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Abstract

Background: Multidrug-resistant (MDR) Acinetobacter baumannii is one of the most common nosocomial pathogens. Antimicrobial
peptides (AMPs) have been introduced as a viable alternative to antibiotics in the treatment of MDR pathogens.
Objectives: This study was designed to assess the in vitro pharmacokinetics of the combination of two potent AMPs, LL-37 and on-
corhyncin II, against A. baumannii (ATCC19606).
Methods: The synthesized genes of oncorhyncin II and LL-37 were introduced into Escherichia coli BL21 as the expression host. The
minimum inhibitory concentration (MIC), time-kills, and growth kinetics of these peptides were used to evaluate their antimicro-
bial efficiencies against A. baumannii (ATCC19606).
Results: LL-37 and oncorhyncin II recombinant peptides showed MIC of 30.6 and 95.87 µg/mL against A. baumannii, respectively.
Additive action was confirmed by combining the generated AMPs at the checkerboard approach. The combination of LL-37 and
oncorhyncin II at 2 × MIC resulted in a rapid drop in log10 CFU/mL of A. baumannii in the time-kill and growth kinetic findings
studies.
Conclusions: The combination of the produced LL-37 and oncorhyncin II synergizes the bioactivity of the individual peptides.
Therefore, these peptides or their combinations might function as novel antibiotics and be used to develop and produce new an-
timicrobial drugs for the treatment of infections caused by A. baumannii.
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1. Background

Acinetobacter baumannii, Gram-negative pathogenic
bacteria, is presently one of the most common causes of
nosocomial infections in hospitals (1). Bloodstream in-
fections, soft tissue infections, skin infections, ventilator-
associated pneumonia, and catheter-associated urinary
tract infections are all examples of infections that might
occur by A. baumannii (2). In recent years, the overuse of
antibiotics, especially polymyxin E (colistin), has led to the
development of multidrug-resistant (MDR) A. baumannii.
Polymyxin E (colistin) is a cationic peptide antibiotic, the
extensive use of which as the last line of treatment in MDR
infections has created colistin-resistant strains. These bac-
teria can develop resistance to the antibiotic polymyxin E
through complete loss of lipopolysaccharide (LPS) expres-
sion (3-6). In recent years, a rising tendency in A. baumannii

MDR infections and a rapidly diminishing number of avail-
able treatment choices have compelled researchers to de-
sign and develop new antimicrobials.

Antimicrobial peptides (AMPs) are a novel class of
chemicals that have the potential to be used as an al-
ternative to conventional antibiotics. Generally, AMPs
are amphipathic molecules and a diverse set of short
oligopeptides that protect creatures from a wide range
of pathogens, such as viruses, bacteria, and parasites (7,
8). However, AMPs, by using a wide spectrum of dif-
ferent mechanisms, such as cell wall destruction or pro-
tein/deoxyribonucleic acid suppression of apoptosis pro-
motion, provoke microbial cell death (9-12). Multiple AMPs
have been studied in the treatment of bacterial infections
and have been found to be potentially helpful. As a re-
sult, AMPs, alone or in combination with known antibi-
otics, might have a therapeutic effect (13, 14).
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2. Objectives

This study investigated the in vitro pharmacokinetics of
the combination of LL-37 and oncorhyncin II against A. bau-
mannii.

3. Methods

3.1. Expression and Purification of Recombinants LL-37 and On-
corhyncin II

Experiments were conducted against A. bauman-
nii ATCC strains 19606 obtained from BEI resources
(Manassas, VA, USA). Polymyxin E was purchased from
Sigma-Aldrich (St. Louis, MO, USA). The AMP LL-37 (LLGDF-
FRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) and oncorhyncin
II (KAVAAKKSPKKAKKPATPKKAAKSPKKVKKPAAAAKKAAK-
SPKKATKAAKPKAAKKAAKAKKAAPKI) were acquired from
Cambridge Biomatik Company (Cambridge, Canada).
Then, the plasmid pET32a (Novagen, India) was prepared
as expression vector (15, 16). Subsequently, Escherichia coli
BL21 (DE3), the common expression host, were applied to
proceed recombinant protein expression. To express the
target genes, the pET32a-LL-37 and pET32a-oncorhyncin II
constructs were transplanted individually to competent
bacteria E. coli BL21 (DE3). Competent E. coli BL21 (DE3) cells
were effectively isolated after being prepared according to
the usual technique (17).

In this method, LL-37 and oncorhyncin II recombinant
expressions were induced using E. coli BL21 (DE3) as the
expression host, with isopropyl β-D-galactosidase (IPTG)
(1 mM) combined with Nutrient Broth media (Nutrient
Broth; Merck, Germany) (1.5 X). The cells were extracted af-
ter a 4-hour incubation period by centrifugation at 5000
rpm for 20 minutes. Transferring the resultant protein to
the (12%) sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) proved the induction results (15,
18). Purification was determined using Ni-NTA agarose
resin affinity chromatography (Qiagen, Alameda, CA, USA)
under denaturing conditions with 8 M urea (18). The quan-
tity of the recombinant proteins was measured by optical
density (OD) at 280 nm by spectrophotometry. The qual-
ity of the recombinant proteins was analyzed by SDS-PAGE
(12% SDS gel) (18, 19).

3.2. Refolding Optimization of Recombinants LL-37 and On-
corhyncin II

Phosphate-buffered saline (PBS) buffers containing dif-
ferent amino acids (arginine 0.1 M + proline 0.1 M) with
optimized condition (pH = 7) and PBS buffers containing

amino acids (arginine 0.1 M + proline 0.1 M) with pH = 8.5
for LL-37 and oncorhyncin II, respectively, were used for the
refolding process and elimination of urea. It should be em-
phasized that urea prevents proteins from folding actively.
The dialysis process was performed at 4°C for 24 hours. The
PBS buffer was changed every 2 hours to improve dialysis
efficiency. Finally, the dialyzed protein was kept at 4°C for
future testing (15, 20). Due to refolded recombinant pro-
teins’ low concentrations in the dialyzer tubes, a 10 kDa
pore-size Amicon centrifugal filter (Merck Millipore, Darm-
stadt, Germany) was applied to increase their concentra-
tions (21).

3.3. Antimicrobial Activities of LL-37 and Oncorhyncin II

The minimum inhibitory concentration (MIC) of LL-37
and oncorhyncin II was determined by the broth microdi-
lution technique based on the Clinical and Laboratory
Standards Institute (CLSI) MO7-A10 guidelines (9). Briefly,
A. baumannii cultures were diluted in fresh Mueller-Hinton
broth (Merck, Germany) overnight to achieve the culture
OD at 600 nm reaching 1 × 108 CFU/mL. Then, to achieve
1 × 106 CFU/mL, the suspensions were diluted 1: 100 with
Mueller-Hinton broth. Afterward, 50 µL of bacterial sus-
pensions (1×106 CFU/mL) in addition to 50 µL of the two-
fold serial dilutions of the dialyzed recombinants LL-37
(245µg/mL) and oncorhyncin II (767µg/mL) were placed in
96-well microtiter plates separately. Furthermore, 100 µL
of bacterial suspension served as the positive control; nev-
ertheless, 100µL of sterilized Mueller-Hinton broth served
as the negative control.

After 24 hours of incubation at 37°C, 20µL of resazurin
dyes [0.02% (w/v)] was added to each well and incubated
again for 2 hours. The concentration of each treatment
group in the last blue color well was regarded as the MIC
value (10). Polymyxin E MIC against A. baumannii was per-
formed by micro broth dilution according to the CLSI (22,
23). To evaluate the minimum bactericidal concentration
(MBC), 100 µL of microplate blue wells related to MIC and
the above-mentioned MIC values of LL-37 and oncorhyncin
II were cultured on Mueller-Hinton agar. The term MBC is
described as the lowest concentration of an antimicrobial
agent that kills 99.9% of a certain organism following a 24-
hour incubation period at 37°C. The antibacterial activity
was characterized using the MBC/MIC ratio (MBC/MIC = 1 or
2 bactericidal, MBC/MIC = 4 or 16 bacteriostatic) (24).

3.4. Evaluation of Synergistic Activities of LL-37 and On-
corhyncin II

Checkerboard assays on 96-well microtiter plates con-
taining LL-37 and Oncorhynchus II in two-fold serial con-
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centrations were operated to evaluate the MICs of target
recombinant proteins, either alone or in combination, in
compliance with CLSI standards. In the horizontal wells,
increasing concentrations of oncorhyncin II were used;
nonetheless, increasing concentrations of LL-37 were used
in the vertical wells. Bacterial suspensions were made and
added to the wells at a 1 × 106 CFU/mL concentration. The
recombinant peptides were serially diluted and incubated
at 37°C for 18 - 24 hours. The fractional inhibitory concen-
tration (FIC), which was determined as follows, was used
to assess synergic interactions:

∑
FICa =

MICoLL − 37 incombinationwithoncorhyncinII

MIC of LL − 37 independently

∑
FIC b =

MICof oncorhyncinII incombinationwithLL − 37

MICof oncorhyncinII independently

The fractional inhibitory concentration index (FICI)
values were calculated by the following equation:

∑
FICI =

∑
FIC a+

∑
FIC b

The results were defined within the following ranges:
≤ 0.5: Synergistic; 0.5 - 0.75: Partial synergy; 0.76 - 1.0: Addi-
tive; 1.0 - 4.0: Indifferent; > 4.0: Antagonistic (13, 25).

3.5. Time-Kill Assay

The current study used a time-kill experiment to deter-
mine the death rate of A. baumannii when treated with tar-
get recombinant antimicrobial proteins. A final density of
106 CFU/mL was used to prepare the inoculum. LL-37 and
oncorhyncin II were used alone and in combination at 2
× MIC concentrations to determine their individual and
combined effects on cell viability. To count the colonies, the
samples were obtained at 0, 0.5, 1, 3, 5, 7, 11, and 20 hours af-
ter incubation and put into Mueller-Hinton agar. Kinetic
tests were conducted using a 1 mL total volume. The syn-
ergistic effects and the reduction pattern of viable bacte-
ria cell counts were evaluated after 24 hours of incubation
at 37°C. Polymyxin E (1 µg/mL) was utilized as a positive
control (13, 14); nevertheless, bacterial culture without ad-
ditions was employed as a negative control. Antibacterial
activity was defined as a decrease of ≥ 1 log10 in compari-
son to the initial inoculum. In this assay, the diction of ≥

2 log10 and 1 ≤ log10 ≤ 2 were considered synergistic and
additive, respectively. Each test was conducted in triplicate
(26, 27).

3.6. Growth Kinetic Assay

The activity evaluation was obtained by the following
assay: The mid-log phase bacterial cultures with a turbid-
ity of 0.6 at 600 nm were diluted in Mueller-Hinton broth
to obtain 108 CFU/mL concentration of cells (OD 600 nm =
0.2). Afterward, 200 µL of bacterial cultures were poured
into single culture tubes, and 2 × MIC concentrations of
LL-37 and oncorhyncin II alone or in combination were
mixed in particular tubes and incubated at 37°C. The tur-
bidity of these samples was determined with a spectropho-
tometer (at 600 nm) along the intervals of 0, 1, 3, 5, 7, 11,
and 20 hours. The assay was carried out in triplicate (15).
Polymyxin E (1µg/mL) and untreated bacteria were used as
positive and negative controls, respectively.

3.7. Statistical Analysis

All results were compared using a two-way analysis
of variance. The results with P-values of less than 0.05
were considered statistically significant. Statistical analy-
ses were performed using GraphPad Prism software (ver-
sion 9).

4. Results

4.1. Expression, Purification, and Refolding of LL-37 and On-
corhyncin II in Escherichia coli

The proteins LL-37 and oncorhyncin II were successfully
cloned in the pET32a expression vector. The recombinant
proteins LL-37 and oncorhyncin II were successfully pro-
duced in E. coli BL21 cells as expression hosts treated with
IPTG (1 mM) and were purified under the denaturing con-
dition using nickel affinity chromatography (Ni-NTA; Qia-
gen, Valencia, Spain; Alameda, CA, USA) and urea 8 M. Sub-
sequently, the quantity and quality of purified proteins
were evaluated by SDS-PAGE. The successful expression of
LL-37 (28 kDa) and oncorhyncin II (28 kDa) was confirmed
by the presence of specific sharp bands indicating the 28
kDa proteins in 12% SDS gel. According to the findings of
dialysis in PBS, the combination of arginine (0.1 M) and pro-
line (0.1 M) amino acids at pH = 7 for LL-37 and pH = 8.5 for
oncorhyncin II had the maximum protein yield efficiency.
At OD 280 nm, protein concentrations were determined us-
ing a spectrophotometer (Eppendorf, Germany). Protein
concentration was determined using 10 kDa pore-size Ami-
con centrifugal filters that indicated 245 and 767µg/mL for
LL-37 and oncorhyncin II, respectively.

Jundishapur J Microbiol. 2022; 15(11):e131299. 3



Safari M et al.

4.2. Antimicrobial and Synergistic Activities of LL-37 and On-
corhyncin II

The MIC values for the recombinant LL-37 and on-
corhyncin II proteins against A. baumannii can be observed
in Table 1. Recombinant LL-37 and oncorhyncin II proteins
obtained MIC values of 30.6 and 95.87 µg/mL, respectively.
The polymyxin E MIC was also 0.5 µg/mL. Table 2 shows
the MBC values of each peptide alone and in combination
against A. baumannii. It was determined that both LL-37 and
oncorhyncin II peptides were bacteriostatic following MBC
tests. Checkerboard tests were used to confirm the syner-
gistic activity of the LL-37/oncorhyncin II combination. The
FICIs equal to 1 showed that LL-37 and oncorhyncin II were
additive against A. baumannii. Table 1 summarizes the val-
ues of the FICI for each peptide and in combination.

4.3. Time-Kill Kinetics

Figure 1 shows the findings of the time-kill kinetics and
synergy of LL-37 and oncorhyncin II against A. baumannii as
measured by the changes in log10 CFU/mL of viable cells. At
2 × MIC of each combination, the number of viable cells
against A. baumannii reduced dramatically, with more than
3 log10 CFU/mL reductions by LL-37 within 3 hours and more
than 5 log10 CFU/mL reductions by oncorhyncin II within 11
hours. LL-37 also induced total cell death after 11 hours. Si-
multaneously, the combination of LL-37/oncorhyncin II re-
sulted in a substantial drop in CFU after 3 hours and com-
pleted cell death after 7 hours. In addition, polymyxin
E decreased log10 CFU/mL after 11 hours and did not sig-
nificantly change the number of colonies over time. The
results confirmed the reduction in the antibacterial effi-
ciency of polymyxin E over time. Although the statistical
analysis showed a very significant difference among tested
treatments (P-values < 0.0001), there was no significant
difference between polymyxin E and oncorhyncin II.

4.4. Growth Kinetics

For the purpose of determining the mode of action of
LL-37 and oncorhyncin II against A. baumannii, the turbid-
ity of the bacterial culture was shown at 2 × MIC of LL-37,
and oncorhyncin II was measured over time using a spec-
trophotometer. As shown in Figure 2, LL-37 reduced the tur-
bidity of A. baumannii suspensions by 50% and 100% after 1
and 5 hours, respectively. After 5 hours, oncorhyncin II low-
ered cell turbidity by over 95%. The combination of LL-37
and oncorhyncin II was much more effective in reducing
the turbidity of A. baumannii suspensions, with a 100 % de-
crease in cell turbidity after 3 hours. In addition, the exami-
nation of polymyxin E at 2×MIC as a control decreased cell

turbidity after 11 hours. There were significant differences
among all tested groups (P-values < 0.05).

5. Discussion

The AMPs are considered a promising novel class of nat-
urally derived therapeutic agents with broad antibacterial
activities that can be advocated as possible replacements
for antibiotics. The AMPs are polypeptides having cationic
characteristics and fewer than 100 amino acids (28). The
cationic AMPs interact with LPS in the outer membrane of
Gram-negative bacteria to have a direct effect on the bacte-
rial membrane. The destabilization of bacterial structure
caused by the binding of AMP permits the intracellular ab-
sorption of antibiotics (29). There are a number of studies
in the scientific literature on AMPs indicating synergistic
effects with commercial antibiotics against MDR bacterial
strains (13, 30).

To explore alternative therapies against A. baumannii,
the pharmacokinetics and synergistic effects of LL-37 and
oncorhyncin II recombinants were studied for the first
time in the current investigation. LL-37 and oncorhyncin
II are strong AMPs with diverse antimicrobial activities
against Gram-positive and Gram-negative bacteria (31). In
the current study, recombinant LL-37 and oncorhyncin II
were effectively generated using the E. coli DE3 subspecies
of BL21 as the expression host. Following purification pro-
cesses, the recombinant proteins were readily recovered
by nickel affinity chromatography with a purity of more
than 70% (32). It has been confirmed in previous studies
that the amino acids arginine and proline might increase
the performance of proteins that have been reassembled
utilizing a dialysis technique (15, 18). It is considered very
valuable that the final produced recombinant LL-37 and
oncorhyncin II in this study were effective against Gram-
negative bacteria, including A. baumannii.

Several investigations have shown that LL-37 or its trun-
cated analogs have antimicrobial activity against A. bau-
mannii clinical and reference strains, consistent with the
findings of the present study (30, 33, 34) Antibacterial, an-
tibiofilm, and kinetics activities of LL-37 and its fragments
(i.e., KR-12, KR-20, and KS-30) against A. baumannii refer-
ence strain were tested by Feng et al. In contrast to the
findings of the present study, the MIC for ATCC 19606 in
the aforementioned study was lower (16 µg/mL vs. 30.6
µg/mL) (14). Additionally, numerous investigations have
indicated that ATCC 19606 strains of A. baumannii were
more susceptible to LL-37 than clinical strains (30, 34, 35).
Although oncorhyncin II’s antibacterial activity on A. bau-
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Table 1. Fractional Inhibitory Concentration Values of LL-37 in Combination with Oncorhyncin II against Acinetobacter baumannii (ATCC 19606)

Microorganism

Minimum Inhibitory
Concentration (µg/mL)

Combination (µg/mL) Minimum Inhibitory Concentration Synergism

LL-37a FICa Oncorhyncin
IIb

FICb LL-37c Oncorhyncin
IId

FICI Additive

Acinetobacter
baumannii

30.6 0.5 95.87 0.5 15.3 47.93 1

Abbreviations: FIC, fractional inhibitory concentration; FICI, fractional inhibitory concentration index.
a The FICI was explained as follows: ≤ 0.5: Synergistic; 0.5 - 0.75: Partial synergy; 0.76 - 1.0: Additive; 1.0 - 4.0: Indifferent; > 4.0: Antagonistic.

Table 2. Minimum Bactericidal Concentration Values of LL-37 and Oncorhyncin II Antimicrobial Proteins against Acinetobacter baumannii (ATCC 19606)

Microorganism
Minimum Bactericidal Concentration (µg/mL) Minimum Bactericidal Concentration Combination (µg/mL)

LL-37a Oncorhyncin IIa LL-37b Oncorhyncin IIb

Acinetobacter
baumannii

MBC MBC/MIC MBC MBC/MIC MBC MBC/MIC MBC MBC/MIC

> 122.5 > 4 > 383.5 > 4 > 61.25 > 4 > 191.75 > 4

Interpretation Bacteriostatic Bacteriostatic Bacteriostatic Bacteriostatic

Abbreviations: MBC, minimum bactericidal concentration; MIC, minimum inhibitory concentration.

Figure 1. Bacterial-killing kinetics of LL-37 and oncorhyncin II at 2×minimum inhibitory concentration against Acinetobacter baumannii; control (open triangles), A. baumannii
+ polymyxin E 1µg/mL (open squares), LL-37 61.2µg/mL (filled triangles), oncorhyncin II 191.74µg/mL (filled circles), and combination of LL-37 30.6µg/mL and oncorhyncin II
95.86 µg/mL (filled squares).

mannii has not yet been reported, numerous investigations
have proven that histone-like proteins and peptides are
effective against a wide range of significant fish diseases,
including certain species of Vibrio and Aeromonas genera
(e.g., Aeromonas salmonicida, A. hydrophila, V. anguillarum, V.
alginolyticus, and V. salmonicida) (36-38).

According to a study conducted by Jacobsen et al.,
histone H1.2 had antimicrobial activity against the Pseu-
domonas aeruginosa reference strain and the burn wounds
bacterial isolates (39). Moreover, Gram-negative bacteria,
such as E. coli and L. anguillarum, were sensitive to a his-
tone H1-derived oncorhyncin II protein that was isolated

from the skin of rainbow trout (6). In another study, his-
tone H1 was isolated as an AMP from the Atlantic salmon
(Salmo salar) liver and was found to be effective against E.
coli D31 (40). Synergy therapy could be used to enhance
the antibacterial efficiencies of AMP against bacteria to ex-
pand the reducing cytotoxicity, the emergence inhibition
of resistant bacterial mutants during therapy, antimicro-
bial or bactericidal spectrum, and achieving synergistic an-
timicrobial activity. For this purpose, the FICI was calcu-
lated using the checkerboard format and assessed synergy
between LL-37 and oncorhyncin II. This technique yielded a
FICI = 1 against A. baumannii (ATCC19606), which is indica-

Jundishapur J Microbiol. 2022; 15(11):e131299. 5



Safari M et al.

Figure 2. Bacterial growth kinetics of LL-37 and oncorhyncin II at 2×minimum inhibitory concentration against Acinetobacter baumannii; control (open triangles), A. bauman-
nii + polymyxin E 1µg/mL (open squares), LL-37 61.2µg/mL (filled triangles), oncorhyncin II 191.74µg/mL (filled circles), and combination of LL-37 30.6µg/mL and oncorhyncin
II 95.86 µg/mL (filled squares).

tive of an additive effect.

The outcomes of time-kill and growth-kinetic studies
particularly validated the results of the checkerboard as-
say, revealing that the combination of recombinant pep-
tides LL-37/oncorhyncin II is more efficient than either pep-
tide alone and causes the death of A. baumannii in a shorter
time. On A. baumannii, LL-37 was surprisingly more effec-
tive than oncorhyncin II. The use of polymyxin E as a con-
trol in these trials showed that the combination of LL-37
and oncorhyncin II is more effective than commercial an-
tibiotics in killing A. baumannii in a shorter time. Further-
more, polymyxin E works better than oncorhyncin II on the
desired bacterium in the early hours, although its effective-
ness decreases over time. In agreement with the findings
of the current study, the findings of prior investigations in
this area have proven that the combination of LL-37 with
other AMPs (7) or conventional antibiotics (30) has syner-
gistic activity against A. baumannii (MDR) and sensitive and
resistant P. aeruginosa strains.

5.1. Conclusions

LL-37 and oncorhyncin II recombinants were examined
for the first time in this study for their pharmacokinet-
ics and synergistic effects on A. baumannii. The findings
of MIC, checkerboard, time-kill, and growth kinetics tests
revealed that these peptides have potentially strong and
quick antibacterial action against A. baumannii. Therefore,
AMPs could be used as novel antibiotics, either alone or in

combination with each other or as an adjunct to known an-
tibiotics, to control and treat A. baumannii infections. The
aforementioned findings should be taken into consider-
ation when optimizing antibiotic therapy. Furthermore,
clinical trials are required to determine the genuine worth
of these peptides’ alternative therapies and therapeutic
potential.
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