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Abstract

Antibiotic resistance is a global treat, posing a serious burden on both patients and healthcare systems 

alike. Antibiotic resistant bacteria are an ever-growing problem, that risks to render ineffective 

antibiotics on which modern medicine so heavily relies upon. Furthermore, the wide spread of 

antibiotic resistant genes constitutes a challenge that requires constant research and development 

of novel alternatives, by either researching new molecules or by modifying existing ones. Chemical 

modifications of commercial aminoglycosides represent a viable option to revive well established 

antibiotics which have lost effectiveness due to antibiotic resistance. By selectively modifying 

moieties on the aminoglycoside molecule, the effects of the aminoglycosides modifying enzymes 

(AME’s) could be minimized. The bactericidal efficacy of five novel aminoglycoside compounds 

was verified in vitro in a panel of clinically relevant bacterial pathogens. The novel compounds 

activity was verifying through minimal inhibitory concentrations (MIC’s). Additionally, the time to 

kill (TTK) necessary for the compounds to explicate their bactericidal effect was measured. Finally, 

the synergistic interaction between β-lactam and the aminoglycoside compounds was investigated.

Overall, the present study highlights the benefits achievable by chemically modifying 

aminoglycosides. The in vitro experiments performed show the effectiveness of the compounds 

and the beneficial interactions of combining different antibiotic classes.
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Introduction

Antimicrobial resistance (AMR) is a serious public health problem that has been gaining more and 

more attention in recent years. An ever-increasing number of pathogens are becoming resistant to 

traditional antibiotics, with a potentially devastating effect on modern medicine. Inappropriate use 

of antibiotics has contributed to the steady rise in antibiotic resistance. Indiscriminate prescriptions 

by practitioners, poor compliance with the therapeutic period by patients, overuse in the food 

and livestock industries and poor hygiene are among the most common causes of AMR (Ventola 

2015). The numbers in terms of losses in both human and economic capital caused by antibiotic 

resistance are staggering; in the coming decades it is predicted that the current ~700,000 deaths 

per year could increase to 10 million by 2050 (O’Neill 2014). This dramatic scenario poses serious 

difficulties in preserving the benefits that humanity has enjoyed since the introduction of antibiotics. 

Besides reducing bacterial infection rates in general, antibiotics have provided therapeutic options 

for previously untreatable diseases, as well as being instrumental in preventing post-surgical 

complications. In light of the relentless insurgence of new resistance, it is imperative that new 

strategies and alternatives be developed in order to continue to reap these benefits.

Bacteria can employ different strategies to gain resistance to antibiotics. The three primary 

mechanisms include use of enzymes to degrade the drug molecule, alteration of bacterial targets 

for antibiotics, and changes in membrane permeability (Dever and Dermody 1991). The antibiotic 

resistance genes which code for the aforementioned changes are transmissible both vertically and 

horizontally, which allows for inter-species transmission and the consequent expansion of the AMR 

pool (Lorenzo-Díaz et al. 2017).  Particularly disposed to resistance gene acquisition is a group of 

human pathogens called ESKAPE, which constitutes an ensemble of species with severe clinical and 

infective implications (Rice 2008). This group contains: Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. 

The World Health Organization has emphasized the importance that these particular species will 

play in the surge of antibiotic resistance in the coming years, stressing the urgency for research and 

development to combat these pathogens (Kern 2015). Accordingly, the European Committee on 

Antimicrobial Susceptibility Testing (EUCAST) and the Clinical and Laboratory Standards Institute 

(CLSI) establish the benchmarks for antibiotic breakpoints by providing constantly updated 

guidelines on antibiotic efficacy on the most clinically relevant microorganisms. 

Aminoglycosides are indispensable in the treatment of severe infections caused by ESKAPE 

pathogens, particularly  in cases of endocarditis and bacteremia (Gonzalez and Spencer 1998). This 

class of broad spectrum antibiotic especially targets  Gram-negative aerobic bacteria, inhibiting 

protein synthesis by binding to the 30S ribosome subunit, thereby causing protein misfolding 

(Davis 1987). The primary strategy adopted by bacteria to inactivate aminoglycosides is the use of 
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aminoglycoside modifying enzymes (AME’s), a class of enzymes that can modify amines or hydroxyl 

groups, thereby hindering the drug from binding to its ribosomal target (Clyde A. Smith and Edward N. 

Baker 2002). There are three major classes of AME’s that inhibit the functionality of aminoglycosides: 

N-acetyltransferase (AAC), O-adenosyltransferase (ANT) and O-phosphotransferase (APH) (Becker 

and Cooper 2013).

In an attempt to overcome these AME-related difficulties, molecular modification of certain 

aminoglycoside moieties in standard antibiotics has been successfully attempted in the past. Besides 

effectively countering inhibitory effects of AMEs, the method can potentially reduce toxicity due 

to the lower doses required. Furthermore, conservation of aminoglycosides as a viable antibiotic 

tool can be ensured. An example of a modified compound is plazomicin, a novel semisynthetic 

aminoglycoside derived from sisomicin. Plazomicin has recently been approved by the Food and 

Drug Administration (FDA) for use in urinary tract infections (Kaufman 2018). The modifications 

done to the sisomicin molecule allow the novel molecule of plazomicin to inhibit the effects of AAC 

(3’), AAC (6’), ANT (4’, 4’’), ANT (2’’), ANT (3’), and APH (2’’), leaving only one amino group on the 

plazomicin molecule susceptible to attacks by AAC (2’) (Eljaaly et al. 2019). 

The AgileBiotics B.V. company, based in Groningen (NL), conducted similar molecular modifications 

of selected moieties in the aminoglycoside amikacin, obtaining five novel derivative aminoglycoside 

compounds. In the present study, the efficacy of these novel compounds towards highly resistant 

bacterial strains was benchmarked against amikacin and gentamycin by determining minimum 

inhibitory concentrations (MIC), time to kill values (TTK) and synergetic performance.

Material and methods

Bacterial strains
A representative library based predominantly on ESKAPE species was assembled from the UMCG 

strains collection and used throughout the testing of different aminoglycoside’s compounds. All 

isolates were preserved at -80 °C in Luria Bertani broth supplemented with 20% glycerol. The 

bacterial species used were: Escherichia coli, Pseudomonas aeruginosa, Acinetobacter baumannii, 

Klebsiella pneumonia, Staphylococcus aureus, Enterococcus faecalis and Enterococcus faecium. In 

addition, the following type strains were used: Escherichia coli ATCC 25922, Pseudomonas aeruginosa 

ATCC 27853 and Klebsiella pneumoniae ATCC 48316. The type strains chosen as controls for each 

particular screening method performed was done according to EUCAST suggestions for each of the 

species tested (Leclercq et al. 2013). The guidelines and quality controls for the interpretation of 

the antibiotic resistance profiles of the bacteria, were taken from the tables published by EUCAST 

(Leclercq et al. 2013; EUCAST 2020).
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Bacterial growth and determination of colony forming units (CFU)
In this study, the strains used were phenotypically characterized through the determination of 

CFU/ml and growth curves. Starting from frozen -80 °C stocks, all strains were firstly passaged on 

Muller Hinton agar (MHA) and subsequently cultured in Muller Hinton broth (MHB). Each isolate 

was plated on MHA and statically incubated for 24 h at 37 °C. Subsequently, between 4-6 colonies 

were selected and used to inoculate 20 ml of fresh MHB. These cultures were incubated at 37 °C 

with 250 r.p.m. shaking, and growth was allowed for 4 h until late logarithmic phase. A standard 

bacterial inoculum with an optical density at 600 nm (OD600) of 0.05 was prepared for all isolates. 

This culturing procedure was applied also for the determination of CFU/ml and growth curves.

To obtain the CFU/ml values of different strains at an OD600 of 0.05 (Table S1), serial dilutions of the 

standard inoculum were plated in triplicates on MHA and incubated overnight at 37 °C. After 18 h 

visible colonies were counted, and the respective CFU/ml values were calculated. 

To obtain growth curve values, a solution of 150 µl of the original 0.05 OD600  inoculum was placed 

in transparent, flat-bottomed, 96-well microtiter plates (655180, by Greiner bio-one). An automatic 

plate reader (Synergy 2, Biotek) was employed to measure the growth progression for 20 h (Figure 
S1). The incubation settings were 37 °C, with slow shaking and OD600 measurements every 30 min. 

All experiments were done in technical triplicates. 

Antibiotic resistance profiles
The antibiotic resistance profile of primary commercial antibiotics was ascertained by use of the VITEK 

2 system (bioMérieux, Marcy-L'Etoile, France), employing  GN-82 cards for Gram-negative bacteria, 

and AST-P657 cards for Gram-positive bacteria, according to  the manufacturer’s instructions. The 

different strains were plated on MHA and incubated at 37 °C for 18 h. Subsequently, 5-6 colonies 

were taken and diluted in 1x PBS to 0.5 McFarland, a quantity that corresponded to an inoculum 

of 8 x 106 CFU/ml per card. The cards were sealed and read by the VITEK 2 system (Barenfanger, 

Drake, and Kacich 1999). The determined antibiotic resistance profiles of the different investigated 

bacterial isolates are presented in Tables S2-S6.

Novel compound MIC assessment 
The minimum inhibitory concentrations (MIC’s) of the novel aminoglycoside compounds, were 

determined according to EUCAST (Leclercq et al. 2013; EUCAST 2020). In brief, each strain was 

cultured for 18 h on MHA, after which time, 4-6 colonies were selected to inoculate 20 ml of MHB, 

which was then incubated at 37 °C at 250 r.p.m.  (Mµltitron II, by HT INFORS) for 3 h. Each tested 

compound was weighed and dissolved in ultrapure water (Milli-Q Integral Water Purification System 

for ultrapure Water, Merck), after which the final testing concentrations were obtained by dilution 

in MHB. Ten serially diluted concentrations were employed during the testing, ranging from 64 µg/

ml to 0.125 µg/ml. An initial bacterial inoculum of 2-8x10⁵ CFU/ml was used as the starting point 

for each isolate. 
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For each round bottom 96 microtiter well (650161, by Greiner bio-one), the final volume was 150 

µl, of which 100 µl consisted of the diluted antibiotic in MHB and the remaining 50 µl being the 

bacterial inoculum. Additionally, triplicates of pure MHB and of the pure bacterial culture were 

added for each isolate used. The plates were finally incubated in static conditions at 35 °C for 

18-20 h. MIC values for each compound were identified as the first concentration that no longer 

allowed for visible growth. In compliance with EUCAST quality controls Tables (EUCAST 2020), E. 

coli ATCC 25922 and P. aeruginosa ATCC 27853 were chosen as controls, while amikacin sulfate 

salt was selected as the reference antibiotic. For each bacterial species, a selection of different 

compounds was used. Concerning the Gram-negative bacterial isolates, all five compounds were 

tested for the E. coli and K. pneumoniae groups. As for the A. baumanni group, only compound 

5006 was investigated. Finally, the Gram-positive bacterial species were tested against compounds 

5006, 5026 and 5039. 

Time-to-kill assay (TTK)
To assess the time needed for different aminoglycosides to achieve their bactericidal effect, K. 

pneumoniae ATCC 43816 and P. aeruginosa ATCC 2785 were chosen as model organisms. The novel 

compounds used in the TTK assays were 5006, 5026, 5039 and 5042, while amikacin was selected 

as the control. Two separate assays were performed: one automated and the other manual. A 

range of compound concentrations was obtained by two-fold increments; four concentrations in 

the manual assay (0.25-2 µg/ml), and 10 concentrations in the automated assay (16-0.0078 µg/ml).

The two type strains were firstly grown in MHA at 37 °C for 18 h, subsequently 5-6 colonies of each 

were inoculated in 20 ml of MHB and incubated at 37 °C at 250 r.p.m. for 3 h. A standard inoculum 

of 2-8x105 CFU/ml was chosen to start the TTK assays.      

For the manual assay, four concentrations of each of the five antibiotics were placed in separate 

10 ml sterile plastic tubes with the inoculum to obtain a final volume of 2 ml per tube. Tubes were 

subsequently incubated at 37° C at 250 r.p.m. shaking for 24 h. 100 µl of solution was then collected 

at time points 0, 0.5, 1, 2, 3, 6, 12, 24 h. At each time point, serial dilutions in 1x PBS were performed 

and 20 µl were plated in triplicates on BA plates. These plates were then incubated for 18 h, after 

which the visible colonies were counted and averaged in order to obtain the CFU/ml value. 

For the automated assay, the Biotek Synergy 2 plate reader was used. Each of the 10 tested 

concentrations was added to the standard inoculum to a total volume of 150 µl, which was then 

placed in triplicates in flat-bottom 96 well plates. Readings at OD600 nm were automatically taken 

every 20 min for a total of 24 h, with continuous shaking at 37° C.

Synergy of novel aminoglycosides and ampicillin
To investigate how the novel aminoglycosides interact with β-lactam antibiotics, their possible 
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synergy with ampicillin was assessed. Here, the aminoglycosides were represented by the two novel 

compounds, 5006 and 5042, whereas amikacin was selected as the control. 

Two clinical isolates of E. coli strains  with different susceptibility to ampicillin were chosen, namely 

the resistant E. coli 26 and the susceptible E. coli 23. The two E. coli strains were first grown on MHA 

at 37 °C for 18 h. Subsequently 5-6 colonies of each were used to inoculate 20 ml of MHB, which 

was incubated at 37 °C at 250 r.p.m.  for 3 h. A standard inoculum of 2-8x105 CFU/ml was chosen.

MIC values for ampicillin, amikacin, 5006 and 5042 were obtained according to the microdilutions 

method described above (see Novel Compound MIC Assessment section). The MIC values 

determined for the individual antibiotics were then used as reference, in order to compare the 

efficacy of each aminoglycoside when used in combination with ampicillin. Three different 

combinations were tested.      

The applied ratios of aminoglycoside to β-lactam were as follows: 50:50, 20:80, 5:95. For each 

of the three above-mentioned ratios, 10 different concentrations were obtained by broth serial 

microdilutions in MHB. Visual inspection to determine the MIC’s was performed after 18 h of static 

incubation at 35 °C. 

Data analysis
GraphPad Prism 8.0.0 and Microsoft Office Excel were used for data analysis. Wilcoxon Mann–

Whitney tests were used to determine statistical significance; a p ≤ 0.05 was considered as 

statistically significant.

Results

Determination of MIC values
In order to compare the efficiency of the novel compounds to commercially available 

aminoglycosides, the determination of MIC’s was performed in different clinical isolates. Results 

are shown in Tables 1-3.

The E. coli and P. aeruginosa MIC’s are shown in Table 2. For 95% of the bacteria tested, compound 

5006 displayed a lower MIC compared to the other compounds and to the amikacin control, making 

it the most efficacious of the group. As shown in Table 1, compound 5006 is twice as efficient 

towards the E. coli sample group as any other aminoglycoside tested. Compound 5006 displays an 

even greater effect efficacy towards the K. pneumoniae group compared to the amikacin control, 

with approximately 4-fold improvement. Regarding the remaining compounds, 5042 ranks second 

in terms of effectiveness in the panel of bacteria used. Compounds 5026 and 5039 display a 

comparable trend, with nearly the same MIC values throughout the sample group. Lastly, compound 
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Table 1. MIC values for E. coli and K. pneumoniae isolates.

Species Isolate number Amikacin 5006 5020 5026 5039 5042
E. coli ATCC 25922 2 1 2 2 4 2

P. aeruginosa ATCC 27853 1 0.5 0.5 0.5 0.5 0.5
E. coli 11 4 1 2 2 2 1
E. coli 12 8 2 8 4 4 4
E. coli 22 8 4 8 4 4 2
E. coli 23 4 2 2 2 2 2
E. coli 25 16 2 8 4 4 2
E. coli 26 16 4 8 8 8 8
E. coli 40 2 1 2 2 2 2
E. coli 43 4 0.5 4 2 2 1
E. coli 46 1 0.5 1 0.5 1 0.5

K. pneumoniae 106 32 4 16 32 16 16
K. pneumoniae 107 64 8 32 16 32 16
K. pneumoniae 108 64 4 32 16 16 16
K. pneumoniae 109 32 8 64 32 32 32
K. pneumoniae 110 32 4 32 16 16 16
K. pneumoniae 111 32 4 32 16 16 16
K. pneumoniae 112 32 8 64 32 32 32
K. pneumoniae 113 16 2 16 8 8 8
K. pneumoniae 114 64 8 32 16 16 16

All the MIC values are expressed in µg/ml.

The efficacy of compound 5006 was additionally tested for a group of A. baumannii isolates (Table 2). 

The two control antibiotics presented the same efficacy towards all the isolates tested. Concerning 

compound 5006, the MIC values obtained proved to be superior compared to the controls for all 

isolates tested.  

Species Isolate number 5006 Amikacin Gentamicin

A. baumannii 2 0,5-1 2-4 2-4
A. baumannii 4 64 >64 >64
A. baumannii 7 >64 >64 >64
A. baumannii 10 0,5-1 1-2 1-2
A. baumannii 14 0,5-1 2-4 2-4
A. baumannii 15 32-64 >64 >64
A. baumannii 18 2-4 8-16 4-8

E. coli ATCC 25922 2-4 4-8 4-8

Table 2. MIC values for the A. baumannii isolates.

The values indicated in the table are expressed in µg/ml. The MIC values >64 in µg/ml are not defined, since 
the values exceeded the test range.

5020 ranks as the least effective compound with MIC values roughly equal to the control.
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A selection of Gram-positive bacterial pathogens was also tested as shown in Table 3. The E. faecalis 

isolates showed much higher MIC levels for all the compounds tested when compared with the 

other Gram-positive bacterial species. On the contrary, the E. faecium group presented higher 

susceptibility to the tested compounds, with compound 5006 being twice as efficient compared to 

amikacin. S. aureus proved to be susceptible to all compounds tested, particularly 5006 and 5026. 

Overall, compound 5039 was the least effective in the sample group investigated.

Table 3. MIC values for Gram-positive bacterial isolates.

The values indicated in the table are expressed in µg/ml. The MIC values >64 µg/ml are not defined, since the 
values exceeded the test range.

The two reference strains used throughout the testing were Pseudomonas aeruginosa ATCC 27853 

and Escherichia coli ATCC 25922. Coinciding with the expected MIC values from the EUCAST quality 

control Tables (EUCAST 2020), the MIC values of P. aeruginosa fell into the expected range of 1-4 

µg/ml for amikacin, and 0.5-2 µg/ml for gentamicin. The E. coli control isolate presented MIC values 

of 0.5-2 µg/ml for amikacin and 0.25-1 µg/ml for gentamicin, consistent with EUCAST expectations 

(EUCAST 2020).

Species Isolate number Amikacin 5006 5026 5039
E. faecalis ATCC 29212 > 64 64 64 64
E. faecalis ATCC 51299 > 64 64 64 64
S. aureus HG-001 2 0.5 0.5 4

P. aeruginosa ATCC 27853 1 0.5 0.5 4
E. faecium 3 2 0.5 1 4
E. faecium 16 > 64 16 32 16
S. aureus 28 8 2 1 4
S. aureus 143 16 2 1 2
S. aureus 3754 16 4 4 4
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TTK assay

Two methods of determining time-to-kill were performed, one manual and one automated, with 

readings taken at time points over a period of 24 h. 

 The control used in the manual assay against K. pneumonia was amikacin which, at concentrations 

of 2-4 µg/ml, killed within 1-2 h with no regrowth. 0.5 µg/ml amikacin was totally ineffective, while 

1 µg/ml killed in 3 h, but demonstrated a spike in growth at 12 h. As shown in Figure 1, compound 

5026 out-performed the control at 1 µg/ml, requiring 6 h to kill, but presenting no regrowth, while 

results were comparable to amikacin at 2 µg/ml. Compound 5039 displayed more erratic results 

against K. pneumonia, killing after 1-2 h, only to rise again after 12 h. 0.5 µg/ml actually plummeted 

back to zero at 24 h. The best-performing compound was 5006, already killing with no regrowth in 

2 h at 0.5 µg/ml, while taking only 1 h at 1-2 µg/ml concentrations. Regrowth was observed only at 

the lowest concentration (0.25 µg/ml), occurring after 6 h. 

Having been proven the most effective at lower concentrations against K. pneumoniae, compound 

5006 was subsequently tested against P. aeruginosa. Both compound 5006 and the amikacin control 

required from 2 ug-4 µg/ml to achieve killing in 1 hour with no regrowth, with lower concentrations 

being either totally ineffective or showing regrowth after 12 h. 
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Figure 1. Manual TTK assay. CFU measurements at eight separate time points to monitor the growth inhibition 
of both P. aeruginosa ATCC 27853 and K. pneumoniae ATCC 48316. For each compound four different 
concentrations and their relative controls are shown. All concentrations are expressed in µg/ml. Compound 
5006 combines the fastest killing with the lowest level of residual bacterial survival and regrowth.
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The automated TTK assay, using the Biotek Synergy 2 plate reader, supported the observations 

obtained in the manual TTK assay, allowing a wider range of concentrations to be tested. When 

tested against P. aeruginosa, the amikacin control killed at concentrations of 0.25 µg/ml and higher. 

The sub-MIC concentration of 0.125 µg/ml killed initially, but then presented a growth spike at 

approximately 20 h. Accordingly, concentrations lower than 0.125 µg/ml were ineffective. In 

comparison, compounds 5006 and 5026 both killed at concentrations of 0.0625 µg/ml and above. 

Compound 5039, on the other hand, began killing at the slightly lower concentration of 0.03125 

µg/ml. Compound 5042 was the least effective at lower concentrations, requiring 0.5 µg/ml and 

above to kill. 

At half-MIC concentration for each antibiotic, a growth spike was observed at the 18-20 h time-

point, except for in compound 5039. Furthermore, at concentrations of 0.0156 µg/ml, compounds 

5006 and 5039 delayed initial growth of P. aeruginosa for up to 7 h before log growth phase set in. 

The same was observed for amikacin, but at a concentration of 0.0625 µg/ml ( Figure 2).
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Figure 2. Automated TTK assay. The graph illustrates the impact of different concentrations of compounds 
5006, 5026, 5039, 5042 and amikacin on growth of P. aeruginosa ATCC 27853. All concentrations are expressed 
in µg/ml and growth was continuously recorded using a Biotek Synergy 2 plate reader.
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The second model organism used to confirm the effect of the compounds was K. pneumoniae ATCC 

48316 (Figure 3). Four different concentrations of compounds 5006, 5026, 5039 and amikacin 

were tested. MIC values were as follows: 2 µg/ml for amikacin, 0.5 µg/ml for compounds 5006 

and 5026, and 1 µg/ml for compound 5039. At the sub-inhibitory concentration of half-MIC, all the 

aminoglycosides tested were able to delay growth. The greatest delay was observed for compounds 

5039 and amikacin, which thwarted growth for 6 h before log phase bacterial growth began, while 

compounds 5006 and 5026 showed a shorter growth delay of 4 and 1 h, respectively. Contrary 

to the results obtained for P. aeruginosa, no late-stage growth spikes were observed in the K. 

pneumoniae trials.
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Figure 3. Growth curves. Plotted for the K. pneumoniae ATCC 48316 isolate at different aminoglycoside 
starting concentrations. All tested concentrations are expressed in µg/ml.
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Synergistic effect between ampicillin and aminoglycoside compounds 
Three different ratios of aminoglycoside / ampicillin were used to investigate the synergistic benefits 

of ampicillin combined with compounds 5006 and 5042. 

When tested against E. coli 23, both compound 5006 and 5042 showed no change in MIC levels 

in 50/50 combinations with ampicillin, compared to the compounds alone. In contrast, for the 

ampicillin resistant isolate E. coli 26, MIC values for 50/50 combinations were twice as high as the 

alone controls.

In comparison with the individual antibiotics, MIC values for the 20/80 combination of compound 

5006/ampicillin quadrupled for E. coli 23, going from 1 ug/ml to 4 µg/ml, whereas the MIC values 

for the 20/80 combination for compound 5042/ampicillin doubled, from 2 µg/ml to 4 µg/ml. 

Interestingly, the 20/80 combination produced identical MIC values for both compounds (4 µg/ml). 

Similar trends were observed for E. coli 26, with both compounds necessitating identical MIC values 

of 16 µg/ml to kill.

The worst performing combination was given by a 5/95 ratio of novel compound to ampicillin. 

Against E. coli 23, compound 5006 reached a MIC value of 8 µg/ml, while compound 5042 presented 

a 16 µg/ml MIC. For E. coli 26, on the other hand, MIC values for both compounds soared to 64 µg/

ml, identical to that of ampicillin by itself. 

In all of the above trials to assess synergistic effects, the novel compound combinations outperformed 

the individual amikacin/ampicillin controls, displaying lower MICs, with the sole exception observed 

for the 5/95 ratio with compound 5042, where the MIC towards E. coli 23 equaled that of the 

control. 
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Figure 4. Panels A and B show the interaction between ampicillin and compounds 5006 and 
5042. The legends show the ratios (w/w) at which the two antibiotics were mixed. For measurements presented 
in panel (A), E. coli 23 susceptible to β-lactams was used. For the measurements presented in panel (B), the 
ampicillin resistant E. coli 26 strain was used. In both cases the synergistic effects between the compounds is 
evident, highlighting a progressive decrease in MIC values proportional to the increased amounts of compounds 
5006 or 5042.
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Discussion

Aminoglycosides are a powerful antibiotic class that has been used extensively to contrast 

aerobic Gram-negative bacteria. The loss of effectiveness of the aminoglycosides class is due 

to the appearance of a wide variety of AME’s that jeopardizes the effectiveness of this class as 

a whole. Hence, it is imperative that novel compounds be developed. Accordingly, the present 

study examined the efficacy of a set of novel aminoglycoside compounds with selective chemical 

modifications and their potential to overcome resistance. 

Firstly, in terms of MIC values, the novel compounds generally out-performed the amikacin control 

both towards the Gram-negative and Gram-positive bacteria tested. Against Gram-negative 

bacterial species, compound 5006 distinguished itself from the others, requiring half the amount of 

the second best compound. Against the Gram-positive bacterial species tested, none of the novel 

compounds out-performed the controls or each other significantly. They were all ineffective against 

E. faecalis; compound 5006 performed best against S. aureus while compound 5026 performed 

best against E. faecium. The results of these trials highlight the suitability of the novel compounds, 

particularly to fight infections caused by Gram-negative bacteria.

In addition to lower MIC values, the novel compounds also displayed quicker kill times. Those 

concentrations which killed within 1 h produced the most lasting effects, with no regrowth detected 

over a 24 h period. The concentrations that killed within 2 or more h were more prone to allow 

eventual regrowth. An interesting observation was the sudden growth spike at some concentrations 

after approximately 20 h. This late-stage growth would not have been detected following EUCAST 

standard guidelines, which dictate visual inspection at 18 h, not at 20 and 24 h, as performed in the 

present study. 

In the manual TTK assay, the range of concentrations tested for each compound and control was 

based on the individual MICs of each, thus explaining the difference in the testing range chosen. For 

instance, amikacin, whose MIC is considerably higher, was tested from 0.5 to 4 µg/ml, while all the 

other compounds were tested at concentrations from 0.25 to 2 µg/ml. Interestingly, the automated 

TTK assay, while verifying the manual assay’s results, also provided relevant information on the 

patterns of growth recovery at sub-inhibitory concentrations. During lag phase, amikacin, 5006 and 

5039 delayed growth of K. pneumoniae and P. aeruginosa by 3-5 h. In the log phase, amikacin and 

5006 actually slowed down the growth of P. aeruginosa before reaching a plateau.

From the trials to detect possible synergistic effects, it can be concluded that a 50/50 combination 

of compound 5006 and ampicillin is the best alternative against E. coli 23, yielding the same MIC 

as 5006 alone (1 µg/ml). One of the major drawbacks of the aminoglycoside class, to which the 
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novel compounds belong, is its toxicity, particularly ototoxicity and nephrotoxicity (Gonzalez and 

Spencer 1998; Mingeot-Leclercq and Tulkens 1999). Ampicillin, on the other hand, belongs to the 

β-lactam group of antibiotics, which generally cause milder side effects. Therefore, reducing the 

concentration of aminoglycoside required to achieve MIC levels would lower the toxicity levels in 

the synergistic combinations, while retaining the same MIC. This is also proof that ampicillin does 

play its part in this synergistic combination. On the contrary, for the ampicillin resistant E. coli 26, 

no synergistic benefits were detectable, since the novel compound concentrations could not be 

lowered. Even in combination, ampicillin was found to be totally ineffective against this resistant 

strain, but the novel aminoglycoside compounds were effective.

In conclusion, the present study highlights the possibility of minimizing the effects of AMR through 

chemical modification of existing aminoglycosides. The renewed efficacy conferred by selective 

chemical modification could, thus, provide benefits in terms of MIC and the necessary time to 

fully eliminate especially Gram-negative bacterial pathogens. Such alternatives are dearly needed 

to confront the relentless expansion of the AMR problem, with chemical modification of existing 

antibiotic classes still being a viable option. 
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Supplementary materials

Table S1.CFU/ml determination of Gram-negative bacterial isolates used at an OD600 of 0.05   

With UMCG, are indicated the isolates taken from the collection of the University Medical Center Groningen.

Species Isolate number CFU/ml Reference

E. coli 11 4.0x10^7 UMCG

E. coli 12 3.0x10^7 UMCG

E. coli 22 1.0x10^7 UMCG

E. coli 23 9.5x10^6 UMCG

E. coli 25 4.0x10^6 UMCG

E. coli 26 2.3x10^8 UMCG

E. coli 40 1.5x10^7 UMCG

E. coli 43 2.4x10^9 UMCG

E. coli 46 3.8x10^9 UMCG

E. coli ATCC 25922 1.4x10^7 UMCG

K. pneumoniae 106 3.6x10^7 UMCG

K. pneumoniae 107 4.0x10^7 UMCG

K. pneumoniae 108 4.0x10^7 UMCG

K. pneumoniae 109 4.6x10^7 UMCG

K. pneumoniae 110 3.7x10^7 UMCG

K. pneumoniae 111 4.5x10^8 UMCG

K. pneumoniae 112 3.8x10^8 UMCG

K. pneumoniae 113 5.5x10^8 UMCG

K. pneumoniae 114 1.4x10^9 UMCG

K. pneumoniae ATCC 48316 2.37x107 UMCG

P. aeruginosa 171 4.0x10^7 UMCG

P. aeruginosa 172 1.3x10^7 UMCG

P. aeruginosa 173 8.1x10^6 UMCG

P. aeruginosa 174 1.4x10^7 UMCG

P. aeruginosa 175 2.2x10^6 UMCG

P. aeruginosa 179 7.3x10^7 UMCG

P. aeruginosa 195 5.6x10^7 UMCG

P. aeruginosa 196 3.8x10^7 UMCG

P. aeruginosa 197 8.0x10^6 UMCG

P. aeruginosa 198 1.1x10^7 UMCG

P. aeruginosa 199 3.2x10^7 UMCG

P. aeruginosa 201 1.8x10^7 UMCG

P. aeruginosa 202 1.3x10^7 UMCG

P. aeruginosa ATCC 27853 1.7x10^8 UMCG

A. baumannii 2 1.7x10^7 UMCG

A. baumannii 4 3.6x10^7 UMCG

A. baumannii 7 6.0x10^7 UMCG

A. baumannii 10 2.8x10^7 UMCG

A. baumannii 14 2.4x10^7 UMCG

A. baumannii 15 4.9x10^7 UMCG

A. baumannii 18 2.6x10^7 UMCG
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Table S2. MIC profiles of E. coli isolates    

The tables indicated the antibiotic resistance of different isaolates of E. coli. Assessed through Vitek2, by using 
a GN82 card. 

Table S3. MIC profiles of K. pneumoniae isolates    

The tables indicated the antibiotic resistance of different isaolates of K. pneumoniae. Assessed through Vitek2, 
by using a GN82 card.

11 12 22 23 25 26 40 43 46 ATCC 25922

Ampicillin/Sulfabactam <=2 >=32 16 <=2 4 4 >=32 >=32 <=2 4
Piperacillin/Sulbactam <=4 <=4 <=4 <=4 <=4 <=4 <=4 8 <=4 <=4

Cefazolin >=64 <=4 <=4 <=4 >=64 >=64 <=4 >=64 <=4 <=4
Ceftazidime 8 <=1 <=1 <=1 4 4 <=1 16 <=1 <=1
Ceftriaxone 16 <=1 <=1 <=1 >=64 >=64 <=1 >=64 <=1 <=1
Cefepime 4 <=1 <=1 <=1 <=1 <=1 <=1 8 <=1 <=1

Aztreonam >=64 <=1 <=1 <=1 <=1 2 <=1 >=64 <=1 <=1
Ertrapenem 4 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5
Imipenem <=0.25 <=0.25 <=0.25 <=0.25 <=0.25 <=0.25 <=0.25 <=0.25 <=0.25 <=0.25

Meropenem <=0.25 <=0.25 <=0.25 <=0.25 <=0.25 <=0.25 <=0.25 <=0.25 <=0.25 <=0.25
Amikacin <=2 <=2 <=2 <=2 <=2 4 <=2 8 <=2 <=2

Gentamicin <=1 >=16 >=16 <=1 <=1 2 <=1 <=1 <=1 <=1
Tobramycin <=1 >=8 >=8 <=1 <=1 <=1 <=1 >=16 <=1 <=1

Ciprofloxacin <=0.25 >=4 >=4 >=4 >=4 <=0.25 >=4 >=4 <=0.25 <=0.25
Levofloxacin <=0.12 >=8 >=8 >=8 >=8 <=0.12 >=8 >=8 <=0.12 <=0.12
Tigecycline <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5

Trimethoprim/Sulfamethoxaz
ole

<=20 <=20 >=320 <=20 <=20 <=20 >=320 >=320 <=20 <=20

106 107 108 109 110 111 112 113 114 ATCC 43816

Ampicillin/Sulfabactam >=32 >=32 >=32 >=32 >=32 >=32 >=32 >=32 >=32 16

Piperacillin/Sulbactam >=128 >=128 >=128 >=128 >=128 >=128 >=128 >=128 >=128 <4

Cefazolin >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 <4

Ceftazidime >=64 16 >=64 >=64 16 >=64 >=64 >=64 >=64 ≤1

Ceftriaxone >=64 >=64 >=64 >=64 32 >=64 >=64 >=64 >=64 ≤0.25

Cefepime >=64 8 8 8 4 8 >=64 8 >=64 ≤1

Aztreonam >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 4

Ertapenem >=8 >=8 >=8 >=8 >=8 >=8 >=8 >=8 >=8 ≤0.25

Imipenem >=16 >=16 >=16 >=16 2 >=16 >=16 >=16 >=16 ≤0.25

Meropenem >=16 >=16 >=16 >=16 >=16 >=16 >=16 >=16 >=16 ≤0.25

Amikacin >=64 >=64 >=64 >=64 >=64 >=64 >=64 32 >=64 2

Gentamicin 4 4 4 4 4 4 4 <=1 4 ≤1

Tobramycin >=16 >=16 >=16 >=16 >=16 >=16 >=16 >=16 >=16 ≤1

Ciprofloxacin >=4 >=4 >=4 >=4 >=4 >=4 >=4 >=4 >=4 ≤0.25

Levofloxacin >=8 >=8 >=8 >=8 >=8 >=8 >=8 >=8 >=8 4

Tigecycline 2 2 2 >=8 4 2 4 >=8 2 1

Trimethoprim/Sulfamethoxazole >=320 >=20 >=320 >=320 >=320 >=320 <=20 >=320 >=320 ≤1
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Table S4. MIC profiles of A. baumannii isolates    

The tables indicated the antibiotic resistance of different isaolates of A. baumannii. Assessed through Vitek2, 
by using a GN82 card.

2 4 7 10 14 15 18

Ampicillin/Sulfabactam <=2 >=32 <=2 <=2 <=2 16 8

Piperacillin/Sulbactam <=4 >=128 <=4 <=4 <=4 >=128 8

Cefazolin >=64 >=64 <=4 >=64 >=64 >=64 >=64

Ceftazidime <=1 >=64 2 2 8 >=64 <=1

Ceftriaxone 8 >=64 <=1 8 16 >=64 <=1

Cefepime <=1 >=64 <=1 <=1 2 >=64 <=1

Imipenem <=0.2
5

8 <=0.25 <=0.25 <=0.25 >=16 <=0.25

Meropenem <=0.2
5

>=16 0.5 <=0.25 <=0.25 >=16 <=0.25

Amikacin 4 >=64 >=64 <=2 <=2 4 <=2

Gentamicin <=1 >=16 8 <=1 <=1 >=16 <=1

Tobramycin <=1 >=16 8 <=1 <=1 >=16 <=1

Ciprofloxacin <=0.2
5

>=4 1 <=0.25 <=0.25 >=4 <=0.25

Levofloxacin <=0.1
2

>=8 1 <=0.12 <=0.12 >=8 <=0.12

Tigecycline <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 <=0.5 2
Trimethoprim/Sulfamethoxazole <=0.2

0
160 <=20 <=20 <=20 >=320 <=20
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Table S5. MIC profiles of P. aeruginosa isolates    

171 172 173 174 175 179 195 196 197 198 199 201 202 ATCC 
27853

Piperacillin/Sulbactam 32 >=128 >=128 >=128 >=128 >=128 8 >=128 8 >=128 >=128 8 >=128 <=4

Cefazolin >=64 >=64 >=64 >=64 TRM >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64 >=64

Ceftazidime 2 16 32 >=64 TRM 32 4 >=64 4 >=64 >=64 4 32 2

Ceftriaxone 32 >=64 >=64 >=64 TRM >=64 >=64 >=64 >=64 >=64 >=64 32 >=64 16

Cefepime 4 >=64 8 >=64 TRM 32 4 >=64 2 32 >=64 2 8 <=1

Aztreonam 2 32 32 16 TRM 32 16 >=64 16 >=64 >=64 8 8 2

Imipenem >=16 >=16 >=16 >=16 TRM >=16 2 >=16 1 >=16 >=16 1 >=16 2

Meropenem 4 >=16 >=16 >=16 TRM 8 0,5 >=16 <=0,25 8 >=16 <=0,25 4 <=0,25

Amikacin 32 >=64 >=64 >=64 TRM 4 <=2 8 <=2 <=2 32 <=2 <=2 <=2

Gentamicin 8 >=16 >=16 8 TRM 4 <=1 4 <=1 <=1 >=16 <=1 <=1 <=1

Tobramycin 4 8 8 >=16 TRM <=1 <=1 <=1 <=1 <=1 2 <=1 <=1 <=1

Ciprofloxacin 0,5 >=4 >=4 >=4 TRM >=4 0,5 >=4 <=0,25 2 2 <=0,25 2 <=0,25

Levofloxacin 0,5 >=8 >=8 >=8 TRM >=8 2 >=8 1 4 4 1 4 2

Tigecycline >=8 >=8 >=8 >=8 TRM >=8 >=8 >=8 >=8 >=8 >=8 >=8 >=8 >=8

Trimethoprim/Sulfamethoxazole 160 80 80 >=320 TRM >=320 >=320 <=20 160 >=320 <=20 80 >=320 >=320

The tables indicated the antibiotic resistance of different isaolates of P. aeruginosa. Assessed through Vitek2, by 
using a GN82 card.  TRM=insufficient incubation time.

Table S6. MIC profiles of Gram-positive bacterial isolates    

E. faecalis
ATCC 29212

E. faecalis ATCC
51299

S. aureus
HG001

S. aureus
(28)

S. aureus
(143)

S. aureus
(146)

E. faecium
(3)

E. faecium
(16)

Piperacillin/Sulbactam <=4 <=4 <=4 <=4 8 16 TRM >=128

Cefazolin <=4 <=4 <=4 <=4 <=4 <=4 >=64 >=64

Ceftazidime 8 4 16 16 8 8 8 >=64

Ceftriaxone <=1 2 8 16 4 16 16 >=64

Cefepime 4 4 2 2 2 2 8 >=64

Aztreonam <=64 >=64 >=64 >=64 >=64 >=64 32 >=64

Imipenem <=0,25 <=0,25 <=0,25 0,5 0,5 0,5 <=0,25 >=16

Meropenem 1 0,5 <=0,25 <=0,25 <=0,25 <=0,25 0,5 >=16

Amikacin >=64 >=64 <=2 <=2 <=2 <=2 <=2 >=64

Gentamicin 4 8 <=1 <=1 8 <=1 <=1 >=16

Tobramycin 8 >=16 <=1 <=1 4 <=1 <=1 >=16

Ciprofloxacin 1 <=0,25 <=0,25 <=0,25 >=4 0,5 2 >=4

Levofloxacin 1 0,5 <=0,12 <=0,12 >=8 0,25 1 >=8

Tigecycline <=0,5 <=0,5 <=0,5 <=0,5 <=0,5 <=0,5 <=0,5 4

Trimethoprim/Sµlfamethoxazole <=20 <=20 <=20 <=20 <=20 >=320 <=20 >=320

The tables indicated the antibiotic resistance of different Gram - positive isaolates. Assessed through Vitek2, by 
using an AST-P657 card. TRM=insufficient incubation time.
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Figure S1. Growth curves of Gram-negative bacterial isolates. A Biotek Synergy 2 automatic plate 
reader was used to record growth curves of the various tested clinical isolates in MHB.  
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