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Background: Infection with ESBL-producing Enterobacteriaceae infection is ubiquitous in some neonatal ICUs 
and increasing levels of antibiotic resistance are a cause for urgent concern. Delineation of bacterial and viral 
sepsis can be challenging, often leading to patients receiving empirical antibiotics without or whilst waiting 
for a definitive causal diagnosis. Empirical therapy is often dependent on broad-spectrum ‘Watch’ antibiotics, 
contributing to further resistance. 

Methods: ESBL-producing Enterobacteriaceae clinical isolates found to have caused neonatal sepsis and men-
ingitis underwent a detailed in vitro screening including susceptibility testing, chequerboard combination ana-
lysis and hollow-fibre infection model dynamic analyses using combinations of cefotaxime, ampicillin and 
gentamicin in combination with β-lactamase inhibitors. 

Results: Additivity or synergy was found for all antibiotic combinations against seven Escherichia coli and three 
Klebsiella pneumoniae clinical isolates. Cefotaxime or ampicillin plus sulbactam combined with gentamicin was 
able to consistently inhibit the growth of ESBL-producing isolates at typical neonatal doses, and the combination 
cleared the hollow-fibre infection model system of organisms resistant to each agent alone. The combination of 
cefotaxime/sulbactam and gentamicin was consistently bactericidal at clinically achievable concentrations 
(Cmax of 180, 60 and 20 mg/L for cefotaxime, sulbactam and gentamicin, respectively). 

Conclusions: The addition of sulbactam to cefotaxime or ampicillin to the typical first-line empirical therapy 
could obviate the need for carbapenems and amikacin in settings with high ESBL-infection prevalence. 

Introduction 
Infectious diseases are the leading cause of death in children un-
der 5 years of age with bacterial infections; in particular, MDR 
Gram-negative organisms are of increasing concern.1 For ex-
ample, an analysis of the change in antimicrobial resistance pro-
files of bacteria causing bloodstream infection in neonates in 
Malawi between 1998 and 2017 revealed that resistance to 
standard first-line antibiotics (ampicillin/penicillin, gentamicin, 
ceftriaxone) changed from most organisms being sensitive, to 
most being resistant, with resistance rates in Klebsiella spp. ex-
ceeding 90%.2 Resistance to a third-generation cephalosporin 
such as cefotaxime is used to screen for an organism said to be 

producing ESBLs. Infection with MDR organisms including ESBL 
producers is associated with increased mortality in neonatal 
sepsis.3 

The diagnosis of neonatal sepsis is challenging, with elusive 
and unsuitable definitions currently in use.4 Distinguishing be-
tween infectious and non-infectious causes, and in the infectious 
cases between viral and bacterial, relies heavily on microbial cul-
ture. Diagnostic microbial culture takes around 48 h, making it 
too slow to guide empirical treatment. Rapid diagnostics and 
combinations of biomarkers5 may partially reduce inappropriate 
empirical antibiotic use by identifying viral causes and allowing 
targeted treatment when organisms are known. In settings 
where resistance rates are high, there is an increasing trend to 
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use very broad-spectrum agents such as carbapenems as first- 
line empirical treatment of neonatal sepsis6 but this approach 
risks driving further resistance acquisition. The WHO has categor-
ized antimicrobials into ‘Access’, ‘Watch’ and ‘Reserve’ classes 
with the recommendation to limit the use of Watch and 
Reserve agents where possible.7 

Of the currently used first-line agents for neonatal sepsis, gen-
tamicin and ampicillin are in the Access group whereas cefotax-
ime is in the Watch group,8 and resistance to each of these 
agents individually has now reached alarming levels.2 However, 
standard antimicrobial susceptibility testing does not consider 
combinatorial effects. It is possible that the combination of two 
or more agents may have additive or synergistic activity sufficient 
to be effective against organisms that are resistant to each agent 
individually. Furthermore, adding a β-lactamase inhibitor (BLI) 
from the Access list such as sulbactam or clavulanic acid to a 
β-lactam antibiotic may also broaden the spectrum of activity 
sufficient to cover Gram-negative ESBL producers without resort-
ing to carbapenems as empirical therapy. 

This study therefore aimed to assess the activity of combina-
tions of ampicillin, cefotaxime and gentamicin against 
Escherichia coli and Klebsiella pneumoniae clinical isolates known 
to have caused neonatal sepsis. In addition, the BLI sulbactam 
was tested due to it being commercially available in combination 
with either ampicillin or cefotaxime in a 2:1 ratio. If combination 
activity could be shown, it may indicate a possible empirical ther-
apy for neonatal sepsis using mainly Access antibiotics. 

Materials and methods 
Materials 
Thirty-four E. coli (designated EC01–34) and four K. pneumoniae (desig-
nated KC01–04) isolates were obtained from neonates suffering from 
sepsis in a large clinical trial6 and from hospitalized patients in the UK 
and Taiwan. All reagents, chemicals and antimicrobial agents were 
obtained from Sigma–Aldrich (Dorset, UK) unless otherwise stated. 
Mueller–Hinton broth (MHB) and tryptic soy broth (TSB) were used for gen-
eral maintenance of E. coli and K. pneumoniae respectively, and Mueller– 
Hinton II broth (cation adjusted) (MHB2) was used in quantitative 
procedures for susceptibility testing for all isolates. 

Determination of MICs 
Antimicrobial activity of commonly prescribed antibiotics was established 
against all isolates in accordance with the microbroth dilution method 
and disc diffusion method in accordance with EUCAST guidelines.9,10 

MICs were determined of each of the following antibiotics/inhibitors: ami-
kacin, ampicillin, cefotaxime, gentamicin, meropenem, sulbactam and 
clavulanic acid for each clinical isolate. 

Identification of resistance genes present in clinical 
isolates 
The E. coli and K. pneumoniae clinical isolates found to be least suscep-
tible to commonly administered antibiotics were selected and the pres-
ence or absence of commonly found resistance genes was established 
using PCR under standard conditions using previously published pri-
mers.11,12 Combined Illumina and Nanopore sequencing13 of E. coli 
(EC05, EC07, EC15, EC19, EC29, EC30, EC31 and EC32) and K. pneumoniae 
(KC01, KC02 and KC04) isolates was provided by MicrobesNG (http://www. 
microbesng.com), which is supported by the Biotechnology and Biological 

Sciences Research Council (BBSRC; grant number BB/L024209/1). These 
E. coli and K. pneumoniae isolates were selected for sequencing after 
being identified as having phenotypes of reduced susceptibility to com-
monly administered antibiotics. EC07 was found to be sensitive to genta-
micin and not taken forward to the main panel. 

Unicycler v0.4.014 was used for hybrid de novo assembly of sequenced 
isolates. The resistance profile of assembled genomes was determined by 
screening against a ResFinder database.15 

Evaluation of synergy between two antibiotics 
Evaluation of interactions between two-drug combinations against 15 
E. coli and 3 K. pneumoniae clinical isolates was performed in a 
96-well plate format using a standard 2D chequerboard layout.16 

Plates were prepared with a final volume of 100 µL and a maximum 
concentration of each drug set at 2–4× MIC for each isolate, previously 
established by the microbroth dilution method. Doubling dilutions were 
performed along the abscissa (eight wells) and ordinate (eight wells) to 
provide concentration gradients. Each well was inoculated with a final 
bacterial cell density of 5 × 105 cfu/mL and incubated at 37°C for 16– 
18 h. Bacterial cell density was estimated by reference to an OD600/ 
cfu standard curve, and was verified by plating cell suspension dilutions 
onto Mueller-Hinton agar and cfu counted the next day after an over-
night incubation at 37°C. Any starting inoculation that fell outside of 
the allowable 3–7 × 105 cfu/mL range was rejected and the experiment 
repeated. If bacterial growth was present at well edges, the experiment 
was rejected and repeated using higher or lower drug concentrations 
where appropriate. 

Bacterial growth or inhibition was determined by visual evaluation of 
turbidity9—any well that was more opaque than the media control was 
deemed to be subinhibitory. Positive (no drug) and negative (no bacteria) 
controls were included in the plate layout. Drug synergism was evaluated 
by calculation of the FIC index (FICI). The FICI is a standard method 
for assessing the interactions between two or more antimicrobial 
agents. It is used to determine whether the combination of antibiotics 
has a synergistic, indifferent or antagonistic effect on the growth of 
microorganisms. 

FICI, with acknowledged limitations, has been widely used in micro-
biology research, and its use has been described in several publications.17 

FICI is defined for two drugs as: MIC of drug 1 in combination with drug 
2/MIC of drug 1 alone + MIC of drug 2 in combination with drug 1/MIC 
of drug 2 alone. Synergy was reported with an FICI value of lower than 
0.5, no interaction or indifferent was defined as an FICI value of between 
0.5 and 4, and an antagonistic interaction was defined as an FICI value of 
greater than 4.18 

Evaluation of synergy between three antibiotics 
A novel plate layout was designed to demonstrate additive, antagonis-
tic or synergistic relationships between three antimicrobial combina-
tions. One 96-well microtitre plate (VWR, Leicestershire, UK) was used 
to test all combinations of three selected antibiotics against a single 
E. coli or K. pneumoniae clinical isolate. An abbreviated 3D chequerboard 
layout (Figure 1) enabled evaluations of: (i) MICs for each individual 
drug; (ii) quantification of any synergistic relationships between each 
combination of pairs of drugs; and (iii) quantification of any synergy ex-
hibited in a three-drug combination. Sulbactam was administered in a 
fixed ratio of 2:1 with cefotaxime or ampicillin to enable three-drug syn-
ergy evaluation without the need for multiple 96-well plates. Drug syn-
ergism was evaluated for pairs of two-drug combinations using the 
abbreviated 3D chequerboard plate and was calculated as described 
above in the 2D chequerboard format. For evaluation and quantification 
of possible synergy between three drugs, the FICI was calculated as: 
MIC of drug 1 in combination/MIC of drug 1 alone + MIC of drug 2 in  
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combination/MIC of drug 2 alone + MIC of drug 3 in combination/MIC of 
drug 3 alone.19 

Hollow-fibre infection model conditions and methods 
A hollow-fibre system comprising a 20 kDa polysulfone fibre filtration module 
(Cellab GmbH, Radeberg, Germany; FiberCell Systems, MD, USA), central res-
ervoir, diluent reservoir and an additional drug-dosing reservoir was used to 
evaluate bacterial antibiotic combination killing efficacy. Drugs were adminis-
tered to the central and additional drug reservoir with automated syringe 
pumps (World Precision Instruments Ltd, Hertfordshire, UK); media circula-
tion was controlled by a peristaltic or positive-displacement pump 
(Cole-Parmer Instrument Company Ltd, Cambridgeshire, UK; FiberCell 
Systems) with a circulation rate of approximately 25 mL/min. The dilution 
rate of the central reservoir varied depending upon the drugs used and clear-
ance rate of the simulated target host organism and was controlled by an 
independent pump. The inclusion of a second independent media reservoir 
allowed the addition of an additional antibiotic with longer half-life than 
the drug(s) administered to the central reservoir (Figure 2) with rates calcu-
lated by methods adapted from Blaser.20 

The dose administered to the central reservoir was set to obtain a typ-
ical preterm neonatal Cmax, which for cefotaxime was set to 180 mg/L,21 

ampicillin 300 mg/L22 and 20 mg/L for gentamicin.23 When sulbactam 
was added to either cefotaxime or ampicillin, the Cmax was set to 
one-third of that for cefotaxime or ampicillin. The half-lives of ampicillin, 
cefotaxime and sulbactam were assumed to be 6 h, whereas for genta-
micin the half-life was assumed to be 12 h.21,24 The pump rates and 
volumes to achieve this are given in Figure 2. The central reservoir and 
cartridge circulation system was set to 100 mL total volume of MHB2. 
Bacterial inocula were prepared by overnight culture and dilution to yield 
5 × 105 cfu/mL in 20 mL total volume. The extracapillary space of the 
hollow-fibre cartridge was inoculated by an exchange of cartridge media 

for bacterial culture and the system incubated at 37°C along with all 
media reservoirs. In all experiments, bacterial cultures were allowed to 
reach a static growth phase (cell density approximately 1 × 1010 cfu/mL 
after 24 h) before being challenged with drug combinations. 

Culture samples were aseptically taken over a typical experiment dur-
ation of 5–8 days. Timing and sample intervals were usually taken 1 h 
apart for the early logarithmic growth period, then fewer and as needed 
for the remainder of the duration of the experiment. Bacteria were quan-
tified in each sample by culturing five 20 µL droplets of a range of 
dilutions onto Mueller–Hinton agar followed by overnight incubation at 
37°C. The next day, dilutions containing at least 30 colonies per droplet 
were counted and cfu/mL calculated. 

Experiments were monitored for bacterial or fungal contaminants by 
visual inspection of the central reservoir and diluent media; any contam-
ination observed in the central reservoir or supplement reservoirs resulted 
in the termination of the experiment. Drug levels were quantified by LC/ 
MS (Analytical Services International Ltd, London, UK) from media sam-
ples taken from the central reservoir at time intervals to represent a range 
of predicted high and low drug concentrations. 

AUC(0–7) of the log cfu/mL with time derived from the hollow fibre was 
calculated using the trapezoidal rule. Each drug regimen and control 
were compared by calculating the percentage change in AUC between 
control and drug-containing runs.25 

Results 
Antibiotic susceptibility profiles of panel of E. coli and 
K. pneumoniae clinical isolates 
Susceptibility of the panel of 34 E. coli and 4 K. pneumoniae clin-
ical isolates to amikacin, ampicillin, cefotaxime, gentamicin and 

Figure 1. Ninety-six-well plate layout for synergy evaluation between three antimicrobial agents. Arrows represent increasing doubling drug concen-
tration gradient. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.   
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Figure 2. Schematic hollow-fibre system diagram incorporating an additional drug dosing reservoir. Hollow-fibre set-up for drugs with different half- 
lives adapted from Blaser20. R = main diluent flow rate (mL/h); RG = flow rate for drug 1 (mg/L); VG = volume of drug 1 reservoir (mL); V = volume of 
central reservoir (mL). To compensate for drug half-life differences in the hollow-fibre simulation system, the two-reservoir system was employed 
to enable the use of gentamicin in combination with ampicillin or cefotaxime under the following conditions: R = 12 mL/h; RG = 6 mL/h; VG =  
100 mL; V = 100 mL.  

Table 1. Summary of antimicrobial susceptibility of seven E. coli and three K. pneumoniae isolates  

MIC (microbroth dilution; mg/L) Disc diffusion susceptibility test 

Isolate AMK AMP CTX GEN SUL CLA AMK AMP CTX GEN MEM  

E. coli 
EC05  16  >2048  2048  256  64  128 R R R R S 
EC15  16  >2048  64  128  64  128 S R R R S 
EC19  8  >2048  >2048  256  64  128 S R R R S 
EC29  16  2048  16  512  128  64 S R R R S 
EC30  16  >2048  8  512  64  32 S R R R S 
EC31  16  >2048  16  512  64  64 S R R R S 
EC32  16  >2048  8  512  64  — R R R R S 
K. pneumoniae 
KC01  >1024  >1024  >2048  2048  128  — R R R R S 
KC02  128  >2048  128  8  256  — R R R R R 
KC04  >128  >2048  >2048  2048  64  — R R R R S 

AMK, amikacin; AMP, ampicillin; CTX, cefotaxime; GEN, gentamicin; MEM, meropenem; SUL, sulbactam; CLA, clavulanic acid. Numbers represent anti-
biotic concentration (mg/L). Bold text in MIC columns indicates resistance, as defined by EUCAST (v13.0).9 Interpretation of sensitivity (S) or resistance 
(R) from disc zone diameters was in accordance with EUCAST clinical breakpoints (v13.0).10   
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meropenem was identified by the disc diffusion susceptibility test 
and MIC testing by microbroth dilution was used to quantify re-
sistant isolates’ susceptibility to amikacin, ampicillin, cefotaxime, 
gentamicin, sulbactam and clavulanic acid (Table S1, available as  
Supplementary data at JAC Online). Seven E. coli and three K. 
pneumoniae isolates were found to be resistant to gentamicin, 
cefotaxime and ampicillin; the three K. pneumoniae isolates 
were additionally resistant to amikacin, and one was also resist-
ant to meropenem (Table 1). The isolates with the least suscep-
tible phenotypes were selected for further study. 

Identification of genes conferring reduced susceptibility 
to commonly used antibiotics 
Genes encoding β-lactam and/or aminoglycoside resistance 
genes were detected by PCR (Table S2a) in isolates shown by 
MICs to have a profile of reduced susceptibility to commonly 
used antibiotics. Genes identified by WGS conferring reduced sus-
ceptibility to commonly used antibiotics are presented in 
Table S2b. The isolates with the least susceptible phenotypes 
contained a wide range of resistance genes, most notably 
β-lactamases (Table S2), and all 10 of the selected isolates 
were resistant to cefotaxime, ampicillin and gentamicin individu-
ally (Table 1). As observed in initial 2D chequerboard experiments, 
synergistic effects of two-drug combinations were often isolate- 
dependent and correlation with antibiotic resistance gene pro-
files was observed (Table S2 and Figure 3). Additionally, in some 
instances, even where a strong synergistic relationship was 
noted, drug concentrations required to inhibit growth were com-
monly too high to be regarded as equivalent to a viable thera-
peutic option. The effects of the combination of ampicillin and 
cefotaxime were often synergistic (FICI lower than 0.5) when 
used to inhibit the growth of isolates harbouring a single 
β-lactamase gene variant. They were consistently additive (FICI 
greater than 0.5 but lower than 4) against isolates expressing 
multiple β-lactamase variants (Figure 3). E. coli isolate EC07 
was found by both PCR screening and WGS to harbour a single 
ESBL-encoding gene, blaCTX-M-15, and the combination of cefotax-
ime and ampicillin was observed to be atypically strongly syner-
gistic (FICI = 0.13). 

Evaluation of synergy between antimicrobial agents 
against E. coli and K. pneumoniae 
Evaluation of potential synergy between two drugs (two antibio-
tics, or one antibiotic plus sulbactam) was completed using a 
standard 2D chequerboard layout for two-drug combinations in 
a 96-well plate format. Synergy between combinations of two 
agents acted synergistically in 24 out of 60 (Figure 3) drug pairs, 
but the effect was isolate-dependent and there were no combi-
nations that were universally synergistic across the selected pa-
nel of E. coli and K. pneumoniae clinical isolates. 

To potentially reduce inhibitory concentrations of individual 
drugs to the equivalent of a clinically usable dose, combinations 
of three drugs were investigated. An abbreviated 3D 96-well 
plate layout for three-drug combinations (Figure 1) was used to 
establish synergistic, indifferent, or antagonistic relationships be-
tween three agents. As noted with combinations of two drugs, 
synergistic relationships were isolate-dependent with some 

combinations consistently synergistic in one isolate and additive 
in another. Interestingly, the addition of a third drug reduced the 
concentration of individual antimicrobial agents to levels that po-
tentially fell into the equivalent of a clinically usable range. The 
combination of cefotaxime/sulbactam/gentamicin (CTX/SUL/ 
GEN) was the most consistently synergistic when tested against 
most E. coli and K. pneumoniae isolates (16/17 isolates). 
Evaluation of the combination of ampicillin/sulbactam/gentami-
cin (AMP/SUL/GEN) indicated an additive relationship in most ex-
periments (7/8 E. coli experiments; Figure 3). In experiments 
where synergy was observed, concentrations of ampicillin re-
quired to inhibit growth were often high (56.25 mg/L in all three 
K. pneumoniae experiments). In contrast, the combination of 
CTX/SUL/GEN was the only combination in which synergy most 
often observed, and inhibitory drug concentrations were reduced 
into a clinically usable range. 

Effects on bacterial growth of three-drug combinations 
in a hollow-fibre infection model 
For evaluation of two- and three-drug combinations against 
E. coli in a hollow-fibre infection model, isolate EC19 was selected 
as the clinical isolate with the phenotype of lowest susceptibility 
to amikacin, ampicillin, cefotaxime and gentamicin (Table 1), as 
established by MIC and synergy testing (Table 1; Figure 3). The in-
oculated hollow-fibre system was incubated at 37°C for 24 h be-
fore the administration of the drug combination. No bactericidal 
effects were observed in comparison with the growth control 
with the combinations of cefotaxime/gentamicin and cefotax-
ime/ampicillin/gentamicin (CTX/AMP/GEN) after 7 days, but bac-
tericidal effects (greater than a 3 log10 decline in population 
density) were observed with cultures challenged with either 
AMP/SUL/GEN or CTX/SUL/GEN combinations (Figure 4). The 
sulbactam-containing regimens yielded approximately 36% 
and 48% decline in cfu AUC for AMP/SUL/GEN and CTX/SUL/ 
GEN, respectively, in E. coli. 

Hollow-fibre experiments were undertaken to investigate the 
bactericidal effects of two-drug plus sulbactam combinations 
on K. pneumoniae clinical isolates KC01 and KC02. The combin-
ation of CTX/SUL/GEN was bactericidal against KC01 and KC02 
bacterial populations. The combination of AMP/SUL/GEN (300/ 
150/20 mg/L) was also bactericidal against K. pneumoniae clinic-
al isolate KC01 culture. The growth control (no drugs) showed no 
decline in population density over the experiment duration 
(Figure 4). cfu AUC decreases compared with control were 37% 
and 51% for AMP/SUL/GEN and CTX/SUL/GEN in KC02 and 22% 
for KC01 treated with CTX/SUL/GEN. 

By the seventh day, bacterial clearance (no detection of bac-
terial growth above the detection limit) was complete with CTX/ 
SUL/GEN for both E. coli and K. pneumoniae; no sustained killing 
effect was seen with cefotaxime plus gentamicin. The triple com-
bination of CTX/AMP/GEN did not produce sustained killing des-
pite showing chequerboard synergy, indicating the need for 
sulbactam. The addition of sulbactam to two-drug combinations, 
administered in a 2:1 ratio with either cefotaxime or ampicillin, 
decreased the concentrations of each component drug required 
to exhibit bactericidal effects. The concentration of cefotaxime/ 
sulbactam in the CTX/SUL/GEN combination required to achieve 
bacterial clearance was consistently lower, and fell in the range  
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equivalent to a clinically achievable concentration, than that of 
ampicillin/sulbactam in the AMP/SUL/GEN combination required 
to achieve a comparable bactericidal effect. Concentrations of 
ampicillin/sulbactam (300/150 mg/L) in the AMP/SUL/GEN com-
bination in hollow-fibre experiments were necessarily higher 
than those of cefotaxime/sulbactam (180/90 mg/L) in the CTX/ 
SUL/GEN combination. With lower concentrations, the CTX/SUL/ 

GEN combination achieved a bacterial culture decline to or below 
the limit of detection in 5–6 days, whereas the AMP/SUL/ 
GEN combination was insufficient to achieve the same level of 
clearance in 6–7 days (Figure 4). 

The dosing concentrations of CTX/SUL/GEN selected as 
being equivalent to clinically achievable levels was consistent-
ly sufficient to achieve bactericidal effects (greater than a 

Figure 3. Median (middle bars) and range (top and bottom bars) of the FICI for E. coli (left) and K. pneumoniae (right). Shaded areas show the FICI 
range denoting additivity (0.5–2), whereas the white areas denote synergy (<0.5). This figure appears in colour in the online version of JAC and in black 
and white in the print version of JAC.  

Figure 4. Effects of combinations of antibiotics on E. coli clinical isolate EC19 in a hollow-fibre infection model (left) and on K. pneumoniae clinical 
isolates (KC01 and KC02) in a hollow-fibre infection model. The shaded areas represent the 24 h pre-dose period. Different symbols and line types 
represent different antimicrobial combinations. This figure appears in colour in the online version of JAC and in black and white in the print version 
of JAC.   
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3 log10 decline in population density) in hollow-fibre 
experiments. 

Discussion 
Antimicrobial resistance is a significant and increasing problem in 
neonatal settings. There is an urgent need for improved treat-
ments. Combination antibiotic therapy has not yet been exten-
sively studied. We have shown that cefotaxime/sulbactam or 
ampicillin/sulbactam combined with gentamicin is a potentially 
useful empirical first-line regimen for use in neonatal sepsis 
where ESBL prevalence is high. Whilst previous studies have 
looked at individual drug resistance and concluded that combi-
nations of agents are not useful if an organism is resistant to 
each drug individually,2 we have shown that additivity and syn-
ergy within CTX/SUL/GEN combinations at usual neonatal doses 
can sterilize the hollow-fibre infection model within 7 days des-
pite isolates being individually resistant to each drug. AMP/SUL/ 
GEN combinations were also bactericidal, but the rate of bacterial 
clearance was slower than that of CTX/SUL/GEN. 

Chequerboard and hollow-fibre results showed cefotaxime/ 
sulbactam with gentamicin was consistently bactericidal at clin-
ically achievable concentrations across the panel of E. coli and 
K. pneumoniae isolates tested. This effect was observed at bac-
terial concentrations greater than would usually be expected in 
a neonatal infection. 

Observed inhibitory concentrations of individual drugs, i.e. 
cefotaxime and ampicillin, in a two-drug combination with sul-
bactam, were often too high to be regarded as clinically achiev-
able, even where strong synergy was indicated. For example, 
in 2D chequerboard experiments with isolate EC30, cefotaxime/ 
sulbactam and ampicillin/sulbactam FICI were both 0.19 
(synergistic). The concentrations required to inhibit growth of 
the ampicillin/sulbactam combination were higher than clinically 
usable ( 562.5 mg/L ampicillin and 3.52 mg/L sulbactam). 

In contrast, the same isolate with the same FICI of 0.19 re-
quired concentrations of 6.25 mg/L cefotaxime and 4.69 mg/L 
sulbactam to achieve the same inhibitory effect. The addition 
of gentamicin reduced component drug concentrations into a 
clinically usable range. 

To study triple combinations, the FICI was extended and re-
quired the development of a novel plate layout to ensure a suffi-
cient range of drug concentrations and combinations could be 
studied (Figure 1). The combination of an agent that reduces bac-
terial protein production through ribosome binding (gentamicin) 
and a β-lactam antibiotic was generally additive with a trend to-
wards synergy (Figure 3), but this was not sufficient to inhibit 
growth of the most resistant E. coli (EC19) at clinical concentra-
tions in the hollow-fibre model (Figure 4). 

Observed inhibitory concentrations of individual drugs, i.e. 
cefotaxime and ampicillin, in a two-drug combination with sul-
bactam, were often too high to be regarded as clinically achiev-
able, even where strong synergy was indicated. For example, in 
two E. coli isolates, 2D chequerboard experiments revealed syn-
ergy (FICI = 0.9 and 0.12) with the minimum required concentra-
tions of the cefotaxime contribution to the combination being 
128 mg/L in both cases. The addition of gentamicin reduced 
overall component drug concentrations into a clinically usable 
range. 

Greater cross-isolate consistency was observed with three- 
drug combinations but the double β-lactam combination of cefo-
taxime/ampicillin with the addition of gentamicin was unable to 
sterilize the hollow-fibre cartridge with E. coli isolate EC19. The 
minimum observed FICI for this combination was 0.25. The 
most common mechanism of resistance to antibiotics is the ex-
pression of β-lactamases, which bind to and degrade β-lactam 
antibiotics.26 Sulbactam is a synthetic β-lactamase inhibitor 
that contains a penicillin-like β-lactam ring structure. Whilst 
demonstrating low antimicrobial activity when used alone, sul-
bactam shows direct activity against Bacteroides and 
Acinetobacter species.27 It is an irreversible inhibitor of a variety 
of β-lactamases and has proved successful in broadening the 
spectrum of activity of certain antibiotics and reversing 
β-lactamase-mediated resistance.28 

The high level of synergy observed with CTX/AMP/GEN against 
EC19, harbouring the ESBL-producing gene blaCTX-M-15 in addition 
to broad-spectrum β-lactamases blaTEM-1B and blaOXA-1, may po-
tentially be caused by the high activity of blaCTX-M-15 against cefo-
taxime.29 In this environment, cefotaxime may be primarily 
performing the function of a BLI, and effectively increasing the 
activity of ampicillin, sulbactam and gentamicin. It would be 
not unexpected to observe that in some specific phenotypic en-
vironments, other β-lactam antibiotic combinations are more 
synergistic and exhibit greater bactericidal efficacy than a 
β-lactam/sulbactam combination; however, sulbactam inhibits 
a variety of β-lactamases and synergy with other β-lactam anti-
biotics is consistently observed in a broad spectrum of isolates 
and species. 

Unlike previous hollow-fibre reports, we chose to allow bac-
teria to grow for 24 h before adding antimicrobials. The bacterial 
densities thus encountered were significantly higher than would 
be encountered in vivo (1010 versus 103)30 and the fact that the 
cartridge could be sterilized with such a high initial inoculum 
shows how potent the CTX/SUL/GEN combination is. By allowing 
the organisms to reach stationary phase, we used a very high ini-
tial inoculum in the hollow-fibre infection model. Thus, our ex-
periments were not able to detect bacteriostatic effects. 
Having said this, bactericidal activity may be preferable in neo-
nates with developing immune systems, but future experiments 
with CTX/SUL/GEN on other strains should consider starting ther-
apy during log-phase growth. 

The main limitation of our work was the low number of iso-
lates tested, albeit these were all organisms isolated from neo-
nates with sepsis. We chose isolates that were resistant to 
each drug individually for combination testing as ones that 
were sensitive to any one component of the combination would 
have been growth inhibited. From the available clinical isolates 
we chose the most strongly resistant to cefotaxime, ampicillin 
and gentamicin. Clinical isolates EC19, KC01 and KC02 had differ-
ent genotypes harbouring varieties of β-lactamase and amino-
glycoside resistance genes (Table S2). 

Further experiments using a wider range of ESBL-producing 
isolates may be useful, and clinical trials are warranted and fur-
ther investigations should be undertaken with a greater range of 
bacterial organisms and antibiotic resistance profiles. Whilst we 
did not undertake a separate pharmacokinetic sampling run, 
we did sample the central reservoir from one of the bacterial 
runs (Figure S1), showing that the pump settings seemed to  
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correctly deliver initial doses, but lower levels of cefotaxime and 
sulbactam at later timepoints possibly indicate β-lactamase deg-
radation. A limitation of our work is that we did not perform de-
tailed pharmacokinetic sampling, but our quality assurance 
procedures ensuring doses and pump settings were rigorously 
checked and there were regular checks for leaks, along with 
the fact that lower later concentrations indicated the system 
was, if anything, under- rather than over-dosed, likely means 
our results are robust. Future work understanding the dynamics 
of β-lactamase induction with this regimen is warranted. A major 
next step in implementing CTX/SUL/GEN in a clinical setting is to 
develop a diagnostic test, since we have shown that organisms 
which are resistant/resistant/resistant are potentially treatable. 
The first step would be to gather sufficient data to set a break-
point for cefotaxime/sulbactam, and then develop a test that 
also incorporates gentamicin. Such a test at present might in-
clude a custom disc-diffusion assay with discs containing CTX/ 
SUL/GEN. 

Conclusions 
The addition of sulbactam to the standard ampicillin/gentamicin 
or cefotaxime/gentamicin regimen at standard doses is a prom-
ising combination for neonatal settings with high ESBL preva-
lence where sulbactam is not already in use. Eradication of 
viable bacteria within 7 days was seen with standard doses, indi-
cating that the commercially available ratio of ampicillin/sulbac-
tam and cefotaxime/sulbactam (2:1) is likely to be adequate. 
These results suggest that the combination of CTX/SUL/GEN 
could represent an effective strategy against sepsis-causing 
Enterobacteriaceae infection at clinically achievable concentra-
tions. The administration of combinations of CTX/SUL/GEN to 
combat MDR bacterial infections may be a potential alternative 
to using Watch agents such as amikacin and meropenem. 
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