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Abstract

Introduction. Bacterial keratitis, particularly caused by Pseudomonas aeruginosa, is challenging to treat because of multi- drug 

tolerance, often associated with the formation of biofilms. Antibiotics in development are typically evaluated against planktonic 

bacteria in a culture medium, which may not accurately represent the complexity of infections in vivo.

Hypothesis/Gap Statement. Developing a reliable, economic ex vivo keratitis model that replicates some complexity of tissue 

infections could facilitate a deeper understanding of antibiotic efficacy, thus aiding in the optimization of treatment strategies 

for bacterial keratitis.

Methodology. Here we investigated the efficacy of three commonly used antibiotics (gentamicin, ciprofloxacin and meropenem) 

against Pseudomonas aeruginosa cytotoxic strain PA14 and invasive strain PA01 using an ex vivo porcine keratitis model.

Results. Both strains of P. aeruginosa were susceptible to the MIC of the three tested antibiotics. However, significantly higher 

concentrations were necessary to inhibit bacterial growth in the minimum biofilm eradication concentration (MBEC) assay, with 

both strains tolerating concentrations greater than 512 mg l−1 of meropenem. When MIC and higher concentrations than MBEC 

(1024 mg l−1) of antibiotics were applied, ciprofloxacin exhibited the highest potency against both P. aeruginosa strains, followed 

by meropenem, while gentamicin showed the least potency. Despite this, none of the antibiotic concentrations used effectively 

cleared the infection, even after 18 h of continuous exposure.

Conclusions. Further exploration of antibiotic concentrations and aligning dosing with clinical studies to validate the model is 

needed. Nonetheless, our ex vivo porcine keratitis model could be a valuable tool for assessing antibiotic efficacy.

DATA SUMMARY

The authors confirm all supporting data and protocols have been provided within the article or through supplementary data files.

INTRODUCTION

Bacterial keratitis poses a global threat to vision, affecting 1.5 to 2 million individuals each year [1–3], and remains underreported 
in many regions [4]. Among many pathogens associated with bacterial keratitis, Pseudomonas aeruginosa infections stand out for 
their challenging treatment and sight- threatening complications, particularly in developing countries [5]. Multi- drug tolerance 
often associated with the formation of biofilms by P. aeruginosa further complicates treatment, often leading to unfavourable 
clinical outcomes [6–10]. While some clinical isolates in developed countries, such as the UK, generally exhibit susceptibility to 
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aminoglycosides, fluoroquinolones and meropenem [11], the prevalence of multi- drug- tolerant strains underscores the need for 
novel therapeutic approaches worldwide [5, 7, 9, 12, 13].

Prompt administration of antibiotics early is critical in bacterial keratitis, typically employing broad- spectrum antibiotics to 
prevent vision loss [7, 14]. However, treatment regimens for Pseudomonas keratitis vary, including monotherapy or combination 
therapy with fluoroquinolones, aminoglycosides, cephalosporins and carbapenems [7, 9, 15]. Empirical treatment may not suffice, 
necessitating evidence- based prescriptions guided by antibiotic sensitivity testing [9, 16–19]. Notably, such data, typically based 
on systemic infections, may not fully apply to topically applied ocular antibiotics [20, 21].

Current antibiotic testing relies on the MIC, serving as a baseline for determining the potency of antibiotics against bacterial 
pathogens [9, 20, 22, 23]. However, MIC values against planktonic bacteria may not accurately reflect their efficacy on infected 
tissue, especially when the bacteria are drug- tolerant or the biofilm is present [20, 21, 24]. Therefore, MIC value is often analysed 
together with pharmacokinetic parameters before identifying the line of treatment, usually resulting in using much higher than 
MIC doses of the antibiotic to achieve therapeutic success in vivo [23]. Moreover, antimicrobial resistance mechanisms often 
further complicate treatment efficacy [25, 26], encompassing diverse strategies such as altering antibiotic entry into bacterial cells, 
modifying antibiotic targets, employing efflux pumps, and enzymatic neutralization of antibiotics [27]. Additionally, biofilm, if 
present, is known to impede the penetration of antibiotics, slow down the growth of bacteria, change the phenotype and neutralize 
antibiotics [28–31], thus preventing bacteria from antibiotic- mediated killing. A recent study found that P. aeruginosa diversifies 
after host- cell invasion demonstrating persistence and ofloxacin tolerance independent of the biofilm [32].

The effectiveness of the treatment depends on various factors, including host factors, the virulence of the infecting bacteria, 
antibiotic type and concentration, epithelial defects, exposure time, drug penetration and infection duration [7, 20, 21, 23]. 
Additionally, topical drug availability in corneas is influenced by numerous factors, such as protein binding, molecular weight, 
pH, the release of ions and dilution in tear film [24].

In this study, we determined MIC for selected antibiotics to assess the lowest concentration that will inhibit the growth of bacteria, 
and then we established minimal biofilm eradication concentration (MBEC), accounting for potential antimicrobial tolerance or 
biofilm formation in our ex vivo keratitis model.

Given the limitations of current in vitro and in vivo models [33], we utilized a previously established ex vivo porcine keratitis model 
[34] to assess selected antibiotic activity. Previously, we demonstrated the optimization of wounding and successfully established 
infection protocol. During this process, we observed that ex vivo corneas swell during storage in media, likely because of the 
diminished pumping capability of the endothelial cells post- mortem [35]. However, our investigation into reducing swelling 
through the addition of dextran revealed that it did not significantly affect the infection outcome [34]. Consequently, we discon-
tinued the use of dextran in our experiments. Additionally, in this study, we demonstrated the effectiveness of our glass mould 
in retaining added solutions of bacteria and drugs. The mould ensures that only the central part of the cornea, measuring 10 mm 
in diameter, is exposed to the bacteria or drug solution [34]. During the treatment phase, the corneas were exposed to PBS, like 
in studies in vivo on mice [36], with potential future applications using artificial tears. Our methodology here involved further 
optimizing the experimental protocol and validating the model’s reproducibility. Importantly, the ethical use of animal eyes 
sourced from abattoirs for research purposes mitigates the need for additional animal sacrifice.

We infected corneas with P. aeruginosa reference strains (PA14 and PA01), known for their biofilm- formation capabilities [30, 37]. 
These isolates fall into distinct phylogenetic groups: group 1, comprising the invasive strain PA01, and group 2, including the 
cytotoxic strain PA14 [38]. Each phylogenetic group is associated with different effects on host cells [39] and clinical outcomes 
[36, 40]. PA01, identified as a moderately virulent strain, forms well- structured biofilms on solid surfaces [41, 42] while PA14, 
highly virulent and more cytotoxic, forms a less structured biofilm [43–45]. Additionally, strain PA01 can penetrate corneal 
cells and replicate inside, while strain PA14 remains external, which can impact treatment efficacy [36, 46]. Our objective in 
using these distinct strains was to discern potential variations in their behaviour during different stages of ex vivo infection and 
following treatment with established antibiotics. And finally, we selected ciprofloxacin, gentamicin and meropenem to test on 
our ex vivo keratitis model, as examples of clinically relevant antibiotics to which our P. aeruginosa strains were classified as 
sensitive by standard planktonic MIC testing. The results demonstrated an antibiotic tolerance at much higher than MIC and 
MBEC concentrations in the ex vivo keratitis model, despite continuous drug application. Through our study, we demonstrate the 
versatility of our ex vivo porcine keratitis model as a tool for rapidly assessing the effectiveness of antibiotics for ocular infections, 
providing a cost- effective alternative for further in vivo validation. This approach could contribute to the strategic selection of 
therapeutics with a higher likelihood of success in subsequent in vivo studies.

METHODS

Bacterial strain used

Two wild- type strains of Pseudomonas aeruginosa (invasive PA01 and cytotoxic PA14) were a kind gift from Professor Urs Jenal, 
University of Basel, Switzerland. Both strains were used to infect ex vivo porcine corneas and to establish MIC and MBEC values.
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MIC assay

MIC values for P. aeruginosa PA01 and PA14 were determined according to the European Committee on Antimicrobial Suscep-
tibility Testing (EUCAST) guidelines [47, 48]. The bacterial strains were inoculated in Mueller–Hinton cation- adjusted broth 
(MHB) for 24 h at 37 °C with agitation at 110 r.p.m. MHB media were chosen as indicated in the EUCAST guidelines [49]. 
Before each experiment, 0.01 ml of sixfold dilutions of the inoculum were spot- plated on blood agar plates, and the plates were 
incubated (Infors HT Multitron, UK) overnight at 37 °C to enumerate colony- forming units in the inoculum. Two hundred 
microlitres of MHB containing an inoculum with 3×105 c.f.u. per well and different concentrations of the test antibiotics were 
added to each well in a 96- well plate. A concentration of antibiotics ranging from 0.006 to 32 mg l−1 was tested. The MIC value 
was determined as the lowest concentration of an antibiotic which completely inhibits visible bacterial growth after 24 h at 37 °C 
in static conditions. In total six antibiotics were tested: gentamicin, meropenem and ciprofloxacin. The optical density at 600 nm 
was measured using the TECAN Spark plate reader (TECAN, Switzerland) to confirm the growth inhibition. One column of 
each 96- well plate was designated for growth control and one for sterility control. The procedure was repeated three times across 
different days for each antibiotic.

A stock solution of gentamicin sulphate was prepared by dissolving 0.1 g of antibiotic in 10 ml of sterile distilled water. Cipro-
floxacin hydrochloride was dissolved in PBS, pH 6.0 to the final stock concentration of 25000 mg l−1. Meropenem trihydrate was 
dissolved in one part of methanol mixed with nine parts of PBS to the final stock concentration of 1000 mg l−1. Stock solutions 
were stored in aliquots of 2 ml at −20o C, used promptly on defrosting and unused leftover solutions were discarded.

Biofilm susceptibility, equivalence and MBEC assays

Biofilm susceptibility testing was conducted using a Calgary device (Innovotech, Canada), with the biofilm grown on a peg, as 
outlined by Harrison et al. [50]. We initially performed an equivalence test for biofilm formation to ensure consistent growth 
conditions (Fig. S1, available in the online version of this article), following the methodology described previously [50]. The test 
specifically examined whether there was a variation in the number of bacteria retrieved from pegs between columns and rows 
in the 96- well plate, thereby ensuring uniform and comparable results across all wells.

The bacterial strains were streaked out on an LB agar plate from cryogenic stock and incubated overnight at 37 °C. A single colony 
from the agar subculture was used to inoculate 5 ml Mueller–Hinton Broth (MHB) cation- adjusted and the suspension was 
incubated in a 50 ml Falcon tube while shaking at 110 r.p.m. for 24 h at 37 °C (Infors HT Multitron, UK). The bacterial suspension 
was centrifuged at 4000 g in Eppendorf 5710R (Thermo Fisher, UK) for 5 min. After discarding the supernatant, the pellet was 
resuspended in 5 ml of sterile MHB. The inoculum size was prepared in a fresh centrifuge tube by diluting the suspension of 
bacteria ten times to an optical density (OD) of 0.05 at 600 nm. The OD

600 nm
 was measured using the spectrophotometer Jenway 

(VWR, UK). The inoculum was pipetted in a 96- well plate with a final concentration of 8×106 c.f.u. of P. aeruginosa PA01 or 
PA14 per well (0.15 ml inoculum in each well). One column in a 96- well plate was used as a control and contained media without 
bacteria added. Pegs from the Calgary Device were immersed in the inoculum. The 96- well plate was double sealed with parafilm, 
placed inside a plastic box to reduce media evaporation and incubated (statically) overnight at 37 °C with 70 % humidity in the 
incubator (Infors HT Multitron, UK) to allow biofilm formation on pegs. Before each experiment, 0.01 ml of sixfold dilutions of 
the inoculum were spot- plated on blood agar plates, and the plates were incubated overnight at 37 °C to enumerate c.f.u. in the 
inoculum. After overnight incubation, the pegs were rinsed twice for 1 min in two 96- well plates with 0.2 ml of sterile water per 
well to remove bacteria that did not attach to the pegs (planktonic cells).

For the equivalence assay, the pegs were then transferred to a 96- well plate with 0.2 ml of LB with 1 % Tween 20 per well, sonicated 
for 10 min at 60 Hz to disrupt bacteria from the biofilm on pegs into a recovery medium. After sonication, 0.02 ml of the MHB 
cation- adjusted media with the bacteria was diluted in a series up to 104 in 0.18 ml of sterile water. All dilutions were plated out 
on LB agar plates for c.f.u. count and incubated at 37 °C overnight (Fig. S1).

For the MBEC assay, the pegs were transferred after rinsing steps to a 96- well plate with antibiotics in MHB. The plate was 
incubated overnight and then rinsed and sonicated in the same way as equivalence assay plates. Ciprofloxacin, meropenem and 
gentamicin were tested with concentrations starting from 1 mg l−1 to 512 mg l−1. The MBEC was determined as the wells with the 
lowest concentration of an antibiotic where the biofilm was completely eradicated, i.e. there was no growth from biofilms across 
all replicates. One column of each 96- well plate was designated for untreated control and one for sterility control. The procedure 
was repeated four times across different days for each antibiotic with four technical replicates each time.

Testing antibiotics on an ex vivo porcine cornea model

In this study, porcine eyes were extracted within 4 h of slaughter and transported from the abattoir (R.B. Elliott and Son Abattoir, 
Calow, England) in a Nalgene container filled with sterile phosphate- buffered saline (PBS, Sigma, Germany). The age of the pigs 
ranged between 26 to 28 weeks. Importantly, it is essential to note that the pigs were sacrificed for human consumption and not 
for this study. The extraction, incubation and infection procedures were followed as published previously [34] with some improve-
ments. Subsequently, corneas with 2 mm of surrounding sclera were excised in the laboratory within 2 h of delivery and incubated 
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in a combination of Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F12 Nutrient Mixture (1 : 1) with antibiotics in a 
six- well plate for 24 h [34]. Following this, the corneas were washed twice with 1 ml PBS and incubated in an antimicrobial- free 
DMEM: Ham’s F12 media for 48 h to remove residual antibiotics from the previous media. Throughout this time, the medium 
was replaced daily. We confirmed the absence of bacterial growth inhibition after 48 h in media without antibiotics (unpublished 
data). Additionally, we regularly inspected corneas for contamination by processing control (uninfected) corneas and incubating 
a small sample of media from each cornea on LB agar just before infection experiments.

Initially, the infection timeline was optimized and the outcomes were assessed at 1, 2, 4, 6 and 24 h. Before every experiment, 
the bacteria were incubated in LB broth at 37 °C with 150 r.p.m. shaking for 4 h. The culture was centrifuged at 4000 g for 5 min, 
and the supernatant was discarded. The pellet was resuspended (washed) with PBS and centrifuged as described above three 
times. The pellet was resuspended in PBS to the desired optical density. On the infection day, porcine corneas were wounded 
four times with a scalpel, placed inside the glass moulds and mounted on the agar as described previously [34]. The 10 mm 
diameter of the central corneal surface within a glass mould was exposed to an inoculum of about 8×106 c.f.u. in 0.2 ml of PBS. 
After a 6 h incubation in a six- well dish, the PBS, along with the suspended bacteria were removed using a sterile 1 ml pipette 
tip. Subsequently, it was replaced either with 0.2 ml of PBS for control corneas or PBS supplemented with antibiotics for treated 
corneas. The corneas were treated with either 1024 mg l−1 or, as outlined in Table 1, the MIC concentration of ciprofloxacin, 
meropenem and gentamicin for 18 h at 37 °C.

To capture the effects of the treatments, all corneas were photographed (Figs S2 and S3) with a Dino- lite Xcope camera (AnMo 
Electronics Corporation, Taiwan).

Statistics

The microbial reduction was calculated according to the following formula: Bacteria reduction percentage (%) = (control c.f.u. – 
test c.f.u.)/control c.f.u.)×100. Statistical analysis comparing the effect of treatment versus treatment control was calculated using 
the Kruskal–Wallis multiple comparisons test, while the input c.f.u. between groups was compared using one- way ANOVA, using 
GraphPad Prism version 8.4.1. P- values<0.05 were considered significant.

RESULTS

Antibiotic sensitivity in MIC assay

MIC assays were conducted to assess the sensitivity of two strains of P. aeruginosa to gentamicin, meropenem and ciprofloxacin 
(Table 1). Both strains exhibited sensitivity to tested antibiotics (Table 1). While the MIC values for gentamicin were consistent 
between strains (2–4 mg l−1), marginal differences were observed in their susceptibility to meropenem and ciprofloxacin. PA14 
showed marginally higher susceptibility to meropenem (0.25 mg l−1) while PA01 exhibited marginally higher susceptibility to 
ciprofloxacin (0.125–0.25 mg l−1).

Despite demonstrating sensitivity to meropenem in MIC assays (Table 1), biofilm formed by both P. aeruginosa strains exhibited 
tolerance to meropenem concentrations exceeding those tested (>512 mg l−1). For the invasive PA01 strain, MBEC values were 
16–64 times higher than the MIC for ciprofloxacin and 16–32 times higher than MIC for gentamicin (Table 1). Similarly, MBEC 
values for the cytotoxic PA14 strain were 8–16 times higher than MIC for ciprofloxacin and 4–8 times higher than the MIC 
for gentamicin. These findings indicate that biofilms formed by the cytotoxic strain PA14 were comparatively more susceptible 
to gentamicin and ciprofloxacin compared to the invasive strain PA01 (Table 1). It is worth noting that there was one log less 
c.f.u.s retrieved from pegs for PA14 compared to PA01 (Fig. S1) in MBEC assays, which could have influenced drug efficacy. 

Table 1. Determination of MIC and MBC of P. aeruginosa for invasive PA01 and cytotoxic PA14 strains against gentamicin, meropenem and ciprofloxacin. 

Values in the table represent mg l−1

Generic name

(class)

Break points [49]

PA14 PA01 Mechanism of action

MIC MBEC MIC MBEC

Gentamicin

(aminoglycoside)

≤4 s; ≥16 (R)

2–4 16

(4X - 8X MIC)

2–4 64

(16X - 32X MIC)

Broad spectrum, inhibits synthesis of bacterial 

proteins by binding to 30S ribosomes

Meropenem

(carbapenem)

≤2 (S); ≥8 (R)

0.25 >512 0.5–1 >512 Broad spectrum, inhibition of bacterial cell wall 

synthesis

Ciprofloxacin

(fluoroquinolone)

≤0.001 (S); ≥0.5 (R)

0.25–0.5 4

(8X - 16X MIC)

0.125–0.25 4–8

(16X - 64X MIC)

Inhibits DNA replication by inhibiting bacterial 

DNA topoisomerase and DNA- gyrase
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Additionally, this data suggests that in the same conditions, PA01 forms thicker biofilms than PA14. The MBEC testing accentuated 
the differences between the two strains.

With reference to the breakpoint system outlined in Table 1 and subsequent clinical relevance, the MBEC results suggest that 
biofilms formed by P. aeruginosa could be classified as tolerant to gentamicin, meropenem and ciprofloxacin.

Effect of inoculum size on final bacterial load

To establish the inoculum size needed to initiate an infection in the porcine cornea, various c.f.u.s of P. aeruginosa PA14 were 
added to wounded corneas. A viable count of bacteria retrieved from the infected cornea after 24 h of infection (n=28) (Fig. 1a) 
and 48 h of infection (n=29) (Fig. 1b) was carried out. These experiments were carried out before introducing washing steps. 
Despite the starting inoculum size, an average of 6×108 c.f.u.s per cornea were retrieved after 24 h and 2×109 c.f.u.s per cornea after 
48 h. Most c.f.u. counts showed no significant difference across groups and incubation times, except for the two groups with the 
highest initial c.f.u. after 48 h. This discrepancy may stem from complete corneal lysis in the highest input group, resulting in a 
sticky homogenate that hindered accurate pipetting and potentially led to an underestimated c.f.u. count. These results indicate 
that the ultimate bacterial load in the porcine ex vivo cornea infection model is independent of the initial bacterial load. Due to the 

Fig. 1. Number of viable P. aeruginosa PA14 retrieved from porcine cornea after infection with 215, 5×104, 6×106 and 3×107 c.f.u. per cornea. Corneas 

were infected for 24 h (n=28) (a) and 48 h (n=29) (b). Bars show geometric means with 95 % confidence indicated by error bars. Statistical significance 

of the difference between c.f.u. inputs was calculated according to the one- way ANOVA test. Unless otherwise labelled, no significant difference was 

observed. P- values: *<0.05; **<0.005.



6

Okurowska et al., Microbiology 2024;170:001459

good reproducibility in the number of c.f.u. retrieved after infection with a higher starting inoculum size, in further experiments, 
an inoculum size of greater than 1×106 c.f.u. per cornea was aimed for. We established that the maximum incubation time for all 
following experiments was 24 h because 48 h of incubation resulted in complete lysis of the cornea by the bacteria.

Effect of incubation time on the progress of infection

To investigate the progress of infection over time, porcine corneas were infected with P. aeruginosa PA14 and P. aeruginosa PA01 
and a viable count was carried out on bacteria retrieved from the infected cornea after 1, 2, 4, 6, 18 and 24 h post- infection (h 
p.i.) (Fig. 2). With P. aeruginosa PA14, an average of 1.9×106 c.f.u. per cornea were retrieved after 1 h p.i. (n=7), 2.9×106 c.f.u. per 
cornea were retrieved after 2 h p.i. (n=6), and 4.9×106 c.f.u. per cornea were retrieved after 4 h p.i. (n=6) (Fig. 2a). At all these 
time points, the number of c.f.u. retrieved per cornea were lower than the inoculum size (7.7×106 c.f.u. per cornea) reflecting the 
impact of post- incubation rinsing steps included in the protocol during which the bacterial population not securely adhered to the 
corneal tissue are removed. After 6 h p.i., the number of bacteria retrieved from the infected cornea was approximately equal to 
the inoculum size despite rinsing (n=6). Incubation beyond 6 h p.i. reproducibly resulted in a clear increase of c.f.u. retrieved per 
cornea despite rinsing, resulting in 1.0×108 c.f.u. per cornea at 18 h p.i. (n=6) and 9.0×10 7 at 24 h p.i. (n=6) (Fig. 2a). Difference 
in c.f.u. values for PA14 retrieved at 1 h p.i. and 2 h p.i. in comparison to 18 h p.i. and 24 h p.i. was significant (P<0.05).

A similar trend was seen in the progress of infection in the ex vivo porcine cornea infected with P. aeruginosa PA01 strain (Fig. 2b). 
An average of 3.4×106 c.f.u. per cornea were retrieved after 1 h p.i. (n=4), 2.2×106 c.f.u. per cornea were retrieved after 2 h p.i. 
(n=14) and 4.1×106 c.f.u. per cornea were retrieved at 4 h p.i. (n=6). Like the infection with P. aeruginosa PA14, at all these time 
points, the number of c.f.u. retrieved per cornea was lower than the inoculum size (7.9×106 c.f.u. per cornea). Subsequently, 
the increase in bacteria load in the infected cornea was higher compared to the inoculum size for P. aeruginosa PA01 (Fig. 2b): 
2.0×107 c.f.u. per cornea at 6 h p.i. (n=6), 1.6×108 c.f.u. per cornea at 18 h p.i. (n=4) and 1.7×108 c.f.u. per cornea at 24 h p.i. (n=25) 

Fig. 2. Increase in c.f.u. of P. aeruginosa with time in ex vivo porcine corneas. Corneas were infected for 1, 2, 4, 6, 18 and 24 h with P. aeruginosa PA14 

(n=41) (a) and P. aeruginosa PA01 (n=67) (b). Actual inoculum c.f.u. are shown both as c.f.u. at 0 h infection time as well as a dotted line labelled Input 

c.f.u. Bars show geometric means with 95 % confidence indicated by error bars. Statistical significance of the difference from input c.f.u. was calculated 

according to the Kruskall–Wallis test. Unless otherwise labelled, no significant difference was observed. P- values: *<0.05; **<0.005.
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(Fig. 2b). Difference in c.f.u. values for PA01 retrieved at 1 h p.i., 2 h p.i. and 4 h p.i. in comparison to 18 h p.i. and 24 h p.i. was 
significant (P<0.05).

These data demonstrate that both strains of P. aeruginosa were able to initiate and maintain infection on porcine corneas within 
the first few hours of incubation. In both strains, despite the inclusion of a washing step, there was a net increase in the number 
of c.f.u. retrieved after incubation compared to the inoculum, which suggests that infection was well established in the model. In 
the subsequent experiments, antibiotic treatments were added to corneas at 6 h p.i. because there was a visible increase in c.f.u. 
counts at this time point in comparison to the input of bacteria which indicated that the infection was well- established.

INVESTIGATION OF ANTIMICROBIAL EFFICACY ON THE EX VIVO PORCINE KERATITIS MODEL

Testing MIC concentrations of antibiotics on the ex vivo porcine keratitis model

Firstly, the effect of MIC concentrations of antibiotics on infected tissue was investigated and imaged (Fig. S2). Ex vivo porcine 
corneas were infected on average with 1×107 c.f.u. P. aeruginosa PA14 (n=16) and 9×106 P. aeruginosa PA01 (n=15) for 6 h 
and then MIC concentrations of gentamicin, meropenem and ciprofloxacin were applied for 18 h. While MIC concentrations 
of antibiotics successfully inhibited the growth of bacteria in vitro, these concentrations were ineffective (P>0.05) for both 
tested strains of P. aeruginosa PA14 and PA01 in the ex vivo porcine cornea model (Fig. 3 & Table S1). This demonstrates 
that the application of MIC concentrations of these antibiotics on ex vivo cornea is insufficient to inhibit the growth of  
P. aeruginosa even though the infected tissue was continually exposed to the antibiotic for 18 h.

Fig. 3. Effects of different antibiotics at MIC on c.f.u. of P. aeruginosa in ex vivo porcine corneas. Corneas were infected for 6 h with (a) PA14 or (b) PA01. 

Control corneas were immersed in PBS while other corneas were treated with MIC concentrations of antibiotics gentamicin (GEN) (n=4 for PA14 and 

n=4 for PA01), meropenem (MER) (n=4) and ciprofloxacin (CIP) (n=4) dissolved in PBS. Bars show geometric means with 95 % confidence indicated by 

error bars. Statistical significance of the difference from untreated controls was calculated according to the Kruskall–Wallis test. P- values: NS >0.05.
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Testing 1024 mg l−1 concentrations of antibiotics on the ex vivo porcine keratitis model

The concentration of antibiotics (gentamicin, meropenem and ciprofloxacin) that were applied on ex vivo porcine corneas was 
increased to 1024 mg l−1 (Fig. 4). This concentration is 256 times MIC for gentamicin for strains PA01 and PA14, respectively. For 
meropenem, this concentration is 1025 times MIC for invasive strain PA01 and 4100 times MIC meropenem for cytotoxic PA14. 
For ciprofloxacin, this concentration is 4100 times MIC for strain PA01 and 2050 times MIC for strain PA14. As this concentration 
is higher than MIC (and MBEC) some growth inhibition and improved transparency on ex vivo infected tissue was expected 
(Fig. S3). A significant reduction in bacteria load for invasive strain PA01 in corneas treated with gentamicin (n=12, P=0.0051), 
meropenem (n=12, P<0.0001) and ciprofloxacin (n=12, P<0.0001) was observed when compared to controls (Fig. 4 & Table S2). 
In contrast, there was no significant reduction for corneas infected with cytotoxic strain PA14 and treated with gentamicin (n=12, 
P=0.15) whereas treatment of PA14 with meropenem (n=12, P=0.0001) and ciprofloxacin (n=12, P<0.0001) had a noticeable 
reduction in bacteria load. However, none of the antibiotics eradicate bacteria at tested concentrations.

DISCUSSION

In our previous work [34], we established an ex vivo porcine model of Pseudomonas aeruginosa keratitis, providing a platform 
for testing treatments against corneal infections. Here, we investigated the efficacy of gentamicin, meropenem and ciprofloxacin 
against P. aeruginosa strains PA14 and PA01 in our model. The corneas were cut with a scalpel aiming to increase the tissue 
penetration of bacteria and applied treatment. The treatment was applied continuously to increase the antibiotic penetration of 
the tissue at the infection site.

Fig. 4. Effects of different antibiotics at supra- MIC on c.f.u. of P. aeruginosa in ex vivo porcine corneas Corneas were infected for 6 h with (a) PA14 or 

(b) PA01. Control corneas (n=35) were immersed in PBS while other corneas were treated with supra- MIC (1024 mg l−1) of antibiotics gentamicin (GEN) 

(n=12), meropenem (MER) (n=12) and ciprofloxacin (CIP) (n=12) dissolved in PBS. Bars show geometric means with 95 % confidence indicated by error 

bars. Statistical significance of the difference from untreated controls was calculated according to the Kruskall- Wallis test. P- values: NS >0.05; *<0.05 

***<0.005 ****<0.0005.
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We first established MIC and MBEC values for gentamicin, meropenem and ciprofloxacin using cytotoxic strain PA14 and 
invasive strain PA01 of P. aeruginosa. Next, we monitored the development of an infection over time. Finally, we investigated 
differences in response to antibiotic treatments between cytotoxic strain PA14 and invasive strain PA01 of P. aeruginosa on 
the ex vivo porcine keratitis model.

The comparison of MIC and MBEC values to literature was complicated by variances in experimental protocols among research 
groups [23, 51]. Nevertheless, our findings were consistent with literature trends, indicating the need for higher antibiotic concen-
trations to eradicate antimicrobial- resistant strains compared to planktonic bacteria [52–55]. The lower bacteria count for PA14 
in the equivalence test suggests that the biofilm formed by this strain was likely thinner compared to PA01. More robust biofilms 
bind bacteria firmly into the matrix, increasing the bacteria’s survival [56]. This disparity in biofilm thickness combined with 
variations in gene expression linked to biofilm- specific antibiotic resistance [52, 55] may have contributed to differences in MBEC 
between strains.

In this study gentamicin exhibited efficacy against both strains, with PA01 demonstrating slightly higher tolerance in MBEC 
testing, aligning with prior observations [28, 53, 55]. These results indicate that while gentamicin is effective against planktonic 
P. aeruginosa, higher concentrations are needed to treat biofilm [54]. The tolerance of P. aeruginosa biofilm toward gentamicin 
could be explained by the fact that gentamicin belongs to the aminoglycosides group of antibiotics known to bind to various 
components in the biofilm matrix [29], such as exopolysaccharides Psl [28] and Pel [30], which would impede the biofilm 
penetration and the drug efficacy.

Meropenem is known for its excellent corneal penetration and low cytotoxicity [57]. It is unknown if it penetrates corneal cells. 
MIC values for P. aeruginosa PA01 showed sensitivity to meropenem, consistent with literature findings ranging from 0.1 to 0.5 mg 
l−1 [42, 53, 58, 59]. Similarly, the MIC values for cytotoxic strain PA14 aligned with previous studies at 0.25 mg l−1 [59]. However, 
MBEC values consistently surpassed MIC values in the literature, indicating reduced efficacy against established biofilm [42, 53]. 
Moreover, PA01 can develop rapid meropenem tolerance in the biofilms [42]. These findings suggest that meropenem is more 
effective against actively dividing, planktonic bacteria or early- stage biofilms, but less effective against established biofilms [42, 53].

Finally, we investigated ciprofloxacin, a highly efficacious treatment for the P. aeruginosa keratitis [39]. Our study confirmed its 
potency against both planktonic and biofilm forms of P. aeruginosa in vitro and ex vivo cornea models with PA01 slightly more 
tolerant than PA14. MIC values indicated susceptibility in both strains, with higher tolerance towards antibiotics in biofilms, 
consistent with existing literature [45, 53, 60–63]. Similarly, our MBEC results mirrored previous findings, revealing minimal 
differences in ciprofloxacin response between cytotoxic PA14 and invasive PA01 biofilms [28, 64].

In our initial studies aimed at establishing an ex vivo keratitis model, we experimented with varying bacterial loads in the inoculum 
to initiate infection. We found that as few as 215 c.f.u. of P. aeruginosa PA14 per cornea were sufficient to initiate infection in our 
ex vivo model and the colony counts retrieved from the cornea after 24 h remained consistent regardless of the initial inoculum 
size. We hypothesize that this stabilisation at 24 h post- infection may be attributed to nutrient limitation, leading bacteria to enter 
a stationary growth phase, akin to batch cultures [65, 66]. In the literature, researchers often use inoculum loads equal to or greater 
than 1×106 c.f.u. of Pseudomonas sp. per eye in vivo [36, 67, 68]. Furthermore, as previously noted [33], the lack of standardized 
protocol for ex vivo studies precludes direct comparison of our results with others. Considering that a higher inoculum facilitates 
reliable bacterial quantification we opted for an inoculum containing at least 1×106 c.f.u. per cornea in subsequent experiments.

To discern whether infections caused by cytotoxic and invasive strains of P. aeruginosa could be distinguished, we monitored the 
progression of infection over time by comparing the c.f.u. counts retrieved from the cornea infected with cytotoxic P. aeruginosa 
PA14 and invasive P. aeruginosa PA01 strains. Interestingly, we observed growth plateaus after 18 h of incubation with both strains, 
indicating that bacteria entered a stationary phase at this point. Heightened cytotoxicity of P. aeruginosa PA14 did not appear 
to confer a selective advantage during infection of the wounded ex vivo porcine cornea. Consequently, we concluded that the 
enhanced cytotoxicity did not significantly influence the progression of infection in our porcine keratitis model. The efficacy of 
antibiotic treatment was assessed by evaluating colony- forming units obtained from each cornea. It is important to acknowledge 
that viable but not culturable cells (VBNC) were not considered and this fact could pose a limitation to this study [69]. Alternative 
methods for validating bacterial numbers may be investigated in future research. Nevertheless, it is worth mentioning that the 
number of retrieved colonies was consistent across all corneas and the results were reproducible.

Finally, when the antibiotics were tested on the ex vivo keratitis model, we found that gentamicin was ineffective in both strains 
at MIC concentrations of 2 and 4 mg l−1. Even at concentrations higher than MBEC of 1024 mg l−1 efficacy was poor in our ex 
vivo keratitis model. Studies on rabbits in vivo used various, usually much higher than ours, concentrations of gentamicin (1600, 
3000, 5000 and 13 000 mg l−1) to treat P. aeruginosa keratitis, yielding mixed therapeutic outcomes [70–73]. It is challenging to 
directly compare our results from infection treatment outcomes to in vivo because of differences in experimental setups [33]. 
Although we did not measure if gentamicin reached MIC in tissue, this antibiotic shows good corneal tissue penetration; therefore, 
the concentration of this antibiotic more likely reached MIC values [74]. Additionally, wounding corneas in our study created 
a defect that is expected to increase the penetration of an antibiotic [75]. Also, gentamicin demonstrates a post- antibiotic effect 
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(PAE), where bacteria growth is inhibited following exposure, even after the drug concentration has fallen below MIC [76]. 
According to the literature, cytotoxic strains of P. aeruginosa (PA14) remain mainly outside the host cells, while invasive strains 
(PA01) reside and replicate inside corneal cells during infection. Therefore, it is believed that antibiotics that do penetrate host- cell 
membranes, such as tobramycin or gentamicin, are often less effective against invasive strains of P. aeruginosa, while ofloxacin 
(e.g. ciprofloxacin) that penetrate host cell membranes can be used to target these strains [36, 77].

Meropenem, characterised by low toxicity and excellent corneal tissue penetration [57] has shown remarkable efficacy in treating 
Pseudomonas keratitis at concentrations of 50000 mg l−1 in both rabbit [78, 79] and human studies [7], without any observed side 
effects. Studies have indicated that meropenem concentrations of 5000 mg l−1 can enhance cellular activity in corneal epithelial cell 
lines, with high cell viability (96 %) post- treatment [57]. These findings suggest that meropenem can be used at high concentrations 
without toxic side effects. Additionally, some studies show that meropenem may be a viable option, particularly when P. aeruginosa 
strains exhibit tolerance to ciprofloxacin or gentamicin [7]. In our ex vivo cornea experiments, despite the much lower concentration 
used compared to in vivo studies, meropenem demonstrated a significant reduction in bacterial load, consistent with findings in ex vivo 
rabbit and human studies [78, 79]. Despite meropenem’s efficacy, concerns arise from P. aeruginosa tolerance in the MBEC data [42, 53]. 
Notably, Haagensen et al. [42] showed meropenem’s high effectiveness in the early stages of P. aeruginosa PA01 biofilm formation.

Our study demonstrated a reduction in bacterial load after 1024 mg l−1 of meropenem application within 6 h post- infection, possibly 
targeting the early stages of biofilm formation. However, the dose used was much lower than used in clinical settings, insufficient to 
complete bacterial clearance. Further studies are needed to assess meropenem’s effectiveness and its potential in clinical application. 
Additionally, studies suggest a synergistic effect when combining meropenem and ciprofloxacin against certain clinical isolates of  
P. aeruginosa [80–82], a combination that could be explored in our ex vivo porcine keratitis model in the future.

Ciprofloxacin exhibits good tissue and cell penetration properties, with studies demonstrating that even brief exposure of as little as 10 
min can lead to concentrations surpassing the MIC in human corneas ex vivo [75, 83, 84]. The factors that contribute to ciprofloxacin’s 
high permeability include the low molecular mass and lipophilicity, allowing crossing through the hydrophobic corneal epithelium 
[85]. Given the 18 h continuous exposure in our study, it is highly likely that ciprofloxacin reached MIC concentrations in corneal 
tissue. However, it was discovered that only 10 % of the measured ciprofloxacin levels in a chemical assay were bioavailable [85], 
which may explain the lack of bacterial growth inhibition in corneas exposed to MIC concentrations. Our experiments revealed that 
ciprofloxacin was the most potent in inhibiting the growth of P. aeruginosa at higher concentrations. Although the concentrations of 
ciprofloxacin applied in this study were insufficient to eradicate the bacteria it is likely because in clinical practice much higher than 
MIC and MBEC concentrations are used [23]. Also, we hypothesize that ciprofloxacin’s ability to penetrate corneal cells and eradicate 
bacteria internally [46] was an important factor in its effectiveness. Additionally, the treatment demonstrated slightly higher efficacy 
in the PA14 strain compared to PA01, albeit insignificantly [36], despite the fact that cytotoxic strains remain extracellular, while 
invasive strains penetrate corneal cells. Numerous studies have shown that ciprofloxacin significantly reduces or completely halts P. 
aeruginosa infection in live rabbits [86, 87] and humans [88]. However, it was found that phenotypic adaptation towards persistence 
to ciprofloxacin occurs early if supra- MIC concentrations are used, potentially leading to failure in eradicating biofilms [45].

Despite both meropenem and ciprofloxacin demonstrating sensitivity in MIC testing, their effectiveness against biofilm in MBEC 
was diminished. Even though being more potent than gentamicin, none of the tested antibiotics eradicated bacteria in our ex vivo 
Pseudomonas keratitis model, even with continuous exposure to antibiotics. The increased potency of ciprofloxacin in our keratitis 
model may be attributed to its ability to penetrate cells, amongst many other factors, thereby targeting bacteria both extracellularly and 
intracellularly, as demonstrated in primary human corneal fibroblasts in vitro [46]. This could explain the slightly higher reduction 
observed after ciprofloxacin and meropenem treatment in ex vivo corneas infected with the cytotoxic PA14 strain, which remains 
extracellular, compared to the invasive PA01 strain, which additionally infiltrates corneal cells and replicates internally. Gentamicin, 
akin to tobramycin, lacks cell permeability, likely contributing to its poor efficacy. In contrast, ciprofloxacin’s ability to penetrate cells 
explains its superior effectiveness compared to gentamicin. Meropenem, with a smaller molecular mass than gentamicin and only 
slightly larger than ciprofloxacin, shares a similar trend, prompting further investigation into its cell permeability. Furthermore, our 
ex vivo keratitis model showed no significant difference in antimicrobial response to ciprofloxacin and gentamicin between cytotoxic 
and invasive strains of P. aeruginosa, aligning with previous in vivo studies [36].

The present study has several limitations that require consideration. Firstly, our ex vivo model lacks fully operating host defences, 
including infiltrating immune cells, nerves, tear fluid, and blinking, which are essential components in the defence against infection 
and influence outcomes. The absence of these factors may not only affect the state of the host tissue but also the localization and 
environment of the bacteria, potentially altering bacterial gene expression in response to their surroundings. Although there is 
evidence supporting tissue viability and epithelial healing in cultured corneas ex vivo in the literature [89, 90], the 3 day storage period 
may introduce variability and deviate from in vivo conditions due to lack of host factors and slower healing process. Moreover, the 
presence of opacity after incubation and before infection highlights the need to consider the dynamic changes that occur in corneal 
tissue over time post- excision. However, we demonstrated previously that the infection outcome was the same regardless of the 
presence or absence of swelling [34]. Furthermore, we used viable c.f.u. counts to assess the bacteria load after antibiotic treatment. 
It is well established that bacteria may be viable but non- culturable after antibiotic treatment. Thus, only using c.f.u. counting may 
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miss a population of bacteria that is viable in the biofilm and the tissue. The model does not account for certain tear components, 
which might influence bacterial susceptibility to antibiotics [91] or inhibit bacterial growth [92]. However, given the early stage of our 
investigation, we opted to maintain simplicity in the model design and therefore used PBS, like in studies in vivo on mice [36]. Further 
validation of this model is required. Despite these limitations, our study’s response to antibiotic treatment aligns with trends found in 
the literature, suggesting that our ex vivo keratitis model shares similarities with other animal models in vivo and clinical studies on 
humans. Therefore, while acknowledging these limitations, we propose that our ex vivo porcine cornea model could be a valuable tool 
for rapidly and cost- effectively screening the efficacy of ocular antibiotics with good sensitivity and reliability, alongside in vitro studies.
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