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Background and purpose: Antimicrobial resistance toward antibiotics is reaching histor-

ical unprecedented levels. There is an urgent and imminent need to develop novel antimi-

crobial alternatives. Antimicrobial peptides could prove to be a successful group of

antimicrobials for drug development. Recently, we have designed a novel synthetic peptide

named AamAP1-Lysine. The peptide displayed potent wide-spectrum antimicrobial activities

against Gram-positive and Gram-negative bacteria. The purpose of this study is to evaluate

the antimicrobial effect of combining AamAP1-Lysine with five different conventional

antibiotics each representing a distinct mechanism of action in order to explore the possibi-

lity of producing a synergistic mode of action against a resistant strain of Gram-positive and

a resistant strain of Gram-negative bacteria.

Methodology: The antimicrobial activity of AamAP1-Lysine in combination with five

different antibiotics were evaluated for their antimicrobial activity employing standard

antimicrobial assays, the synergistic activity of the peptide-antibiotic combinations were

evaluated using checkerboard technique in addition to real-time time-kill assays. For the

antibiofilm studies, the MBEC values were determined by employing the Calgary device.

Results: The combination strategy displayed potent synergistic activities against planktonic

bacteria in a significant number of peptide-antibiotic combinations. The synergistic activity

managed to reduce the effective minimum inhibitory concentration (MIC) concentrations

dramatically with some combinations exhibiting a 64-fold decrease in the effective MIC of

AamAP1-Lysine individually. Additionally, the combined synergistic activities of the peptide

antibiotics were evaluated, and our results have identified two peptide antibiotic combina-

tions with potent synergistic activities against biofilm growing strains of resistant bacteria.

Conclusion: Our results clearly indicate that peptide-antibiotic combinations could prove to

be a very effective strategy in combatting multidrug-resistant bacteria and biofilm caused

infections.

Keywords: antimicrobial peptides, AamAP1-Lysine, bacterial resistance, antibiofilm,

synergy

Introduction
Recent global health reports have displayed a significant rise in the number of infec-

tions that are caused by resistant microorganisms against a wide range of antibiotics.1
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These reports indicate that the current medical community is

facing a critical time in human history where most clinically

developed antibiotics will be rendered obsolete in the face of

microbial infections.2 This situation is challenging humanity

with the possibility of humans entering the post-antibiotic era

and thus rendering simple surgical procedures and infections

that once were treated with the routine administration of

antibiotics to become severely life threatening.3 Current bio-

medical scientists and medical experts are continuously seek-

ing the development of novel classes of antimicrobial agents

to tackle the issue of microbial resistance and to rejuvenate

the dry pipelines of antimicrobial drug development and

discovery faced currently by the pharma industry.4 One of

the highly researched and potential classes of antimicrobial

agents that have been studied in the previous decade for

successful antimicrobial development are antimicrobial pep-

tides (AMPs).5 This group of molecules are usually com-

posed on average of 5–50 amino acids and carry a net

positive charge while exhibiting an amphipathic nature, struc-

tural features that collectively play an important role in

disrupting bacterial membranes and eventually causing cell

lysis and death.6 Although several hundred AMPs have been

characterized from natural sources or through de-novo syn-

thetic drug design and were reported to exhibit potent anti-

microbial activities, most of these molecules faced several

obstacles that hampered their clinical development due to

their toxicity against mammalian cells.7 Several studies

have tried to bypass this issue through different approaches

including sequence modification, peptide hybridization and

the use of D-natural amino acid substitution to maximize the

selectivity of the peptides toward bacterial cells and conse-

quently increase their selectivity index.8,9 Recently, we have

designed a novel synthetic peptide analog named AamAP1-

Lysine.10 The peptide was designed based on lysine amino

acid substitution of a natural scorpion derived AMP in order

to enhance its activity and reduce its overall cytotoxicity. The

design strategy managed to produce a peptide analog with a

tenfold increase in potency and a significant enhancement of

the overall selectivity index when compared with the parent

peptide. The aim of this study is to explore the benefit of

combining AamAP1-Lysine with conventional antibiotics to

produce a synergistic mode of action against a representative

sample of resistant strains of Gram-positive and Gram-nega-

tive bacteria. This approach could further increase the selec-

tivity index of the peptide and enhance its overall toxicity

profile for the purpose of antimicrobial drug development.

Additionally, this combination strategy would also be

evaluated for inhibiting biofilm formation for the same

strains involved in the synergistic studies.

Materials and methods
Materials
AamAP1-Lysine is an 18-residue amino acid (FLFKL

IPKAIKKLISKFK) synthetic peptide analog that was

designed previously in-house using a naturally identified

scorpion AMP as a template for peptide rational design.

The peptide displays an overall charge of +6 and dis-

plays a hydrophobic moment and a hydrophobicity aver-

age of (0.61), respectively. The peptide was synthesized

using solid-phase Fmoc chemistry and purified to

(>95%) purity with its identity confirmed using ESI-

MS spectrometry (G.L Biochem, People’s Republic of

China). The five antibiotics employed for the synergy

studies including levofloxacin, ampicillin, chloramphe-

nicol, rifampicin and erythromycin were purchased com-

mercially from Sigma Aldrich. The antibiotics and their

stock solutions were reconstituted according to the man-

ufacturer’s instructions and frozen at −80°C.

Microorganisms
The bacterial strains employed in both the antimicrobial and

antibiofilm synergistic studies were acquired from the

American Tissue Culture Collection (ATCC), with representa-

tives of both control and resistant Gram-positive and Gram-

negative bacteria. The strains included two Gram-positive

strains of Staphylococcus aureus (ATCC 29213) as a control

strain and the methicillin-resistant Staphylococcus aureus

(ATCC 33591). For Gram-negative bacteria, two bacterial

strains were employed in the study and these include

Pseudomonas aeruginosa (ATCC 27853) and the multidrug-

resistant strain of Pseudomonas aeruginosa (ATCC BAA

2114).

Antimicrobial susceptibility assay
The determination of the antimicrobial activity of both

AamAP1-Lysine and the antibiotics included in this study

was performed according to the microbroth dilution method

as outlined by the Clinical and Laboratory Standards

Institute.11,12 Briefly, all bacterial strains were grown over-

night in Muller Hinton Broth (MHB) and diluted the fol-

lowing day to reach a concentration of 106 CFU/mL. This

was followed by serial dilution of AamAP1-Lysine and the

antibiotics included in the study for the purpose of prepar-

ing different concentrations of each antimicrobial
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component. The peptide and the antibiotics were later

loaded on a 96-well mL plates at a volume of 50 μL and

mixed appropriately with the relevant microorganism to

reach a final bacterial concentration of 5×105 CFU/mL.

The plates were then incubated for 24 at hours in a humi-

dified incubator at 37°C and the bacterial growth inhibitory

activity represented by the minimum inhibitory concentra-

tion (MIC) was determined through optical measurement

using an ELISA plate reader (Biotek, Canada).

Synergistic studies and checkerboard

assay
The synergetic activity of AamAP1-Lysine- antibiotic

combinations were evaluated by the determination of the

fractional inhibitory concentration (FIC) and as performed

previously.13,14 The broth microdilution checkerboard

technique was employed for FIC determination, with the

FIC index defined as the sum of each MIC of the peptide-

antibiotic combination divided by each individual antimi-

crobial agent and according to the following equation:

FIC index = (MIC of drug X in combination) / (MIC of

drug X alone) + (MIC of drug Y in combination) / (MIC of

drug Yalone). FIC indices were interpreted as follows: £0.5:

synergistic activity, 0.5–1: additive activity, 1–4: indiffer-

ence, >4: antagonism

Time-kill assays
In order to confirm the synergistic mode of killing for the

peptide-antibiotic combinations that were obtained from the

checkerboard assay, time-dependent kill assays were carried

out as performed previously.15–18 Bacterial strains were

grown overnight in MHB at 37°C and later diluted to

1×106 CFU/mL with fresh MHB. The diluted cultures were

incubated with the synergistic peptide-antibiotic combina-

tions for 24 hrs at 37°C and aliquots of 0.1 mL were removed

at (0, 2, 4, 8 and 24 hrs) time intervals, serially diluted and

plated for viable count determination. Synergy was defined

as a ≥2 log10 decrease in the CFU/mL below the initial

starting inoculum or the most active individual component.

The time-kill assays for all experiments were per-

formed at least thrice for confirmation of the results; the

data are represented as mean ± standard deviation.

Bacterial biofilm formation
Bacterial biofilm formation was performed as described

previously.19–21 Briefly, the control and resistant bacterial

strains of both S. aureus and P. aeruginosa were grown in

MHB for 20 hrs at 37°C followed by dilution in the same

medium to achieve a total concentration of 107 CFU/mL. The

biofilm 96 peg-lids were employed for biofilm growth and

accumulation and 150 μL of each bacterial culture was

loaded on these peg-lids accordingly. The Calgary device

was incubated for 20 hrs under continuous rotation at 125

rpm and 37°C and as described by the manufacturer to allow

for biofilm formation.

Synergistic antibiofilm assay
The Calgary device described previously was employed

for the determination of the minimum biofilm eradication

concentration (MBEC) which is defined as the minimum

concentration of an antimicrobial agent needed to inhibit

the re-growth of biofilms after exposure to an antimicro-

bial agent. Briefly and as described in previously.22,23 PBS

was employed to wash all planktonic cells on the device

related biofilm pegs. This was followed by transferring the

pegs into a 96-well challenge plate containing all the

antimicrobial agents and the combinations that were

employed in the assay. MBEC was determined using an

ELISA reader at λ=550 nm. FIC was determined as

described in the previous assay.

Results
Synthesis of AamAP1-lysine
AamAP1-Lysine was synthesized according to conven-

tional solid-phase Fmoc chemistry. The peptide purity

was evaluated to be over 95% as indicated by HPLC

analysis (Figure S1). The identity of the peptide was con-

firmed by ESI-MS with the synthetic peptide displaying

major peaks in the +2, +3, +4 and +5 charge state of

1053.70, 702.85 , 527.40 and 422 Da (Figure S2).

Antimicrobial and synergistic

checkerboard assays
Table 1 lists the MIC results of all the antimicrobial agents

against the representative strains of bacterial strains that

were employed in the study. The combination of

AamAP1-Lysine and the antibiotics resulted in significant

enhancement of the antimicrobial activity of many peptide-

antibiotic combinations (Table 2). The MIC values for these

groups decreased dramatically as six peptide-antibiotic

combinations displayed significant synergistic activities.

The combinations that proved to exhibit synergistic activ-

ities against the control strain S. aureus (ATCC 29213)
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included AamAP1-Lysine-rifampicin and the AamAP1-

Lysine-erythromycin combination. For the resistant strain

of S. aureus (ATCC 33591), AamAP1-Lysine-levofloxacin

and AamAP1-Lysine-erythromycin displayed potent syner-

gistic effects. For Gram-negative bacteria, no synergistic

activities were reported for the control strain of P. aerugi-

nosa (ATCC 27853). However, both AamAP1-Lysine-levo-

floxacin and AamAP1-Lysine-chloramphenicol managed to

synergistically inhibit the growth of the MDR strain of P.

aeruginosa (BAA2114) with FIC indices of 0.36 for both

combinations (Table 3). The most potent synergistic

combinations as represented by their FIC index belonged

to AamAP1-Lysine-levofloxacin and AamAP1-Lysine-

rifampicin against the resistant strain of S. aureus (ATCC

33591) with FIC values of 0.103 and 0.128, respectively.

The rest of the peptide antibiotic combinations displayed

additive effects with FIC indices in the range of

(0.5<FIC<1). The only peptide-antibiotic combination exhi-

biting antagonistic activity was AamAP1-Lysine-erythro-

mycin against the resistant strain of S. aureus (ATCC

33591) Table 3 Lists all the synergistic combinations

employed in the studies and their FIC indices accordingly.

Table 1 Minimum inhibitory concentrations (MICs) of AamAP1-Lysine and the antibiotics individually against the tested bacterial

strains. Results represent triplicates

MIC (µM)

Antimicrobial agent S. aureus
(ATCC 29213)

S. aureus
(ATCC 33591)

P. aeruginosa
(ATCC 27853)

P. aeruginosa
(ATCC BAA2114)

AamAP1-Lysine 3 µM 3 µM 35 µM 35

Levofloxacin 0.5 µM 10 µM 7.5 µM 12

Chloramphenicol 20 µM 130 µM 350 µM 200

Rifampicin 0.025 µM 0.04 µM 45 µM 50

Ampicillin 2.5 µM 85 µM >500 µM >500 µM

Erythromycin 0.5 µM 8 µM 150 125

Table 2 Minimum inhibitory concentrations (MICs) of AamAP1-Lysine and the antibiotics in combination against Gram-positive and

Gram-negative bacteria. Results represent triplicates

Individual MIC values of AamAP1-Lysine and the antibiotics in combination (µM)

Antimicrobial agent S. aureus
(ATCC 29213)

S. aureus
(ATCC 33591)

P. aeruginosa
(ATCC 27853)

P. aeruginosa
(ATCC BAA2114)

AamAP1-Lysine/levofloxacin 0.01/0.5 µM 0.01/1 µM 0.5/5 µM 1/10 µM

AamAP1-Lysine/Chloramphenicol 0.01/18 µM 0.01/25 µM 5/300 µM 0.5/80 µM

AamAP1-Lysine/Rifampicin 0.01/0.005 µM 0.01/0.005 µM 15/15 µM 0.5/80 µM

AamAP1-Lysine/Ampicillin 0.01/1.5 µM 0.01/75 µM 0.1/NA* µM 0.1/NA* µM

AamAP1-Lysine/Erythromycin 0.001/0.1 µM 2/7 µM 0.5/100 µM 5/100 µM

Note: *NA: Not achieved.

Table 3 The fractional inhibitory concentration (FIC) indices of the antimicrobial combinations.

FIC Index

Antimicrobial combination S. aureus
(ATCC 29213)

S. aureus
(ATCC 33591)

P. aeruginosa
(ATCC 27853)

P. aeruginosa
(ATCC BAA2114)

AamAP1-Lysine-Levofloxacin 1.00 0.103 0.674 0.36

AamAP1-Lysine-Chloramphenicol 0.903 0.963 0.99 0.36

AamAP1-Lysine-Rifampicin 0.203 0.128 0.75 0.88

AamAP1-Lysine-Ampicillin 0.603 0.885 NA* NA*

AamAP1-Lysine-Erythromycin 0.204 1.541 0.674 0.84

Note: * Not applicable.
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Synergistic time-kill assays
Time-kill assays were performed in order to confirm the syner-

gistic results that were obtained from the checkerboard assays.

In all synergistic combinations at ½ of their effective MICs,

none of the individual antimicrobial agents including

AamAP1-Lysine and the antibiotics managed to induce cell

death within 24-hr exposure to the individual antimicrobial

agents (Figure 1). However, when combined together, all of

the synergistic combinations including AamAP1-Lysine-

ampicillin and AamAP1-Lysine-erythromycin managed

within 4 hrs of exposure to significantly reduce the bacterial

counts of the control strain of S. aureus (ATCC 29213).
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Figure 1 Time-kill curves for AamAP1-Lysine-antibiotic combinations against (A) S. aureus ATCC 29213, (B) S. aureus ATCC 33591 and (C) P. aeruginosa ATCC BAA2114.

Data represent the average of three different experiments.

Abbreviations: ATCC, American Type Culture Collection; MIC, Minimum Inhibitory Concentration; CFU, Colony Forming Unit.
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Complete elimination of bacteria was achieved after an 8 hrs

interval time. For the resistant strain of S. aureus ATCC

(33591), both AamAP1-Lysine-levofloxacin and AamAP1-

Lysine-rifampicin managed to follow the same pattern as

with the control strain and in confirmation with the synergistic

checkerboard results. For Gram-negative bacteria represented

by the resistant strain of P. aeruginosaATCC (BAA2114), the

AamAP1-Lysine-levofloxacin and theAamAP1-Lysine-chlor-

amphenicol combination caused a marked reduction in viable

colony count within 2 hrs of peptide antibiotic exposure and

complete eradication of bacteria was reported at 8 hrs of

exposure. Bactericidal activity (≥3 log10 CFU/mL) was

achieved within 2–4 hrs against all bacterial strains

(Figure 1). These results in addition to the checkerboard

assay clearly display the synergistic potential of the successful

peptide-antibiotic combinations in killing the representative

bacterial strains that were employed in the study.

Antibiofilm combination studies
MBEC was employed to assess the antibiofilm activity of the

individual antimicrobial agents including AamAP1-Lysine

and the antibiotics in addition to evaluating their combinatorial

synergistic effects. MBEC values for both S. aureus (ATCC

33591) and P. aeruginosa (ATCC BAA2114) were 60 and 70

μM, respectively. Of all the peptide-antibiotic combinations

against both resistant strains of Gram-positive and Gram-

negative bacteria, only two combinations managed success-

fully to produce a synergistic antibiofilm mode of action.

AamAP1-Lysine in combination with rifampicin exhibited

potent synergistic activity against S. aureus (ATCC 33591)

with a FIC index of 0.058 representing a dramatic 60-fold

decrease in the MBEC value of AamAP1-Lysine individually

(Table 4). For the MDR P. aeruginosa (ATCC BAA2114) the

synergistic mode of action was reported for the levofloxacin

peptide combination which resulted in a 28-fold reduction in

AamAP1-Lysine’s MBEC value (Table 4).

Discussion
The escalating global dilemma of microbial resistance against

antibiotics is putting a huge stress on global health authorities

to accelerate the development of antibiotic alternatives in order

to tackle this serious health issue and contribute to saving

human lives.24 Bacterial resistance is growing in numbers

with some microbial strains displaying pan-resistance against

all conventional antibiotics employed in the clinic and threa-

tening the overall health of mankind.25 Additionally, bacteria

and their ability to form biofilms with its characteristic inher-

ent resistance are posing an additional threat to human health

as several infections including wound and catheter-related

infections are directly linked to biofilms spread and their

related morbidities.26 These critical health threatening situa-

tions require urgent innovative and successful therapeutic

approaches.

During the last two decades, several AMPs have been

characterized and developed as an alternative approach to

conventional antibiotics.27 Despite having significant effi-

cacy in eradicating a wide spectrum of resistant microor-

ganisms, AMPs faced several obstacles in being developed

into successful therapeutics. One of the major drawbacks

related to this group of molecules is related to their lack of

specific target selectivity.28 This lack of apparent selectivity

increases the toxicity of these peptides against normal non-

bacterial cells and consequently is hampering the develop-

ment of these agents as alternatives to conventional anti-

biotics. Recently, we have designed a synthetic novel AMP

named AamAP1-Lysine with potent broad-spectrum anti-

microbial activity against different strains of Gram-positive

and Gram-negative bacteria. Several methods have been

employed to minimize and control the toxicity of AMPs

including peptide sequence modification, nano-encapsula-

tion and peptide hybridization.8,9,28 The aim of this study

was to assess the potential of combining AamAP1-Lysine

with conventional antibiotics in order to achieve a synergis-

tic mode of antibacterial activity that would decrease the

individual MIC of each individual antibiotic and eventually

increase their therapeutic index. According to our study,

AamAP1-Lysine displayed significant synergistic antimi-

crobial and antibiofilm effects against a sample of represen-

tative strains of control and resistant Gram-positive and

Gram-negative bacteria when combined with conventional

Table 4 The MBEC values and the FIC index of the successful synergistic combinations of AamAP1-Lysine combined with antibiotics

Individual MBEC MBEC in combination (µM)

Bacterial strain Antibiotics AamAP1-Lysine Antibiotics AamAP1-Lysine FIC

S. aureus (ATCC 33591) Rifampicin >500 µM 60 µM Rifampicin 2.5 µM 1 µM 0.058

P. aeruginosa (ATCC BAA2114) Levofloxacin >500 µM 70 µM Levofloxacin 5 µM 2.5 µM 0.110

Abbreviation: ATCC, American Type Culture Collection.
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antibiotics. The checkerboard assays revealed that the pep-

tide is displaying synergistic activity against planktonic

cells of both control and resistant strains of S. aureus

(ATCC 29213, ATCC 33591) and P. aeruginosa (ATCC

27853, ATCC BAA 2114). For the planktonic Gram-posi-

tive bacteria, three peptide-antibiotic combinations proved

to be highly synergistic and these include levofloxacin,

rifampicin and erythromycin. The levofloxacin combination

proved to be the most potent with a FIC index of 0.103

against the resistant strain of S. aureus (ATCC 33591) and

in accordance synergistic studies performed previously.29–31

For Gram-negative bacteria, only two combinations dis-

played a synergistic activity, and these include levofloxacin

and chloramphenicol. The two combinations had equal

synergistic activity with a FIC index of 0.36 against the

resistant form of P. aeruginosa (ATCC BAA 2114).

Additionally, the combination strategy proved to be effec-

tive in inhibiting biofilm formation as indicated by the

dramatic reduction in the MBEC values for the successful

synergistic combinations. When combined with chloram-

phenicol, AamAP1-Lysine managed to inhibit biofilm

growth for S. aureus (ATCC 33591) at 1 μM displaying a

60-fold decrease in the MBEC value when compared with

the individual peptide. For the MDR form of P. aeruginosa,

AamAP1-Lysine combined with levofloxacin managed to

decrease the MBEC value of the peptide by 28-fold with a

FIC index of 0.11. These results clearly display that com-

bining antibiotics with AamAP1-Lysine is an effective strat-

egy in enhancing the antimicrobial activity of AMPs against

both planktonic and biofilm forms of bacteria.

The dramatic decrease in the MIC values of

AamAP1-Lysine as a result of the synergistic action of

the combination strategy could prove to be a very useful

strategy for AMPs clinical development. The reduction

in the MIC value will diminish the toxicity of this group

of molecules against normal mammalian cells and allow

these peptides to be employed at significantly at reduced

concentrations and thus solving the issue of AMPs toxi-

city in addition to cutting the cost of manufacturing

these peptides on a large scale due to their enhanced

potency. This strategy could also be employed to AMPs

that are currently being used in the clinic such as colis-

tin, this AMP is reserved only for unresponsive and

highly resistant Gram-negative bacterial infections as a

result of its renal toxicity and significant potency.

However, recent reports have identified several strains

in China, USA and Europe with acquired resistance

against colistin rendering this last resort drug highly

fragile against bacterial resistance.32–34 Combining anti-

biotics with colistin to achieve synergistic outcomes

could allow clinicians to avoid this challenge and extend

the lifespan of such antibiotics. The mode of action of

the synergistic activity is still unclear and further mole-

cular mechanistic studies are required to explain the

underlying mechanism of action responsible for such

enhanced antimicrobial activity. One theory suggests

that AMPs with their capability of creating transient

pores within membranes of bacterial cells could facil-

itate the entry of conventional antibiotics intracellularly

and achieve enhanced antimicrobial outcomes.

In conclusion, we report the evaluation and characteriza-

tion of the antimicrobial and antibiofilm activity of AamAP1-

Lysine in combination with conventional antibiotics against

representative resistant strains of Gram-positive and Gram-

negative bacteria. Our results proved that the combination

strategy resulted in dramatic decrease of the effective con-

centrations of AamAP1-Lysine needed to inhibit several

representative strains of both planktonic and biofilm forms

of bacteria and consequently reduce its toxicity. These results

proved that AamAP1-Lysine in combination with conven-

tional antibiotics could prove to be a very attractive candidate

for antimicrobial drug development.
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Figure S1 High-performance liquid chromatography analysis of AamAP1-Lysine.
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Figure S2 ESI-MS analysis of AamAP1-Lysine identifying displaying major peaks in the +2, +3, +4 and +5 charge state of 1053.70 , 702.85 , 527.40 and 422 Da, respectively.
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