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ABSTRACT 
The use of antimicrobial peptides as agents of food additives, cosmeceuticals and preservatives is becoming 
increasingly popular. This research reported the design of nine de novo peptides (P1–P9) and their activities against 
seven bacterial strains together with their antioxidant and hemolytic activities. The secondary structure of two of 
these peptides (P8 and P9) was also studied as well as their effects on the membrane of Staphylococcus epidermidis. 
The results showed that the 12 amino acid residue peptides, P8 and P9, had eight positive charges, 50% hydrophobic 
ratio, and 1.61 Boman index. However, their amino acid sequence and hydrophobic facet sizes were different. P8 and 
P9 displayed no toxicity against human red blood cells at their minimum inhibitory concentrations required to inhibit 
the bacterial growth of at least 90% of organisms (MIC90) against Staphylococcus epidermidis and Staphylococcus 
aureus. P8 and P9 resulted in S. epidermidis cell blebs. The Circular dichroism spectra of P8 and P9 revealed that 
their structures in 50% trifluoroethanol (TFE) were more ordered indicating the possibility of structural change in the 
antibacterial mechanism. Moreover, all designed peptides had antioxidant activity. All peptides except P9 had low 
toxicity against human red blood cells and less than 5% at concentrations higher than their half maximal inhibitory 
concentration (IC50) approximately more than 8–30 times. P8 and P9 are interesting to further develop as antibiotic 
agents. Moreover, all peptides are interesting for antioxidant applications.

INTRODUCTION 
Nowadays, antimicrobial peptides (AMPs) are of 

interest as new agents of food additives and preservatives due to 
less toxicity and good bioactivity (Ben Said et al., 2019; Wang 
et al., 2016a). Due to the increased development of antibacterial 
resistance, antibiotic alternative research has been of interest. 
For example, polymyxin B is a group of cyclic nonribosomal 
polypeptide that is isolated from the bacterium Bacillus polymyxa. 
It has been used as an antibiotic against Gram-negative bacteria 
(Michalopoulos and Falagas, 2008). Although many researchers 
have reported on designed antibacterial peptides, the amino 
acid sequences in this paper have not been reported before. 

Commercially, most AMPs are chemically synthesized because 
their production is easy, it takes a short time, and a large quantity is 
produced. Normally, AMPs have amphiphilic properties, 2–7 net 
charges, and approximately 50% hydrophobic percentage (Mishra 
et al., 2018). Hydrophobic boundary of a designed peptide is also 
an important factor in antibacterial peptide design (Chen et al., 
2007; Guo et al., 2013; Lee et al., 2019).

AMPs can be used to improve the shelf life of 
cosmeceutical or food products such as in the case of Nisin, a 
well-known preservative peptide. Nisin was approved by food and 
drug administration (FDA) in 1998 as a preservative (FDA, 1998; 
Hsu et al., 2004). Moreover, lysozyme peptides (LzP) are well 
known as natural food preservatives (Abdoub et al., 2007). Also, 
MDpep9 which is obtained from housefly larvae is an antibacterial 
peptide which is of interest to further develop as a preservative 
(Tang et al., 2009).

Many peptides with antioxidant activity have been 
isolated from food hydrolysates, plant proteins, and chemical 
synthesis. The short peptide (YWYPGL) obtained from casein 
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hydrolysates had good antioxidant activity in superoxide, hydroxyl, 
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay (Suetsuna et al.,  
2000). The short peptide, WYSLAMAASAI, obtained from 
lactalbumin, had better antioxidant activity than that of butylated 
hydroxyanisole (BHA) (Hernández-Ledesma et al., 2005). BHA 
is both an antioxidant agent and a preservative which is widely 
used in food, drug, and cosmeceutical applications. The chemically 
synthetic peptide, GWWW, showed good antioxidant activity 
against peroxyl radicals and peroxynitrite (Matsui et al., 2018). 
They are interesting as food additives because some antioxidant 
peptides could not be destroyed in the human digestive system 
(Chabance et al., 1998; Webb et al., 1990).

The aim of this study is to design ultra-short peptides with 
antibacterial and antioxidant activities and low toxicity by varying 
hydrophobic and hydrophilic facets. The various hydrophobic 
and hydrophilic facet sizes of the designed peptides resulting 
in net charge, length, and % hydrophobic ratio differences were 
examined for hemolytic, antibacterial, and antioxidant activities.

MATERIALS AND METHODS

Materials
All peptides were obtained from GL Biochem (Shanghai, 

China). Other reagents were reagent grade.

Peptide synthesis
Ultra-short peptides were obtained from GL Biochem 

(Shanghai, China). They were synthesized by Fmoc solid phase. 
High performance liquid chromatography (HPLC) (stationary 
phase: C-18, mobile phase: 5%–20% acetone in water, time: 
0–20 minutes) was performed to obtain peptides with a 95% 
purity level or greater. Electrospray ionization mass spectrometry 
(ESI-MS) chromatogram confirmed the synthesis efficiency by 
comparing the molecular weight of the synthesized peptides with 
the theoretical molecular weight of each peptide.

Minimum inhibitory concentrations (MICs) and bactericidal 
activities

Briefly, minimum inhibitory concentrations (MICs) and 
bactericidal activities were determined by using a methodology 
adapted from a previous report (Andrews, 2001). All tested-
bacterial strains were obtained from the department of medical 
science, Thailand. Each bacterial strain was inoculated to enter 
its log growth phase. The bacterial suspension was adjusted to 
an optical density (OD) of 0.001 at 600 nm.  The 90 µl of each 
microorganism in Luria-Bertani broth (Himedia, India) was added 
to 96-well plates. The 10 µl of various peptide concentrations 
(twofold dilution) in 10 mM Tris–HCl buffer (pH 7.4) was treated. 
The 10 mM Tris–HCl buffer (pH 7.4) was used as a control 
representing 100% growth ability. After incubation at 37°C for 
16–18 hours, the OD600 absorbance of each well was calculated for 
the 90% inhibition (MIC90) by using the following formula:

% inhibition =  100 − 
(Abs 2 − Abs 0) × 100 ,

(Abs 1 − Abs 0)

where Abs 0 is the absorbance of a blank well, Abs 1 
is the absorbance of a negative control (100% bacterial growth), 
and Abs 2 is the absorbance of a peptide treated sample. The clear 

suspensions of each well (MIC90) were further analyzed, on the 
100% minimum bactericidal concentration (MBC) value, by using 
the drop plate technique. The concentrations without any bacterial 
colony were reported as 100% MBC.

Antioxidant activity
The antioxidant activity of all the designed peptides was 

determined by using the 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) assay. Briefly, the mixture of ABTS 
and potassium persulfate was prepared by dissolving ABTS 
and potassium persulfate in distilled water to obtain a final 
concentration of 7.2 and 2.6 mM, respectively. The mixture was 
left in the dark at room temperature for about 12 hours. The 
mixture was then measured at 734 nm and was adjusted to an 
absorbance of about 0.72 at 734 nm. The 10 µl of each peptide was 
incubated with 90 µl of ABTS free radical suspension in a 96-well 
plate for 10 minutes in the darkness. Glutathione was used as a 
positive control and distilled water was used as a negative control. 
The samples in 96-well plates were measured at 734 nm. All 
values were subtracted from the average value of the blank wells. 
The percent of ABTS radical scavenging activity was calculated 
according to the following formula:

% free radical scavenging =   100 – 
(Abs 2 − Abs 0) × 100

(Abs 1 − Abs 0)

where Abs 0 is the absorbance at 734 nm of the blank 
well, Abs 1 is the absorbance at 734 nm of the negative control 
(100% free radicals), and Abs 2 is the absorbance at 734 nm of 
the sample.

Hemolysis
The toxicity of all designed peptides was determined 

against human red blood cells. The red blood cells of a healthy 
human were collected and washed with phosphate-buffered saline 
(PBS) and then centrifuged three times at 5,000 rpm for 5 minutes 
each time. After that, the red blood cell suspension was adjusted 
to 2% red blood cells in PBS. Each peptide (0.781–1,000 µg/ml, 
10 µl) was incubated with the suspension for 1 hour at 37°C. One 
percent Triton X100 was treated as a positive control and PBS was 
treated as a negative control. The samples were then centrifuged at 
5,000 rpm for 5 minutes. The 100 µl of suspensions was collected 
and measured at 570 nm. 

% hemolytic activity =  
(Abs 2 − Abs 0) × 100 ,

(Abs 1 − Abs 0)
 

where Abs 0 is the absorbance of the negative control, 
Abs 1 is the absorbance at 570 nm of the positive control, and Abs 
2 is the absorbance at 570 nm of the sample.

Circular dichroism
The secondary structure of P8 and P9 which had good 

antibacterial activity was then studied in different conditions by 
using circular dichroism. Shortly, each peptide was dissolved in 
phosphate buffer or 50% TFE in distilled water at the concentration 
of 0.1 mg/ml. A 1 mm path length cell was used. The Circular 
dichroism (CD) spectrum data were obtained by using the Jasco 
J-815 CD Spectrometer.
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Scanning electron microscope
The effects of the peptides P8 and P9 on bacterial 

envelope change were studied by using a scanning electron 
microscope. Briefly, the bacterial suspension in mid-exponential 
growth phase was washed in PBS three times and diluted 
to approximately 108 CFU/ml in PBS. After that, 90 µl of the 
bacterial suspension was incubated with 10 µl of each peptide 
in the concentration of 4-time MIC for 1 hour, 37°C. The PBS 
was used as a negative control. The 20 µl of each sample was 
deposited on 0.1 micrometer polycarbonate membrane and was 
fixed with 5% glutaraldehyde for 4 hours. The samples were 
gradually dehydrated with ethanol series (30%, 50%, 70%, 90%, 
and 100% ethanol) for 15 minutes of each ethanol concentration. 
After sample drying in a vacuum for 6 hours, all samples were 
coated with gold. Scanning electron microscope (SEM) images 
were taken at low electron energies.

RESULTS AND DISCUSSIONS

Peptide design
In an ultra-short peptide design containing only two 

different amino acids, tryptophan represents a hydrophobic amino 
acid and lysine represents a positive charge amino acid. Tryptophan 
is found in many antibacterial peptides (Deslouches et al., 2013; 
Sitaram et al., 2003); therefore, it was selected to represent a 
hydrophobic amino acid. The NH of the aromatic side chain of 
tryptophan can form hydrogen bonds, which has a dipole moment, 

with the interfacial region of a membrane resulting in the peptide 
anchoring to the bilayer surface (Mishra et al., 2018). The reason 
why lysine was selected to represent a positive charge amino acid in 
this study is due to its selectivity as can be seen in a previous report 
(Anunthawan et al., 2013). Their facets were depicted by helical 
wheel patterns as can be seen in Figure 1 (Mól et al., 2019). Each 
peptide had different hydrophobic and hydrophilic facet sizes as can 
be seen in the helical wheel pattern (Fig. 1). Three pairs of designed 
peptides which were of equal lengths and various facet sizes (P4 and 
P7, P5 and P6, and P8 and P9) and the others which were of unequal 
lengths and various facet sizes (P1, P2, and P3) were examined for 
antibacterial, antioxidant, and hemolytic activities. The chemical 
and physical properties of all nine peptides, named P1–P9, can 
be seen in Table 1. The % hydrophobic ratio and protein-binding 
potential (Boman index) of all designed peptides were calculated by 
using an online program (APD3, 2019). All designed peptides were 
modified by C-terminal amidation (Strandberg et al., 2007). Their 
lengths were 3–15 amino acids. The net-positive charge including 
NH2 at both termini was from +4 to +11. Protein-binding potential 
(Boman index) was 2.39 for P3, P4, and P5 and was 1.61 for P8 
and P9. The hydrophobic ratio of P1 was the lowest (33%) and the 
hydrophobic ratio of P2–P7 was 40%. P8 and P9 had the highest 
hydrophobic ratio at 50%. The designed peptides were compared to 
other peptide sequences stored in the antimicrobial peptide database 
(APD3 database) to ensure that their peptide sequences were not 
previously reported (Wang et al., 2016b). 

Figure 1. Helical wheel patterns of all designed peptides. 
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Minimum inhibitory concentrations (MICs) and bactericidal 
activities

Antibacterial activity of all designed peptides was 
determined against seven bacterial strains (Escherichia coli 
DMST 15537, Escherichia coli O157:H7, Staphylococcus 
epidermidis DMST 5868, Pseudomonas aeruginosa DMST 5870, 
Staphylococcus aureus DMST 8013, Staphylococcus aureus 
(MRSA) DMST 4738, and Klebsiella pneumoniae DMST 37389) 
as can be seen in Table 2. The highest concentration of P8 and P9 
(100 µg/ml) could not kill the largest number of bacteria. This 
was possibly caused by the defense activation of bacteria against 
the peptides or peptide aggregation (Azad et al., 2011). The 
peptides P8 and P9 had better antibacterial activity than the other 
designed peptides. P8 had MIC90 at 6.3 µg/ml, whereas P9 had 
MIC90 at 3.1 µg/ml against S. epidermidis DMST 5868. Normally, 
S. epidermidis can form biofilms that grow on implants resulting 
in infections. For S. aureus DMST 8013, which causes foodborne 
illnesses, P8 had MIC90 at 50 µg/ml, whereas P9 had MIC90 at 
6.3 µg/ml. Only P9 could inhibit the bacterial growth of E. coli 
O157:H7, which is a cause of foodborne illnesses, at 12.5 µg/ml. 
However, other designed peptides needed a higher concentration 
for MIC90 against all bacterial strains. 

P8 and P9 had the same number of amino acid 
residues which was 12. They had equal hydrophobic residues 
(six tryptophan residues) and hydrophilic residues (six lysine 
residues) resulting in 50% hydrophobic ratio, 8 positive charges, 
and 1.61 kcal/mol Boman index. The Boman index of P8 and P9 

was lower than that of P3–P7 (2.39 KJ/mol) indicating that a high 
Boman index does not always result in good antibacterial activity 
(Boman, 2003). Comparing the sequences of P8 and P9 with other 
reported peptides in APD database, P8 and P9 were similar to the 
peptides named Inverso-CysHHC10 50% which has antibacterial 
activity against S. aureus and S. epidermidis and has low toxicity 
toward human red blood cells (Buckholtza et al., 2016). P8 and 
P9 could inhibit S. epidermidis at 6.3 and 3.1 µg/ml, respectively. 
The hydrophobic ratio of P8 and P9 was the highest among the 
designed peptides in this study. This may be one of the factors that 
increased their antibacterial activity. These results corresponded 
to the previous studies which reported that higher hydrophobicity 
or hydrophobic ratio of peptides results in higher antibacterial 
activity (Chen et al., 2007; Rosenfeld et al., 2010).

The difference between P8 and P9 is the amino 
acid sequence as can be seen in Table 1. P8 had two times an 
amino acid repeat pattern, KKWWW. But P9 had three times 
an amino acid repeat pattern, WKKW. This difference resulted 
in the difference in their secondary structure, hydrophobic and 
hydrophilic facets. P9 had a bigger hydrophobic facet than that 
of P8 resulting in its better antibacterial activity. Comparing the 
activities of P9 and P3, even though they had the same sizes 
of hydrophilic facet, P3 had no antibacterial activity indicating 
that its hydrophobic facet size was not suitable. The hydrophobic 
facet of P3 contained only four residues; this lower hydrophobic 
ratio has been hypothesized to be the reason for the lack of 
antibacterial activity (Chen et al., 2007; Rosenfeld et al., 2010). 

Table 1. Biological and biophysical properties of designed peptides.

Peptide name Amino acid sequence Mw Number of amino 
acid residue

Positive Net charge  
(including amidation at C terminal)

% hydrophobic 
residue ratio

Protein-binding Potential  
(Boman index) kcal/mol

P1 KWK-NH2 459.58 3 4 33 NA

P2 KWKWK-NH2 773.96 5 5 40 NA

P3 KKWWKKWWKK-NH2 1,530.90 10 8 40 2.39

P4 KKKWWWKKKWWWKKK-NH2 2,287.84 15 11 40 2.39

P5 KKKWWWWKKK-NH2 1,530.90 10 8 40 2.39

P6 WWKKKKKKWW-NH2 1,530.90 10 8 40 2.39

P7 KKKKWWWWWWKKKKK-NH2 2,287.84 15 11 40 2.39

P8 KKWWWKKWWWKK-NH2 1,903.46 12 8 50 1.61

P9 WKKWWKKWWKKW-NH2 1,903.46 12 8 50 1.61

NA indicates missing data.

Table 2. Antibacterial activity of designed peptides. MICs are defined as the concentration (µg/ml) that inhibited bacterial growth at least by 90%.

Peptide name Amino acid sequence E. coli DMST 
15537

E. coli 
O157:H7

S. epidermidis 
DMST 5868

P. aeruginosa 
DMST 5870

S. aureus 
DMST 8013

S. aureus (MRSA) 
DMST 4738

K. pneumoniae 
DMST 37389

P1 KWK-NH2 >100 >100 >100 >100 >100 >100 >100

P2 KWKWK-NH2 >100 >100 >100 >100 >100 >100 >100

P3 KKWWKKWWKK-NH2 50 50 >100 >100 >100 >100 >100

P4 KKKWWWKKKWWWKKK-NH2 >100 >100 >100 >100 >100 >100 >100

P5 KKKWWWWKKK-NH2 >100 >100 >100 >100 >100 >100 >100

P6 WWKKKKKKWW-NH2 50 50 >100 >100 >100 >100 >100

P7 KKKKWWWWWWKKKKK-NH2 >100 >100 >100 >100 >100 >100 >100

P8 KKWWWKKWWWKK-NH2 12.5 >100 6.3 >100 50 >100 >100

P9 WKKWWKKWWKKW-NH2 6.3a 12.5 3.1 12.5 6.3 12.5 12.5

aIndicates 100% bacterial cell death.



Anunthawan et al. / Journal of Applied Pharmaceutical Science 11 (03); 2021: 107-113 111

However, P4 and P7, containing 15 amino acid residues (more 
than the amino acid residue number of P8 and P9), had poor 
antibacterial activity against all bacterial strains indicating that 
a longer peptide chain and a more positive charge do not always 
improve antibacterial activity. 

Antioxidant activity
All designed peptides had antioxidant activity higher than 

approximately 80% free radical scavenging (< 20% remaining free 
radicals) at 0.1 mg/ml. IC50 of all peptides are shown in Table 3. 
The reason why all designed peptides have antioxidant activity is 
due to the tryptophan property, which has an indole ring for free 
radical scavenging (Zou et al., 2016). P3 demonstrated the best 
antioxidant activity among the designed peptides, with IC50 of 3.2 
µg/ml or 2.07 µM. A comparison between P9 and P3 which had the 
same hydrophilic facet size and smaller hydrophobic facet showed 
that P3 had a better antioxidant activity. This indicates that the 
activity may not depend on hydrophobic facet size. P1, containing 
three amino acids, displayed IC50 almost equal to glutathione which 
is the positive control (6.1 µg/ml, 13.3 µM). P2, the slightly longer 
peptide (with five residues), had an antioxidant activity slightly 
better than that of P1. A comparison of the antioxidant activities 
of the three pairs of designed peptides which had the same length 
(P4 and P7, P5 and P6, and P8 and P9) showed that only the pair of 
P8 and P9 had different antioxidant activity. P8 had IC50 at 4.5 µg/
ml or 2.35 µM, which was lower than that of P9 (10.8 µg/ml, 5.67 
µM). Even though P8 and P9 had the same chemical properties, 
their hydrophobic, hydrophilic facets, and antioxidant activities 
were different. The larger hydrophobic facet sizes as visualized 
by the helical wheel had no direct effect on a higher antioxidant 
activity as can be seen in the comparison of the activities and the 
facets of the P3 and P9 and P8 and P9 pairs.

Hemolysis
In in vitro selectivity index, an antibiotic candidate should 

be nontoxic against human cells at the concentration required to 
achieve a therapeutic effect. All designed peptides except P9 had 
hemolytic activity lower than 5% at the concentration of 100 
µg/ml as can be seen in Figure 2. P9 had a bigger hydrophobic 
region than that of P8; its toxicity against human red blood cells 
was higher. These results are consistent with the previous study 
which reported that higher hydrophobicity of the nonpolar face of 
amphipathic peptides results in higher hemolytic activity (Chen 
et al., 2007). Moreover, P9 had toxicity against human red blood 
cells of approximately 20% at 100 µg/ml and had no hemolytic 
activity at its MIC90 against S. epidermidis (3.1 µg/ml). For 
antioxidant activity, P2, P3, and P8 in particular had low toxicity 
toward human red blood cells, less than 5% at the concentration 
(100 µg/ml), and greater than their IC50, approximately more than 
20–30 times.

Circular dichroism
The conformational change of antibacterial peptides is 

reported in a previous study (Andrushchenko et al., 2006). A 
secondary conformational analysis was performed to consider 
whether there was a conformational change when expressed 
in a hydrophobic environment compared to a conformation 
in hydrophilic environment. CD experiments of P8 and P9 
were performed in phosphate buffer (pH 7.4) indicating no 
defined secondary structure. Fifty percent of TFE, which is a 
hydrophobic solution, induced maximum α helix structure in 
peptides. For P8, an α helix conformation was observed in 50% 
TFE, indicating a coil-to-α-helix transition upon interaction 
with hydrophobic environments as can be seen in Figure 3A. 
Also, the secondary structure of P9 was more ordered as a 
helix structure as can be seen in Figure 3B, observed in 50% 
TFE. It corresponds to the helical wheel pattern of P9 that 
its hydrophobic and hydrophilic facets are equal. The results 
suggest that their secondary structures may change when 
interacting with an antibacterial membrane. 

Table 3. Antioxidant activity in IC50 (µg/ml) of each peptide.

Peptide name glutathione P1 P2 P3 P4 P5 P6 P7 P8 P9

IC50 (µg/ml) 3.3 6.1 4.8 3.2 12.5 6.5 5.3 11.9 4.5 10.8

Amino acid residue 3 3 5 10 15 10 10 15 12 12

MHCa (µg/ml)/IC50 (µg/ml) NA > 16 > 21 > 31 > 8 > 15 > 19 > 8 > 22 0.6

NA indicates missing data.
aMinimum hemolytic activity defines ≤ 5% hemolytic activity. > indicates no hemolytic activity at 100 µg/ml.

Figure 2. Hemolytic activities of de novo short peptides. Hemolytic activities of 
all designed peptides at 100 µg/ml are shown in 2A. Only P9 had toxicity toward 
human red blood cells.  2B reveals comparing hemolytic activities of P8 and P9. 
While P8 had no hemolytic activities at all tested concentrations, P9 had toxicity 
less than 20% at 50 µg/ml.
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Scanning electron microscope
The effects of P8 and P9 on the envelope were observed. 

As P8 and P9 had the best MIC against S. epidermidis, they were 
selected to be studied and it was found that even though they had 
different facet sizes and different bacterial activities, they could 
make cell wall blebs as can be seen in Figure 4. These blebs 
may result in bacterial membrane pores and finally cell deaths 
(Chileveru et al., 2015). 

CONCLUSION
In conclusion, not only the net charge and % hydrophobic 

ratio but also hydrophobic facet size is important factors for 

antibacterial peptide design. P9 had less than 5% toxicity toward 
human red blood cells at 6.3 µg/ml which was higher than its MIC 
against S. epidermidis DMST 5868, approximately 2 times. All 
designed peptides exhibited antioxidant activity. P2, P3, and P8 
in particular had low toxicity toward human red blood cells, less 
than 5% at the concentration (100 µg/ml), and higher than their 
IC50, approximately more than 20–30 times. All designed peptides 
are interesting to further develop in antioxidant applications. Also, 
P8 and P9 are interesting to further develop as antibiotic agents. 
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