitoneal vancomycin, was significantly more 
active against both planktonic and adherent bacteria than local mono
therapies with vancomycin or TEC alone.

A key finding of the in vitro study was that the hydrogel formulation 

did not compromise the antibiofilm activity of the active agents on CFU 
counts and biomass, although antibiotics delivered via the hydrogel 
showed a slightly reduced efficacy (in general, not significantly) 
compared to their solution-based counterparts. This difference might be 
attributed to the immediate availability of active agents in solution, 
whereas hydrogels are designed for controlled release, which could 
delay the initial burst of antibiotic action [42]. Despite this limitation, 
hydrogels offer significant advantages over solutions, particularly in 
intra-articular applications, which are not evidencable in vitro. Unlike 
solutions, hydrogels minimize external loss of active agents following 
injection, ensuring their retention at high concentrations at the infection 
site and enabling localized and therapeutic effects while minimizing 
systemic exposure and toxicity [17,43].

The in vitro release kinetics of antibiotics and enzymes from the 
hydrogel reveals a biphasic profile—rapid and slow phases—consistent 
with the Higuchi model, indicative of controlled release [44]. Most of 
the active agents were liberated within the first 12 h, achieving high 
local concentrations essential for the early-stage biofilm treatment. 
Similar findings have been observed for drugs like tobramycin and 
daptomycin in poloxamer 407-based hydrogels [45]. Rapid release is 
advantageous for attaining high local concentrations at the onset of the 
treatment. Moreover, hydrophilic enzymes in TEC may alter the gel 
microenvironment at pH 7.4, increasing porosity and enhancing van
comycin diffusion.

The use of poloxamer 407 as a drug delivery vehicle offers additional 

Fig. 8. Rheological properties of poloxamer 407-based hydrogels with vancomycin (VAN, 10 mg/mL), trienzymatic cocktail (TEC), or both (VAN-TEC). 
Temperature-dependent evolution of viscoelastic moduli G′ (elastic modulus, solid lines) and G″ (viscous modulus, dotted lines) between 15 ◦C and 40 ◦C. The 
Table summarizes key rheological parameters including the sol-gel transition Tgel (◦C), the plateau modulus (kPa), and gelation slope (Pa/◦C). Data are shown as 
mean ± SD (n = 3). Statistical significance was assessed using one-way ANOVA with Dunnett’s post hoc test, comparing treatments versus P407 (*p < 0.05). 
Rheological measurements were performed using a stress-controlled rotational rheometer (1 Hz, 0.1 % strain, 1 ◦C/min).
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advantages for the in vivo delivery of active agents, particularly in the 
context of PJIs. Its thermosensitive properties allow it to remain fluid at 
low temperatures, facilitating ease of administration, and to gel at body 
temperature, enabling the controlled release of active agents [17,19]. In 
vivo pharmacokinetic data confirm the suitability of this formulation for 

controlled release, with local antibiotic concentrations remaining above 
the MIC for over seven days, with an AUC0–168h approximately 210-fold 
higher than systemic vancomycin. These findings are reassuring espe
cially considering the slight modifications in the rheological properties 
of the gel caused by the incorporation of active agents. Of note, the 
mechanical stiffness of our formulation is in the same order of magni
tude of that reported for poloxamer hydrogels loaded with small phar
macological agents like lidocaine [46], or proteins like recombinant 
tissue-type plasminogen activator [47]. Adequate pharmacokinetics 
are essential when designing injectable delivery systems for clinical 
application, particularly for localized treatment of infections where 
timing and mechanical performance are critical.

In vitro, the vancomycin-TEC combination delivered via hydrogel 
achieved a significantly higher reduction in CFU counts and biomass 
compared to monotherapies, demonstrating a marked improvement in 
efficacy. Vancomycin often shows limited activity against biofilms due 
to its poor penetration across the protective extracellular matrix [48]. 
TEC degrades key structural components of this matrix—such as extra
cellular DNA/RNA [49], cellulose [50], and Poly-
β-(1–6)-N-acetylglucosamine [51]— as clearly confirmed here by 
confocal microscopy imaging of matrix constituents. This 
matrix-disrupting effect compromises biofilm integrity, facilitating 
antibiotic access to embedded bacteria. Notably, TEC alone is ineffective 
against viable bacteria, highlighting the importance of combination 
with antibiotic therapy. Our previous work demonstrated the efficacy of 
a similar tri-enzymatic cocktail combined with therapeutic-dose anti
biotics against staphylococcal biofilms [15]. Here, we extend these 
findings by showing that TEC maintains its efficacy even when com
bined with supratherapeutic antibiotic concentrations suitable for local 
co-administration, reinforcing its potential as a potent adjunct in treat
ing biofilm-associated infections. Importantly also, we did not observe 
any reduction in the activity of the TEC over the global time course of 
our whole set experiments, confirming the stability established by its 
manufacturer. This stability will however need to be confirmed by 
specific testing following the ad hoc procedures established for the 
preclinical development for medical products.

When combined with fluoroquinolones, TEC does not show strong 
synergistic effects, likely due to the inherent ability of fluoroquinolones 
to penetrate effectively the biofilm matrix owing their small molecular 
size and moderate hydrophobicity [52,53]. Known for its 
broad-spectrum activity, including against MRSA [54], moxifloxacin is 
particularly well-suited for targeting biofilm-associated S. aureus, while 
ciprofloxacin is occasionally used empirically due to its broad-spectrum 
coverage and favorable pharmacokinetics [24]. In this study, moxi
floxacin confirms its superior antibiofilm efficacy, reducing both CFU 
counts and biofilm biomass whether delivered in solution or via 
hydrogel, even at lower multiples of its MIC. Incorporation in hydrogel 
could further enhance moxifloxacin retention and delivery within bio
films in vivo, although this benefit is not visible in our in vitro setting 
where therapeutic agents remain in contact with the biofilm throughout 
the experiment [55]. However, the use of fluoroquinolones at high local 
concentrations warrants caution due to potential adverse effects such as 
tendonitis and tendon rupture [56], reinforcing the rationale to priori
tize the evaluation of the TEC-vancomycin hydrogel in vivo.

In vivo, intraperitoneal vancomycin combined with local P407 
without active agents (group C) led to minimal reduction in bacterial 
counts compared to the untreated group B, confirming that the hydrogel 
itself lacks antimicrobial properties, consistent with in vitro findings. 
Local administration of vancomycin (group E) significantly enhanced 
the efficacy of the intraperitoneal treatment against planktonic MRSA, 
achieving a rapid and sustained reduction in bacterial counts, with 
maximal efficacy 24 h post-treatment, outperforming both the local TEC 
in P407 (group D) or P407 without active agents (group C). Notably, we 
employed supratherapeutic doses of vancomycin locally, to maintain 
therapeutic levels at the infection site over the long term while mini
mizing the risk of toxicity associated with high serum levels. Systemic 

Fig. 9. Pharmacokinetic profile of vancomycin in serum (A) and tissue cage 
fluid (B) over time following administration of a single intraperitoneal dose of 
vancomycin at 15 mg/kg, or (C) in tissue cage fluid following local adminis
tration of P407 containing vancomycin at 10 mg/mL. Note differences in the Y- 
axis scale. Residual concentrations with their 95 % confidence interval are 
shown at specific time points in panel C. (A) N = 2, n = 3. (B and C) n = 5. 
Values are means ± SEM (A) or SD (B and C).
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vancomycin alone failed to reach the pharmacodynamic target of 
AUC0–24h/MIC >350 [57] for S. aureus infections, in both the serum and 
the TCF, with the Cmax in TCF only 7-fold higher than the MIC (1 mg/L), 
a value comparable to that reported in the study Widmer et al. [58]. In 
contrast, local administration of vancomycin (10 mg/mL in hydrogel) 
exceeded this target, achieving an AUC0-∞/MIC ratio >12,000, pro
portionally comparable to that observed by Veyries et al. at 40 mg/mL 
[16]. Thus, local administration sustains therapeutic vancomycin con
cenrations at the infection site without elevating systemic levels, 
maintaining extended exposure at the infection site while systemic 
administration leads to rapid drug clearance.

Combining local TEC with intraperitoneal vancomycin (group F) did 
not enhance clearance of planktonic bacteria but significantly reduced 
adherent bacterial populations. This confirms that enzymatic therapy 
does not exert direct antimicrobial action against free-floating bacteria 
[15,59,60] but facilitates antibiotic activity in biofilms. This finding 
corroborates our previous in vitro observations [15]. However, the 
treatment produced only transient effects on adherent bacteria, 
emphasizing its insufficiency as a standalone therapy and the need for 
combination strategies to achieve sustained bacterial clearance. The 
enhanced effect was indeed more pronounced when intraperitoneal 
vancomycin was combined with the local administration of both a high 
concentration of vancomycin and TEC, resulting in a sustained reduction 
in both non-adherent and adherent bacterial populations.

It is worth mentioning that we did not include a group treated 
exclusively with the combination hydrogel (vancomycin + TEC) in the 
absence of systemic vancomycin. This decision was justified by ethical 
considerations, in the line of the 3R rule and EU Directive 2010/63 [61], 
which recommend avoiding leaving infected animals without systemic 
antimicrobial therapy. In the group receiving intraperitoneal vanco
mycin combined with a blank hydrogel (P407 alone), bacterial loads 
remained high, indicating that systemic treatment alone had limited 
impact, if any. Conversely, our observations suggest that local treatment 
alone would likely be insufficient to eradicate the infection. Our phar
macokinetic data show that serum vancomycin concentrations were 
undetectable after local administration, exposing animals to a high risk 
of spreading of the infection in the absence of systemic coverage. Lastly, 
our study was designed to mimic clinical conditions, where local de
livery systems are systematically combined with systemic antibiotics. 
Our model thus aimed to assess whether local adjuvant therapy can 
enhance systemic efficacy, rather than replace it.

Importantly, no signs of local intolerance were observed in guinea 
pigs, which was expected, as the enzymes in TEC primarily target bio
film components that are absent from human cells. This enhanced effect 
offers a strategic advantage in targeting biofilm-protected bacteria, 
which are notoriously resilient to conventional monotherapies [62], 
even at high local concentrations. A few in vivo studies have explored 
enzyme-based matrix disruption to enhance antimicrobial agent activity 

against biofilm infections. For example, in a pig skin model, extracel
lular polymeric substance (EPS)-degrading enzymes (dispersin B and 
DNase I) effectively detached adherent S. aureus and S. epidermidis, 
increasing susceptibility to antiseptics [63]. Similarly, proteolytic en
zymes (serratiopeptidase) enhanced antibiotic activity in an 
implant-related S. epidermidis infection model [64].

Despite these promising results, certain limitations of this study 
should be acknowledged. First, we used a single MRSA strain, which 
limits the generalizability of findings to other strains or clinically rele
vant pathogens. Biofilm-forming bacteria such as S. epidermidis or 
Pseudomonas aeruginosa —also common in PJIs [8]— may respond 
differently to this combination therapy. However, the broad spectrum of 
the TEC cocktail has been demonstrated in vitro [15]. Similarly, using 
clinical isolates instead of a reference strain could enhance the relevance 
of findings, as different strains exhibit varying biofilm-forming capac
ities. Yet, reference strains facilitate reproducibility in in vivo studies. 
The MRSA strain used in this study is well-characterized, lacks the 
Panton-Valentine Leukocidin gene (resulting in reduced virulence), and 
has been extensively used in our previous biofilm studies [33,65]. Sec
ond, we administered a single antibiotic via intraperitoneal injection, 
while PJI treatment typically involves antibiotic combinations [66]. Our 
objective was to demonstrate improved efficacy of TEC when combined 
with vancomycin, a first-choice MRSA antibiotic which has moderate 
efficacy. Additionally, the short treatment period was due to guinea pig 
intolerance to prolonged antibiotic exposure, which can lead to 
antibiotic-associated enterotoxemia given their predominantly 
Gram-positive gut microbiota [67]. Third, while no signs of local 
intolerance were observed in guinea pigs, a potential immunogenic 
response to the enzymatic cocktail was not evaluated in this study. This 
is an important consideration for future research. Lastly, the observed 
bacterial regrowth at the end of follow-up underscores the resilience of 
biofilm-associated infections [68] and the challenge of achieving com
plete eradication. Contributing factors may include persister cells [69], 
incomplete biofilm disruption [70], and bacterial adaptive responses 
[71], suggesting that prolonged or repeated therapy may be necessary to 
prevent relapse.

5. Conclusion

The combination of vancomycin and a tri-enzymatic cocktail 
formulated in a thermosensitive poloxamer 407 hydrogel demonstrates 
significant potential for treating biofilm-associated infections on 
implanted material, particularly in reducing adherent MRSA counts. 
This high efficacy is attributable to the slow and sustained release of 
high antibiotic concentrations combined with to the disrupting effect of 
enzymes on the biomass matrix. The interest of the combination is 
particularly evident for antimicrobials whose efficacy is limited by poor 
matrix permeability. These findings underscore the potential of this 

Table 3 
Pharmacokinetic parameters of vancomycin in guinea pig serum after intraperitoneal (ip)administration. N = 2, n = 3 (serum) or n = 5 (tissue cage fluid). Values are 
means ± SEMs (serum) or SD (tissue cage fluid).

Vancomycin dose Route of administration Site of sampling Parameters

Cmax (μg/mL) Cmin (12 h) (μg/mL) AUC 0–12h (μg.h/mL) T1/2 (h) Tmax (h)

15 mg/kg IP Serum 32.95 (±5.8) 2.16 (±0.4) 123.8 (±6.6) 2.82 0.5
TCF 7.5 (±1.6) 1.46 (±0.3) 61.2 (±5.2) 13.7 3

Table 4 
Pharmacokinetic parameters of vancomycin in tissue cage fluid after a single injection of P407 formulation containing 10 mg/mL of vancomycin. n = 5 (tissue cage 
fluid). Values are means±SD.

Vancomycin dose Route of administration Site of sampling Parameters

Cmax (μg/mL) Cmin (168 h) (μg/mL) AUC 0–168h (μg.h/mL) T1/2 (h) Tmax (h) K (h− 1)

10 mg/mL Local TCF 1000 (±24.1) 13.23 (±1.02) 12,862 (±1293) 5.7 0 0.12 (±0.03)
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approach for managing biofilm-associated infections, warranting further 
optimization to confirm its clinical applicability.
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Supplementary Figure 1. Influence of storage at 4°C on the activity of the TEC cocktail on a 
standard biofilm. The graph shows the percentage reduction in the biomass of a standard 24-h biofilm 
made by S. aureus MSSA 1144-20 and exposed to the enzymatic cocktail during 1 h. The graph 
compares the activity of a freshly prepared cocktail with that of the cocktail stored during 6 weeks at 
4°C, expressed as percentage reduction in biofilm biomass.     
Statistical analysis: unpaired t test.  N=16 for each experimental condition.  
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Supplementary Figure 2: Kinetics of protein release from poloxamer 407 and alginate hydrogels 
containing the TEC enzymatic cocktail and vancomycin (10 mg/mL). The total amount of proteins 
eluted (μg) was measured at 37°C over 7 days. Data are presented as mean ± SD (n = 3). Fitting curves 
and 80% release thresholds are shown.  

Release from poloxamer was faster and more complete compared to alginate. 
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Supplementary Figure 3. Evolution of the weight of animals over the whole duration of the 
experiment.  The graph shows the change (in percentage) of weight for animals from each experimental 
group over time.  A reduction of 20% (dotted red line) is considered as a humane endpoint.   

All animals gained weight during the experiments, the gain being significantly lower in group F as 
compared to non-infected animals (group A). Statistical analysis: 2-way ANOVA with Dunnett’s post hoc 
test.  
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Supplementary Figure 4: Rheological characterization of poloxamer 407-based hydrogels with 
or without encapsulated agents (vancomycin [VAN, 10 mg/mL] and/or trienzymatic cocktail). (A) 
Temperature-dependent evolution of viscoelastic moduli (G′ and G″) as a function of temperature (10–
40 °C), showing the sol-gel transition (Tgel, black arrow) for each formulation. (B) Comparison of Tgel 
values, defined as the temperature at which G′ ≥ G″. (C) Storage modulus G′ at 37 °C, reflecting the 
mechanical rigidity at physiological temperature. (D) G′ plateau values averaged between 35.5–38.5°C, 
indicating the stability of the gel post-transition. (E) Gelation kinetics (ΔG′/ΔT), calculated as the slope 
of G′ evolution within a ±2 °C window centred on Tgel. Data are shown as mean ± SD, with individual 
replicates (n = 3 per group). Statistical analysis was performed by one-way ANOVA or Kruskal-Wallis 
with post hoc correction (Dunnett). ns: not significant, *p < 0.05, ***p < 0.001. Rheological 
measurements were performed using a stress-controlled rotational rheometer under oscillatory mode 
(1 Hz, 1% strain) and a linear temperature ramp (1 °C/min). This multi-parametric analysis illustrates the 
influence of encapsulation on the sol-gel transition, post-gelling stiffness, and gelation kinetics, 
parameters relevant for biomedical injection and in situ gel formation. 
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