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2. Abstract  29 

The emergence of antibiotic-resistant pathogenic bacteria poses a major and growing public 30 

health risk. Because antibiotics act on specific molecular targets, bacteria may evolve 31 

resistance mechanisms that alter or bypass these targets. This work investigated the 32 
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antimicrobial effects of carbon monoxide-releasing molecules (CORMs) and their potential for 33 

co-administration with a variety of commonly used antibiotics against Escherichia coli. 34 

CORMs, commonly transition metal carbonyls, release carbon monoxide under certain 35 

conditions. Interestingly, CORMs have been shown to exert antimicrobial activity against 36 

bacteria both in vitro and in vivo. However, to effectively treat patients with antibiotic-resistant 37 

infections, combination therapies involving two or more antimicrobial agents may be a useful 38 

approach. Herein, we report the antimicrobial activity of CORM-2 and CORM-3 against E. coli 39 

and importantly, that sub-inhibitory concentrations of either compound in combination with 40 

antibiotics showed a significant increase in efficacy of the conventional antibiotics as assessed 41 

by inhibition of bacterial growth and reduced viability. Furthermore, administration of 42 

subinhibitory concentrations of CORMs increased the antimicrobial activity of multiple 43 

antibiotics with a range of modes of action when measured by E-tests and microdilution broth 44 

assays. The minimal bactericidal concentrations were reduced 2- to 8-fold and 10- to 63-fold 45 

for CORM-2 and CORM-3 respectively. Drug interactions between CORMs and antibiotics 46 

were also assessed using checkerboard microdilution methods, providing evidence that 47 

CORM activity is synergistic with a wide range of conventional antibiotics tested with fractional 48 

inhibitory concentration indices (FICi) between 0.31 and 0.45. These findings demonstrate the 49 

antibacterial activity of CORMs and their synergy with a range of commonly used antibiotics, 50 

opening potential avenues for CORMs to be used as adjuvants to traditional antibiotic 51 

treatments.  52 

3. Impact statement 53 

The global rise of antibiotic-resistant bacteria presents a critical challenge to public health, 54 

requiring innovative strategies to enhance antimicrobial efficacy. This study explores the 55 

potential of carbon monoxide-releasing molecules (CORMs), specifically CORM-2 and 56 

CORM-3, as adjuvants to conventional antibiotics against Escherichia coli. While CORMs are 57 

known for their antimicrobial properties, this work uniquely demonstrates their synergistic 58 

effects when used at sub-inhibitory concentrations alongside a range of antibiotics. The 59 

findings reveal significant reductions in bacterial viability and minimal bactericidal 60 

concentrations, with synergy confirmed through checkerboard assays. This research adds to 61 

the growing literature on non-traditional antimicrobial agents by highlighting a novel, broad-62 

utility approach to potentiate existing antibiotics. The implications are far-reaching: CORMs 63 

could be integrated into combination therapies to combat resistant infections more effectively, 64 

potentially revitalising the clinical utility of antibiotics compromised by resistance. This 65 

represents a meaningful step forward in antimicrobial strategy, offering a promising adjunctive 66 

treatment avenue that could be translated into clinical settings. 67 
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4. Introduction 68 

Antimicrobial resistance is a major global health challenge. In May 2014, the World Health 69 

Organization warned that antimicrobial resistance had reached alarming levels worldwide, 70 

with increasing prevalence of multidrug-resistant organisms and treatment failures reported 71 

across major regions [1]. More recently, a  landmark study estimated that antimicrobial 72 

resistance was directly responsible for 1.27 million deaths globally in 2019, surpassing the 73 

mortality burden of HIV/AIDS and malaria [2]. Urinary tract infections are predominantly 74 

caused by uropathogenic E. coli [3, 4], which can form intracellular bacterial communities [5]. 75 

The ability of uropathogenic E. coli to produce biofilms further contributes to its persistence 76 

within the urinary tract [6]. A key mechanism of resistance among Enterobacteriaceae is the 77 

production of extended-spectrum -lactamases, which confer resistance against 78 

cephalosporins [7]. In addition, Enterobacteriaceae have been reported to exhibit resistance 79 

to multiple classes of antibiotics, leading to the emergence of multidrug resistant strains [8].  80 

Antibiotics are the standard treatment for most bacterial infections, including urinary tract 81 

infections [9]. However, resistance to many commonly used antibiotics has been identified in 82 

uropathogenic E. coli strains. To address this growing challenge, it is essential to explore 83 

alternative compounds for antimicrobial activity against multidrug-resistant pathogens. Non-84 

antibiotic antimicrobial agents may offer a promising strategy by enhancing the effectiveness 85 

of existing antibiotics, potentially restoring their efficacy against resistant bacterial strains.  86 

Carbon monoxide-releasing molecules (CORMs) have demonstrated antimicrobial activity 87 

against a range of bacterial species, including E. coli and Salmonella enterica, as well as 88 

against several ESKAPE pathogens, including Pseudomonas aeruginosa, Acinetobacter 89 

baumannii, and Staphylococcus aureus, with some reports also noting effects on 90 

Enterococcus species [10–13]. Among these, CORM-2 and CORM-3 are two of the most 91 

widely studied compounds. CORM-2 is a ruthenium-based, water-insoluble molecule 92 

([Ru(CO)₃Cl₂]₂) that releases carbon monoxide upon activation, though its solubility in organic 93 

solvents such as dimethyl sulfoxide limits its pharmacological applications [14]. Despite this, 94 

it has shown biological activity, including vasodilatory effects and selective toxicity towards 95 

bacterial cells over mammalian cells [14, 15]. CORM-3, in contrast, is a water-soluble 96 

analogue ([Ru(CO)₃Cl(glycinate)]) that releases CO rapidly at physiological pH [16]. It has 97 

demonstrated antimicrobial effects at low micromolar concentrations, including activity against 98 

multidrug-resistant Pseudomonas aeruginosa, with minimal toxicity to eukaryotic cells [17]. 99 

Given the growing interest in combination therapies to overcome antibiotic resistance, this 100 

study investigates the antimicrobial effects of CORM-2 and CORM-3 both alone and in 101 
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combination with antibiotics of varying mechanisms. We assessed their impact on the growth 102 

and viability of E. coli, with the aim of evaluating their potential as antibiotic adjuvants. To 103 

establish a clear baseline for evaluating CORM-antibiotic interactions, we employed the well-104 

characterised strain E. coli MG1655. This model provides a controlled and reproducible 105 

system for initial mechanistic insights, forming a foundation for future studies involving clinical 106 

and multidrug-resistant isolates. 107 

5. Methods 108 

Reagents  109 

Tricarbonyldichlororuthenium(II) dimer (CORM-2) was purchased from Merck, UK and 110 

tricarbonylchloro(glyinato)ruthenium(II) (CORM-3), was kindly donated by Professor Brian 111 

Mann (Department of Chemistry, The University of Sheffield). Stocks (10 mM) were freshly 112 

prepared by dissolution in dimethyl sulfoxide (DMSO) and water respectively and stored on 113 

ice for use. Stocks were used fresh or on the following day after overnight storage at 4°C. 114 

Their chemical structures are shown in Fig. 1. Doxycycline, minocycline, gentamicin, 115 

spectinomycin and cefotaxime were dissolved in water, trimethoprim in DMSO and 116 

chloramphenicol in ethanol prior to use. All reagents were purchased from Merck, UK unless 117 

otherwise stated.  118 

Bacterial strain, media and growth conditions  119 

E. coli strain MG1655 was used throughout [15] and was revived from cryopreserved stocks 120 

on Luria-Bertani (LB) agar. Starter cultures were grown overnight at 37°C in LB broth. Defined 121 

minimal medium with 5% glycerol as the sole carbon source was used in all experiments [18]. 122 

E. coli was incubated at 37°C in aerobic conditions using a shaking incubator. 123 

Preparation of control compounds (“inactive” CORMs, iCORMs) 124 

The non-CO-containing control for CORM-2, named RuCl2(DMSO) or iCORM-2, was provided 125 

by Dr. Tony Johnson (Department of Chemistry, The University of Sheffield). A solution of this 126 

compound (100 mM) was prepared fresh on the day of each experiment in distilled water. For 127 

DMSO, a volume equivalent to the 10 µM CORM-2 solution added was used.   128 

The inactive form of CORM-3 (iCORM-3) was made by incubating a fresh CORM-3 dissolved 129 

in phosphate-buffered saline (PBS) at room temperature for up to 48 h with periodic N2 gas 130 

bubbling, after which time <5% CO release was detected. 131 

Growth and viability assays  132 
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E. coli starter cultures (10 mL) were centrifuged at 5,000 rpm for 10 minutes, resuspended in 133 

30 mL defined minimal medium in conical flasks and incubated with shaking at 200 rpm at 134 

37°C until a turbidity of OD600 0.3 – 0.4 was reached. Then varying concentrations of CORMs 135 

alone or in combination with antibiotics were added to the cultures. Turbidity was measured 136 

every 2 h up to 8 h, and at 12 and 24 h, with viability measured at 24 h. For descriptive 137 

growth‑rate comparisons, μmax was calculated as the maximum slope of ln(OD₆₀₀) versus 138 

time for each condition. 139 

BioMerieux E-test minimum inhibitory concentration assays in the presence or 140 

absence of CORMs 141 

E-tests were performed in accordance with the manufacturer’s instructions (bioMérieux, 142 

France) with adjustments made to incorporate CORM and control exposure. Briefly, starter 143 

cultures of E. coli were prepared and adjusted to 0.5 McFarland standard and then centrifuged 144 

for 10 min at 5,000 rpm and resuspended in 5 mL defined minimal medium. Diluted culture 145 

(50 µL) was added to 4 mL super-soft defined minimal medium agar (0.5% agar) and then 146 

immediately CORMs, iCORMs or DSMO were added, mixed, and poured onto the surface of 147 

defined minimal medium agar plates. The plates were dried for 15 min prior to application of 148 

the E-test strips (bioMérieux, France) and were subsequently incubated at 37°C. Minimal 149 

inhibitory concentration (MIC) values were measured after 24 h. The E-test MIC was defined 150 

as the antibiotic concentration at which the border of the elliptical zone of complete inhibition 151 

intersected the scale on antibacterial test strip and the MIC breakpoints for defining interpretive 152 

categories published by EUCAST [18] were used for interpreting E-test MIC values.  153 

Determination of minimal inhibitory and bactericidal concentrations for CORMs and 154 

antibiotics using microdilution broth assays 155 

The interactions of CORMs with antibiotics were determined using a broth microdilution 156 

checkerboard assay [19]. Briefly, a starter culture of E. coli was centrifuged at 5,000 rpm for 157 

10 min and then re-suspended in defined minimal medium to an OD600 ~0.05. Aliquots of 158 

diluted culture (1.2 mL) were distributed in 24 well plates. For each antibiotic, the following 159 

range of concentrations was used with increasing 2-fold concentrations: doxycycline (0.5 – 160 

200 µg mL-1), minocycline (0.1 – 64 µg mL-1), trimethoprim (0.5 – 32 µg mL-1), cefotaxime (0.5 161 

– 32 µg mL-1), gentamicin (0.1 – 32 µg  mL-1) and chloramphenicol (0.5 – 200 µg mL-1). The 162 

range of CORM-2 concentrations varied from (1 – 150 µg mL-1; 1.95 - 293 µg), at 5 µg mL-1 163 

intervals. After the addition of antibiotics and CORMs, the plates were incubated for 24 h at 164 

37°C and 90 rpm in a SunriseTM microplate reader (Tecan, UK). MIC values were determined 165 

from the OD600 of each well. For the MBC determinations, 10 µL of each well that showed the 166 
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MIC or higher, was plated on LB agar and incubated for 72 h and the lowest concentration that 167 

prevented formation of colonies was considered as the MBC value of each CORM. 168 

Checkerboard micro-dilution assay   169 

Experiments were performed in 96-well plates as described previously [20–22]. Cultures were 170 

incubated at 37°C with shaking for 24 h using a SunriseTM microplate reader (Tecan, UK). 171 

Bacteria were grown in defined minimal medium with 5 g L-1 glucose as a carbon source to 172 

OD600 0.3. The concentrations of antibiotics tested were up to 8-fold lower than the MIC and, 173 

where possible, 2-fold higher than the MIC. The MIC was considered as the lowest 174 

concentration of the antibiotic alone, or combined with CORMs. The range of concentrations 175 

tested for CORMs and antibiotics were four dilutions lower than the MIC and two dilutions 176 

higher than the MIC. Fractional Inhibitory Concentration index (FICi) values were evaluated 177 

for each combination to determine drug interactions [22]. The MIC of each compound in 178 

combination, either CORM-2 or CORM-3 with an antibiotic, was defined as the lowest 179 

concentration of the individual agent that prevented visible bacterial growth in the presence of 180 

the other. The FICi was calculated as the sum of the individual FICs for each compound in the 181 

combination [22, 23]: 182 

FICi = FICCORM + FICantibiotic 183 

where: FICCORM = MIC of CORM in combination / MIC of CORM alone, and FICantibiotic = MIC 184 

of antibiotic in combination / MIC of antibiotic alone. 185 

Synergistic interactions were defined based on the FICi, where synergy was indicated by FICi 186 

≤0.5, partial synergy by values >0.5 and <1, additivity by FICi = 1, indifference by FICi >1 and 187 

≤4, and antagonism by FICi >4. 188 

Statistical analysis  189 

All statistical analysis and data handling were performed using GraphPad Prism 5 (GraphPad 190 

Software). Differences between the conditions were tested by using a paired t-test.  191 

6. Results 192 

CORM-2 can act synergistically with antibiotics to increase antimicrobial activity  193 

The antimicrobial activity of CORMs against bacteria is well established [10, 16, 17, 24], but 194 

their efficacy in combination with currently available antibiotics is less well understood. To 195 

investigate this, we selected two concentrations of CORM-2 (5 µM and 7 µM) that produced 196 

some growth inhibition without causing irreversible loss of viability after 24 h. In defined 197 
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minimal medium, the untreated control exhibited a maximal specific growth rate (μmax) of 198 

approximately 0.23 h⁻¹ and the highest carrying capacities of the conditions tested (OD600 199 

~2.2, Fig. 2). CORM-2 alone reduced μmax to ~0.19 h⁻¹ (5 μM) and ~0.16 h⁻¹ (7 μM), but 200 

maintained carrying capacities similar to untreated controls with neither concentration 201 

preventing recovery of viable cells. These doses were then combined with sublethal 202 

concentrations of antibiotics. Individually, doxycycline (~0.18 h⁻¹), trimethoprim (~0.16 h⁻¹), 203 

and cefotaxime (~0.27 h⁻¹) also altered growth rates but had little impact on the carrying 204 

capacities of the cultures. When combined with CORM-2, μmax decreased further over the 205 

first eight hours post-exposure: for doxycycline, growth was arrested with 7 μM and reduced 206 

to ~0.11 h⁻¹ with 5 μM; for trimethoprim, μmax fell to ~0.05 h⁻¹ and ~0.10 h⁻¹ with 7 μM and 5 207 

μM respectively; and for cefotaxime, growth was completely arrested at both concentrations 208 

(Fig. 2). This reduction in growth rate is evident in the carrying capacities of the cultures. 209 

Treatment with any antibiotic and 5 µM CORM-2 resulted in a small decrease after 24 h, 210 

whereas combining antibiotic with 7 µM CORM-2 led to almost no detectable growth, 211 

corroborated by a significant reduction in viability. These findings indicate that CORM-2 212 

substantially enhances antibiotic efficacy, prevents bacterial recovery, and highlights its 213 

potential as an adjuvant to drugs with diverse mechanisms of action. 214 

CORM-3 can act synergistically with antibiotics to increase antimicrobial activity 215 

To determine whether the enhanced antimicrobial activity observed with CORM-2 was specific 216 

to its chemical properties, such as water-insolubility, or a broader feature of CO-releasing 217 

molecules, the water-soluble compound CORM-3 was tested for its ability to potentiate 218 

antibiotic efficacy. In defined minimal medium, active CORM-3 alone markedly reduced growth 219 

rates, with μmax falling to ~0.19 h⁻¹ at 5 μM and ~0.13 h⁻¹ at 10 μM. The carrying capacities 220 

of cultures exposed to 5 µM CORM-3 were similar to untreated controls, whereas exposure to 221 

10 µM CORM-3 were markedly reduced (Fig. 3). When combined with sublethal doses of 222 

antibiotics, growth was almost completely suppressed within the first 12 h post-exposure: for 223 

doxycycline, μmax ranged from −0.04 to −0.10 h⁻¹; for trimethoprim, from 0.06 to −0.03 h⁻¹; 224 

and for cefotaxime, from 0.07 to −0.03 h⁻¹. These combinations also resulted in reduced 225 

carrying capacity and a significant reduction in bacterial viability, with little recovery after 24 h, 226 

particularly at 10 µM CORM-3 (Fig. 3). Collectively, these findings demonstrate that CORM-3, 227 

like CORM-2, can strongly potentiate the action of antibiotics with different mechanisms of 228 

action, highlighting the broader potential of CO-releasing molecules as adjuvants. 229 

Inactivated CORMs and solvent controls confirm CO dependence of CORM 230 

antibacterial activity 231 
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To assess whether the antibacterial effects of CORM-2 were attributable to its solvent (DMSO) 232 

or to the non-CO-releasing scaffold, we tested the effects of DMSO (at a concentration 233 

equivalent to that used to deliver 10 μM CORM-2) and 10 µM of the inactive analogue 234 

Ru(II)Cl₂(DMSO)₄ (iCORM-2), both alone and in combination with antibiotics. In defined 235 

minimal medium, the untreated control showed a maximal specific growth rate (μmax) of ~0.23 236 

h⁻¹. Inactive controls showed similar growth rates (iCORM-2 ~0.24 h⁻¹; DMSO ~0.21–0.25 h⁻¹) 237 

and carrying capacities. Combinations with antibiotics produced only minor changes 238 

compared to antibiotics alone (e.g., doxycycline ~0.18–0.24 h⁻¹; trimethoprim ~0.16–0.18 h⁻¹; 239 

cefotaxime ~0.30–0.32 h⁻¹; Fig. 4a, c, e). These data confirm that neither DMSO nor the 240 

inactive scaffold contributed to growth inhibition or antibiotic potentiation. Higher µmax values 241 

observed in the presence of cefotaxime are likely a result of the significant inhibition of growth 242 

within the first four hours post-exposure.  243 

Similarly, we assessed whether the activity of CORM-3 was due to its ruthenium scaffold by 244 

testing the inactive form (iCORM-3) at 10 μM or 30 μM. Across conditions, μmax remained 245 

close to the untreated control (~0.23 h⁻¹), with negligible differences when combined with 246 

antibiotics (e.g., doxycycline ~0.19–0.20 h⁻¹; trimethoprim ~0.17–0.18 h⁻¹; cefotaxime ~0.29–247 

0.33 h⁻¹) and carrying capacities remaining relatively stable (Fig. 4b, d, f). These findings 248 

demonstrate that the inhibitory and potentiating effects of both CORM-2 and CORM-3 depend 249 

on CO release rather than the solvent or metal scaffold. 250 

Sub-inhibitory CORM concentrations enhance antibiotic efficacy in E-test assays 251 

The E-test (bioMérieux) is a widely used and reliable method for determining the minimum 252 

inhibitory concentration of antibiotics. To assess whether CORMs enhance antibiotic efficacy, 253 

we used this method to evaluate the effects of CORM-2 and CORM-3 in combination with 254 

various antibiotics against E. coli. In addition to broth assays, E-tests were employed to 255 

validate findings across both liquid and solid media, ensuring greater reproducibility and 256 

clinical relevance. Firstly, a range of CORM concentrations (10 – 100 M) was tested in 257 

defined minimal medium agar to identify sub-inhibitory levels suitable for combination testing 258 

in the solid medium. Partial inhibitory concentrations were determined to be 30 μM for CORM-259 

2 and 60 μM for CORM-3. These concentrations were then used in E-test assays to evaluate 260 

changes in antibiotic susceptibility.  261 

The presence of 30 μM CORM-2 resulted in a 2- to 6-fold reduction in the MIC values of 262 

doxycycline, trimethoprim, and cefotaxime (Fig. 5). This effect was not observed with either 263 

DMSO or the inactive analogue iCORM-2, highlighting the requirement for CO release in 264 

mediating the antimicrobial enhancement. To determine whether this effect was limited to the 265 
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initial three antibiotics or extended more broadly, we tested 60 μM CORM-3 against six 266 

antibiotics from an expanded range of classes including the carbapenems, polymyxins, and 267 

aminoglycosides. CORM-3 reduced the MICs of all six antibiotics by 2- to 14-fold (Fig. 6), 268 

whereas iCORM-3 had no impact, further supporting the role of CO release in potentiating 269 

antibiotic activity. These findings demonstrate that both CORM-2 and CORM-3 can enhance 270 

the activity of antibiotics with diverse mechanisms of action, likely through their CO-releasing 271 

properties. 272 

CO-releasing molecules enhance antibiotic efficacy through minimum bactericidal 273 

concentration reduction 274 

To further quantify the impact of CORMs on antibiotic susceptibility, we performed minimum 275 

bactericidal concentration assays  in the presence and absence of CORM-2 and CORM-3  at 276 

their MIC values (5 μg mL⁻¹ / 9.76 µM and 15 μg mL⁻¹ / 50.91 µM respectively). This method 277 

enabled precise measurement of changes in MBC values and confirmed the potentiating 278 

effects observed in earlier assays (Figs. 2, 3, 5, and 6).  In the presence of CORM-2, MBC 279 

values were reduced 2- to 8-fold (Fig. 7a). Similarly, addition of CORM-3 led to reductions in 280 

antibiotic MBCs ranging from 10- to 63-fold (Fig. 7b). Notably, the concentration of doxycycline 281 

required for bactericidal activity decreased 63-fold (Fig. 7b). These results demonstrate that 282 

sublethal concentrations of CORMs can markedly enhance the efficacy of antibiotics with 283 

diverse mechanisms of action, significantly lowering both MIC and MBC values against E. coli. 284 

Synergistic effects of CORMs with selected antibiotics revealed by checkerboard 285 

assays 286 

To further investigate the nature of the interaction between CORMs and antibiotics, we next 287 

employed checkerboard microdilution assays. This method allows for systematic evaluation 288 

of drug interactions by calculating the fractional inhibitory concentration index (FICi), which 289 

quantifies the combined effect of two agents relative to their individual MICs. A FICi value ≤0.5 290 

indicates synergy, 0.5–4 indicates an additive or indifferent effect, and >4 suggests 291 

antagonism.  292 

Using this approach, we found that CORM-2 exhibited synergistic interactions with several 293 

protein synthesis inhibitors, including trimethoprim (FICi = 0.41), novobiocin (0.35), 294 

doxycycline (0.37), and spectinomycin (0.50). In contrast, no interaction was observed with 295 

cell wall synthesis inhibitors such as ampicillin and cefotaxime (FICi = 1.25 for both; Table 1). 296 

Similarly, CORM-3 showed synergistic effects with doxycycline, trimethoprim, minocycline, 297 

and cefotaxime, with FICi values ranging from 0.31 to 0.45 (Table 1). These results support 298 
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the potential of CORMs to selectively enhance the activity of certain antibiotics, particularly 299 

those targeting protein synthesis.                                                                                                  300 

7. Figures and tables 301 

 302 

 303 

Fig. 1. Chemical structures of ruthenium based-CORMs. 304 

 305 

 306 
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 307 

Fig. 2. CORM-2 acts synergistically with antibiotics on growth and viability of E. coli 308 

MG1655. Cultures were treated with sublethal concentrations of CORM-2 (5 μM or 7 μM), 309 

either alone or in combination with 1 µg mL doxycycline (a, b), 0.15 µg mL trimethoprim (c, d), 310 

or 1 µg mL cefotaxime (e, f). Growth inhibition was assessed by OD₆₀₀ measurements, and 311 

viability was determined after 24 h. Black lines and diagonal bar patterns represent control 312 

conditions; brown lines indicate treatment with antibiotics alone; green and magenta lines 313 

show treatment with CORM-2 alone; and cyan and red lines represent combined treatment 314 
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with CORM-2 and antibiotics. Black arrows on growth curves represent the time of CORM-2 315 

and/or antibiotic addition. Data points between 8 h and 24 h are interpolated; cultures were 316 

sampled at 24 h for viability assessment, which confirmed the trends shown. Data are 317 

representative of three biological repeats and are expressed as means ± SD. *P<0.05 (t-test).   318 

 319 

 320 

 321 
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Fig. 3. CORM-3 acts synergistically with antibiotics on growth and viability of E. coli 322 

MG1655. Cultures were treated with sublethal concentrations of CORM-3 (5 μM or 10 μM), 323 

either alone or in combination with 1 µg mL doxycycline (a, b), 0.15 µg mL trimethoprim (c, d), 324 

or 1 µg mL cefotaxime (e, f). Growth inhibition was assessed by OD₆₀₀ measurements, and 325 

viability was determined after 24 h incubation. Black lines and diagonal bar patterns represent 326 

control conditions; orange lines indicate treatment with antibiotics alone; green and magenta 327 

lines show treatment with CORM-2 alone; and cyan and red lines represent combined 328 

treatment with CORM-2 and antibiotics. Black arrows represent time of CORM-3 and/or 329 

antibiotic addition. Data points between 12 h and 24 h are interpolated; cultures were sampled 330 

at 24 h for viability assessment, which confirmed the trends shown. Data are representative 331 

of three biological repeats and are expressed as means ± SD. *P<0.05 (t-test).   332 
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 333 

Fig. 4. Inactivated CORMs and solvent controls show minimal E. coli growth inhibition 334 

and impact upon antibiotic activity. Growth of E. coli was assessed following treatment with 335 

antibiotics alone or in combination with either inactive CORM analogues (iCORM-2 or iCORM-336 

3) or DMSO. Panels show the effects of 1.0 μg mL⁻¹ doxycycline (a, b), 0.15 μg mL⁻¹ 337 

trimethoprim (c, d), and 1.0 μg mL⁻¹ cefotaxime (e, f). In the left column (a, c, e), treatments 338 

included iCORM-2 and DMSO: black lines represent untreated controls, orange lines antibiotic 339 

alone, green lines iCORM-2 (10 μM), blue lines DMSO (equivalent to 10 μM iCORM-2), red 340 
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lines antibiotic plus iCORM-2, and pink lines antibiotic plus DMSO. In the right column (b, d, 341 

f), treatments included iCORM-3 at 10 μM and 30 μM: black lines represent untreated controls, 342 

orange lines antibiotic alone, green lines iCORM-3 (10 μM), blue lines iCORM-3 (30 μM), red 343 

lines antibiotic plus iCORM-3 (10 μM), and pink lines antibiotic plus iCORM-3 (30 μM). Data 344 

represent the mean ± SD of two biological replicates. 345 
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 346 

Fig. 5. CORM-2 enhances the efficacy of selected antibiotics against E. coli in E-test 347 

MIC assays. E-tests were performed on E. coli grown on defined minimal medium agar to 348 
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assess the impact of 30 μM CORM-2 on susceptibility of (a) 1.0 μg mL-1 doxycycline, (b) 0.15 349 

μg mL-1 trimethoprim, and (c) 1.0 μg mL-1 cefotaxime. The data are representative of three 350 

biological repeats and are expressed as mean ± SD. *P<0.05 (t-test). Where error bars are 351 

not shown, this indicates that the MIC result was the same in all repeats. 352 

 353 

 354 

a b 

c d 

e f 
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Fig. 6. CORM-3 potentiates the activity of antibiotics from diverse classes in E-test MIC 355 

assays. To evaluate the broader applicability of CO-releasing molecules, E-tests were 356 

conducted against E. coli using 60 μM CORM-3 in combination with six antibiotics representing 357 

multiple classes – (a) doxycycline, (b) minocycline, (c) gentamicin, (d) chloramphenicol, (e) 358 

colistin, and (f) imipenem. The data are representative of three biological repeats and are 359 

expressed as mean ± SD. *P<0.05 (t-test). Where error bars are not shown, this indicates that 360 

the MIC result was indistinguishable in all repeats. 361 

 362 

 363 

Fig. 7. Sublethal concentrations of CORM-2 and CORM-3 reduce minimum bactericidal 364 

concentration values of antibiotics against E. coli. MBC assays were performed in the 365 

presence or absence of (a) CORM-2 (5 μg/mL; 9.76 μM) or (b) CORM-3 (15 μg/mL; 50.91 366 

μM) to quantify their impact on antibiotic susceptibility. The data are representative of three 367 

biological repeats and are expressed as mean ± SD. Where error bars are not shown, this 368 

indicates that MBC results were the same in all repeats. 369 

  370 
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Table 1. Synergistic interactions between CORMs and antibiotics determined by 371 

checkerboard microdilution assays. MIC is expressed in μg mL-1.  372 

 373 

CORMs Antibiotic FIC  

antibiotic 
a 

FIC  

CORM 
b 

  FIC  Combination Interaction 

 

 

CORM-2 

Trimethoprim 0.16 0.25 0.41 Synergy 

Novobiocin 0.10 0.25 0.35 Synergy 

Doxycycline 0.12 0.25 0.37 Synergy 

Spectinomycin 0.25 0.25 0.50 Synergy 

Ampicillin 1.00 0.25 1.25 No interaction 

Cefotaxime 1.00 0.25 1.25 No interaction 

 

CORM-3 

Doxycycline 0.13 0.25 0.38 Synergy 

Trimethoprim 0.20 0.25 0.45 Synergy 

Minocycline 0.13 0.25 0.38 Synergy 

Cefotaxime 0.06 0.25 0.31 Synergy 

 374 

CORM, carbon monoxide-releasing molecule; FIC, fractional inhibitory concentration; MIC, minimal 375 

inhibitory concentration. Values are means of 3 independent biological repeats.  376 

 377 

8. Discussion 378 

The emergence of multidrug-resistant pathogenic bacteria has posed a major, growing public 379 

health risk, with observers claiming that we are approaching the ‘post-antibiotic-era’ [25]. Prior 380 

to the work described in this study, the antibacterial activity of CORM-2 and CORM-3 was 381 

demonstrated for several Gram-negative and Gram-positive bacteria [10, 16, 17, 26, 27]. 382 

However, there is no evidence that CORMs alone could act as effective antibacterial agents 383 

in therapy. Therefore, it was important to investigate the potential effects of CORMs on 384 

antibiotic efficacy against bacteria. Our findings with a model bacterium show that a 385 

combination of sub-lethal concentrations of either CORM-2 or CORM-3 significantly 386 

potentiates the action of multiple antibiotics with different modes of action. In this study, we 387 

selected antibiotics from multiple classes with distinct mechanisms of action, including protein 388 

and cell wall synthesis inhibitors. These agents are commonly used in the treatment of E. coli 389 

infections and provide a representative spectrum for assessing whether CORMs exert broad 390 
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synergistic effects across different antibiotic targets. The finding that inactive forms (iCORM-391 

2 or iCORM-3) did not display these effects suggests that CO release is crucial to antimicrobial 392 

activity. With the minimal increases in antibacterial activity observed in Fig. 4 probably being 393 

the result of residual active CORM found in the preparation [27]. However, recent findings 394 

have questioned the role of CO in the biological effects of the Ru-containing CORMs, and 395 

instead implicated the Ru(II) as a dominant factor in biotoxicity [28, 29]. Bacteria were 396 

protected from the toxic effects of these CORMs by inclusion in the media of amino acids and 397 

thiols. In the present work, wholly defined media with no complex components were used, 398 

suggesting that full CORM toxicity should be expressed. These papers also showed that 399 

toxicity to E. coli was highly correlated with cellular accumulation of Ru, which becomes bound 400 

to DNA [30]. Therefore, we speculate that the presence of antibiotics may increase the 401 

permeability of the cell envelope to CORM-3 or CORM-2 but not to the control molecules 402 

tested, namely RuCl2(DMSO) and CO-depleted CORM-3. Further studies of the intracellular 403 

transport of CORMs and their ‘inactive’ counterparts is required to test this hypothesis. 404 

Whatever the mechanisms of co-toxicity, our results showed that partial inhibitory 405 

concentrations of CORM-3 significantly potentiate the activity of several antibiotics with 406 

different modes of actions in killing bacterial cells. Similar findings have been reported by 407 

Tavares et al. who found that CORM-2 (200 mg L-1) significantly decreased the viability of H. 408 

pylori when combined with partial inhibitory concentrations of metronidazole [31]. Another 409 

investigation revealed that a novel manganese photoactivated CORM (at 200 μM) had a slight 410 

potentiating effect on the activity of doxycycline by reducing the growth of E. coli EC958 [24]. 411 

The results revealed that iCORMs had little effect on bacterial growth nor antibiotic 412 

potentiation. This result is in agreement with a study that found ruthenium chloride does not 413 

alter bacterial growth at concentrations ranging from 1 to 10 𝜇M [17]. Other researchers, using 414 

a microdilution susceptibility test, found that exposure up to 400 mg L-1 of Ru(II)Cl2(DMSO)4 415 

had no effect on the growth and viability of H. pylori and did not affect the potentiation of 416 

metronidazole [31]. Furthermore, the study by Murray et al., (2012) showed that neither the 417 

inactive form (Ru(II)Cl2(DMSO) nor DMSO had an effect on the planktonic growth of P. 418 

aeruginosa [32]. Further, Bang and colleagues found that 500 μM Ru(II)Cl2(DMSO) had no 419 

effect on growth and viability of multi-drug resistant uropathogenic E. coli [33]. 420 

Control experiments confirmed that neither DMSO nor inactive CORM analogues (iCORM-2 421 

and iCORM-3) influenced antibiotic activity against E. coli, supporting the conclusion that CO 422 

release is critical for the observed potentiation. This finding aligns with previous reports that 423 

synergy in combination therapies depends on the active component rather than inactive 424 
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scaffolds [34–36], underscoring the mechanistic importance of CO release in CORM-mediated 425 

antibacterial effects. 426 

The use of sub-lethal concentrations of CORMs, as in our study, may offer an advantage to 427 

high dose single therapies by limiting systemic exposure and reducing potential in vivo toxicity 428 

[14, 15, 17, 29]. Although short-term administration of ruthenium-based CORMs in animal 429 

models has generally been well tolerated, systemic ruthenium exposure can lead to off-target 430 

effects, including DNA binding and cytotoxicity [29, 30]. Carbon monoxide itself has a 431 

therapeutic precedent, having been explored for anti-inflammatory and cytoprotective effects 432 

under controlled delivery, suggesting that regulated CO release may be clinically acceptable 433 

[14, 15]. Moreover, ruthenium complexes are already employed in oncology as 434 

chemotherapeutic agents, indicating that regulatory pathways for Ru-based compounds exist, 435 

albeit with stringent safety requirements [37]. Future development of CORMs as antibiotic 436 

adjuvants will require careful optimisation of dosing strategies to minimise toxicity, alongside 437 

comprehensive pharmacokinetic and toxicological evaluations to meet regulatory standards 438 

for clinical use. Our data show that sub‑inhibitory concentrations of CORMs markedly lower 439 

MICs and MBCs across multiple antibiotic classes (Fig. 7), consistent with a broad adjuvant 440 

effect that could help restore the efficacy of existing agents against E. coli. Mechanistically, 441 

CORMs act via multi‑target perturbations (e.g., respiration, ion transport, sulphur biochemistry, 442 

and DNA interactions), which may reduce the probability of single‑target resistance [11, 16, 443 

27, 30]. The principal limitations relate to toxicity and delivery: while short‑term administration 444 

of Ru‑based CORMs has been generally tolerated in animal models, ruthenium accumulation 445 

and DNA binding can contribute to off‑target effects [14, 15, 17, 29, 30]. Controlled CO release 446 

has recognised anti‑inflammatory and cytoprotective profiles that may be acceptable under 447 

regulated dosing [14, 15], but clinical translation will require infection‑specific dosing, 448 

pharmacokinetic, and toxicological evaluations to balance antimicrobial benefit against 449 

systemic exposure [14, 15, 17, 29, 30]. 450 

Although our experiments were performed in planktonic E. coli, several studies indicate that 451 

CORMs can impair biofilm formation and viability, particularly in clinically relevant pathogens. 452 

CORM‑2 attenuates P. aeruginosa biofilms and reduces associated virulence in an in vivo 453 

bacteraemia model [32], while EBOR‑CORM‑1 exhibits antimicrobial activity shaped by 454 

population variation in P. aeruginosa [12]. In uropathogenic E. coli, CORM‑2 inhibits growth in 455 

biofilm and following host cell colonisation [33]. In addition, photoactivable manganese‑based 456 

CORMs are active against ESKAPE-derived biofilms [13]. These data support a rationale for 457 

testing CORM–antibiotic combinations in biofilm‑mimicking conditions, particularly for 458 

complicated urinary tract infections. 459 
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While classical, stable target‑specific resistance (as seen with single‑target antibiotics) may 460 

be less likely due to the multi‑modal actions of CORMs, tolerance and decreased susceptibility 461 

are plausible through adaptive responses (e.g., thiol/amine scavenging, oxidative stress 462 

responses), altered permeability/efflux, or modulation of ruthenium accumulation [11, 27, 29, 463 

30]. Indeed, intraspecies variation in P. aeruginosa influences EBOR‑CORM‑1 activity [12], 464 

suggesting a pathway for selection under prolonged exposure. To address this, future work 465 

should include serial‑passage evolution with CORMs in the presence and absence of 466 

antibiotics, assays of efflux pump activity, quantification of intracellular ruthenium and carbon 467 

monoxide, and whole‑genome transcriptomic analyses to identify adaptive trajectories [11, 12, 468 

27, 29, 30]. 469 

Enhancing antibiotic activity through combination with other antimicrobial compounds is a 470 

recognised strategy to tackle resistance [38]. For example, antimicrobial peptides such as 471 

novicidin have shown synergy with rifampicin and cephalosporins against multidrug-resistant 472 

Enterobacteriaceae [39]. Importantly, CORM-based conjugates with azole antibiotics, such as 473 

[Mn(CO)₃(2,2′-bipyridyl)(azole)]⁺ and [Re(CO)₃(Bpy)(Ctz)]⁺, exhibit potent antibacterial 474 

activity far exceeding their individual components, with activity against both Gram-positive and 475 

Gram-negative bacteria [40]. 476 

Future investigations should explore CORM synergy with critical last-line antibiotics in an 477 

infection-specific manner, for example assessing the impact of co-delivery of carbapenems 478 

with CORMs under conditions that mimic complicated urinary tract infections, where 479 

carbapenems are frequently employed for multidrug-resistant Enterobacteriaceae. 480 

In conclusion, CORMs exhibit significant antibacterial activities, particularly in combination 481 

with various antibiotics with different modes of action. Therefore, CORMs may be suitable 482 

antibacterial compounds to be used as adjuvants to existing antibiotics to combat multidrug-483 

resistant bacteria. Further studies are needed to understand the modes of action for CORMs 484 

in isolation and in combination with better established antimicrobial compounds.  485 
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