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A B S T R A C T   

Cationic antimicrobial peptides are being developed as a promising class of antimicrobial sub-stances. The 
introduction of a new antibiotic component requires a comprehensive study of its properties so that it can be 
relied upon to continue laboratory procedures and clinical trials on laboratory animals or human volunteers. 
Antimicrobial activity of buforin I was evaluated against 15 of the most important pathogenic bacterial and 
fungal strains. This was followed by assessing anti-biofilm activity, time-dependent inhibitory, thermal stability, 
plas-ma stability, hemolysis, and cytotoxic activities. The range of obtained MICs was between 4 and 16 μg/mL. 
The most resistant and most sensitive microbial strains were S. salivarius and C. perfringens, respectively. Buforin I 
not only inhibited biofilm formation, but also showed a high biofilm radiation activity. Buforin I was stable in 
human plasma and also at different temperatures including 40, 60, and 80 ◦C. Although no significant anti-cancer 
properties were observed for buforin I, the lack of cytotoxicity as well as the lack of hemolytic activity confirm its 
safety. The high therapeutic index indicated that buforin I has a considerable pharmaceutical potential and can 
be a reasonable candidate to replace antibiotics or administered in combination with antibiotics to increase the 
effectiveness as well as reduce the dose of antibiotics.   

1. Introduction 

The increasing spread of antibiotic-resistant bacteria due to the 
overuse of antibiotics has become a global challenge [1]. The study of 
antimicrobial peptides (AMPs) is a response to this global challenge has 
attracted the attention of many researchers. Cationic antimicrobial 
peptides (CAPs) play an important role in non-specific defense barrier of 
many organisms against various pathogens [2–7]. CAPs, by definition 
have less than 50 amino acid sequences, are positively charged, and 50% 
of their amino acids are hydrophobic. Their positive charge is mainly 
due to basic amino acids, such as lysine and arginine [8,9]. 

Histone-derived peptides are antimicrobial peptides that do not have 
any role in replication. The extracellular histone derivatives have strong 
antimicrobial properties. Buforins are a histone-derived family 
including buforin I and buforin II. Buforin I is a 39 amino acid peptide 

that was purified and characterized by Park et al. (1996) from the 
stomach of Asian toad which showed strong antimicrobial activities 
against a wide range of microorganisms including Gram-positive and 
Gram-negative bacteria and fungi [10]. Kim el. al (2000) showed that 
histone H2A was a precursor of buforin I, and the H2A non-acetylated 
histone was converted to buforin I after the secretion from stomach 
cells and exposure to pepsin. They also investigated the presence of 
buforin I in human, cow, and pig secretions [11]. Other studies, like 
Minn et al. (1998), recorded that peptides derived from pepsinogen 
action in the stomach on some proteins, such as buforin I, have a strong 
antimicrobial activity and are found in most vertebrates, including 
humans [12,13]. A peptide with a similar amino acid sequence was 
found in sheep’s lung tissue [12]. 

Despite several advantages of CAPs, including their broad-spectrum 
activity, rapid antimicrobial impact, and low propensity for resistance 
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development, their clinical practice is limited due to their high pro-
duction cost, limited stability (especially when composed of L-amino 
acids), and unknown toxicity and pharmacokinetics [3,14]. 

Thus, the purpose of this research was to investigate the antimicro-
bial and anti-biofilm activities of buforin I against some important 
pathogenic bacterial and fungal strains. In addition, stability of peptide 
in plasma and its thermal stability at different temperatures were eval-
uated. The safety of using buforin I was also evaluated with the help of 
hemolytic and cytotoxic assays. Finally, it can be claimed that, this study 
is a complete report of the properties of buforin I, and and reinforces the 
possible use of it as an alternative to conventional therapeutic 
antibiotics. 

2. Materials and methods 

2.1. Microorganisms and antimicrobial agent’s preparation 

Microbial strains were procured from the microbial collection, 
Department of Food Science and Technology, Faculty of Agriculture, 
Ferdowsi University of Mashhad (Table 1). Bacterial strains were 
cultured 24 h in Mueller Hinton Broth (MHB) (Sigma-Aldrich-Germany) 
and fungal strains were cultured 48 h in Potato Dextrose Broth (PDB) 
(Sigma-Aldrich- Germany), before antimicrobial tests were performed. 
0.5 McFarland standard was used to prepare microbial suspension (op-
tical density at 630 nm (OD630) equal to 0.08–0.10) [15]. 

The amino acid sequence of buforin I was determined by the National 
Center of Biotechnology Information (NCBI) database (https://www. 
ncbi.nlm.nih.gov/) with accession number: P55897 and amino acid 
sequence: AGRGKQGGKVRAKAKTRSSRAGLQFPVGRVHRLLRKGNY, 
then synthesized by the Mimotopes Company (Australia). The purity of 
buforin I was 96% (The HPLC diagram and mass spectra to confirm the 
purity and molecular weight of buforin I are given in the supplementary 
material). One mg of buforin I was dissolved in one mL water and 
dimethyl sulfoxide (DMSO) solution (80:20 v/v) and filter-sterilized 
(0.22 μm) to prepare a 1 mg/mL stock solution [16]. 

2.2. Minimum inhibitory concentration (MIC) 

MICs were obtained using the micro-broth dilution method. Serial 
dilutions (1, 2, 4, 6, 8, 10, 12, 14, 16, and 32 μg/mL) of the buforin I was 
prepared in MHB or PDB for bacterial and fungal strains, respectively. 
10 μL of microbial suspensions (OD630 = 0.08–0.10) were added to 90 μL 
of each dilution in the 96 microwell plates. The microwell plates were 
incubated at 37 ◦C for 24 h for bacterial strains and 25 ◦C for 48 h for 
fungal strains [17]. To determine the MICs, the absorbance was 
measured at 630 nm by a microplate reader (BioTek ELx808, Japan). 
MICs were determined as the lowest concentrations that prevented 
visible growth. The growth medium without inoculum was used for 
negative control [18]. 

2.3. Time-dependent inhibitory assay 

The effect of buforin I was evaluated on the growth of S. aurous, E. 
coli O157:H7, A. niger, and C. albicans through the construction of a 
survival curve [19]. The final concentration of suspension of the strains 
(adjusted to 106–107 CFU/mL) was added to the wells of 96-well 
microplates, and 50 μL of the antimicrobial agent at MIC concentra-
tion was added to each well. The bacterial strains were cultured at 37 ◦C 
for 30 h and fungal strains were cultured at 25 ◦C for 50 h. After incu-
bating for 1, 6, 12, 18, 24, and 30 h for bacterial strains and 1, 10, 20, 30, 
40, and 50 h for fungal strains, 50 μl liquid from each dilution was 
spread on the surface of the agar plates and incubated at 37 ◦C for 24 h or 
25 ◦C for 48 h, for bacterial and fungal strains, respectively. Then, the 
number of colonies was counted. 50 μL of the microbial suspensions 
without antimicrobial agents were used as a control group. Thereafter, 
survival curves were constructed by plotting the log number of CFU/mL 
against time (h). In the following, the inhibitory rate of each bacterium 
was calculated according to the following formula:  

The inhibitory rate = [(colonies of the control group - colonies of the treated 
group)/colonies of the control group] × 100%                                             

2.4. Biofilm inhibition and biofilm disruption 

To evaluate biofilm inhibition and biofilm disruption of buforin I, 
microbial strains in clouding S. aureus, E. coli O157:H7, A. niger and C. 
albicans were evaluated for biofilm formation. 10 μL microbial sus-
pensions (OD630 = 0.08–0.10) with 90 μL of MHB (for bacterial strains) 
or PDB (for fungal strains) were added to the 96 microwell plates. The 
plates were incubated at 37 ◦C for 24 h for bacterial strains or 25 ◦C for 
48 h for fungal strains. Then the microwell plates were evacuated and 
washed with sterilized isotonic phosphate-buffered saline, pH 7.4 (PBS) 
three times. Next, 200 μl of 0.025% safranin solution (0.225 g of safranin 
powder in 100 mL of water) was added to the wells and they were 
washed again with PBS after 2 min. Finally, 200 μl of ethanol-acetone 
solution (50% v/v) was added to each well, and after 15 min, OD was 
read by a microplate reader (BioTek ELx808, Japan) at 630 nm wave-
length [20,21]. As mentioned, the growth medium without inoculum 
was used as negative control (ODC). Microbial strains were classified as 
follows: 

ODT ≤ ODC = non forming biofilm, ODC <ODT ≤(2 × ODC) = weakly 
adherent; (2 × ODC) < ODT ≤(4 × ODC) = moderately adherent, and (4 
× ODC)< ODT = strongly adherent [22]. 

For evaluating inhibition of biofilm formation of buforin I, 10 μL 
microbial suspensions (OD630 = 0.08–0.13) with 90 μL of dilutions of 
buforin I at MIC, 2 MIC, 4 MIC, 6 MIC, and 8 MIC (obtained for each 
strain) were added to the 96 microwell plates. The micro well plates 
were incubated at 37 ◦C for 24 h for bacterial strains and 25 ◦C for 48 h 
for fungal strains. Then the microwell plates were emptied and washed 
with sterile PBS three times. Following, 200 μl of 0.025% safranin 

Table 1 
List of microorganisms used in the present study based on PTCC or ATCC numbers and type of microorganisms.  

M.O Accession Nu. M.O Accession Nu. M.O Accession Nu. 

Gram-positive Gram-negative Fungus 

B. cereus PTCC1247 E. coli O157:H7 ATCC 35150 A.niger PTCC 5010 
S.aureus ATCC25923 P. aeruginosa PTCC 1707 C.albicans PTCC 5027 
S. mutans ATCC35668 S. Typhi PTCC 1609   
S. salivarius ATCC922 K. pneumonia ATCC 13882   
S. oralis ATCC35037     
S. aureus (MRSA) ATCC33591     
L. monocytogenes PTCC1297     
E. faecalis ATCC29212    
C. perfringens ATCC13124    

-ATTC: American Type Culture Collection; PTTC: Persian Type Culture Collection; Nu: number; M.o.: Microorganism. 
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solution was added to the wells and they had washed again with PBS 
after 2 min. Finally, 200 μl of ethanol-acetone solution (50% v/v) was 
added to each well, and after 15 min, OD was read by the microplate 
reader at 630 nm wavelength [19]. As mentioned, growth medium 
without inoculum, microbial suspension and different concentrations 
(MIC, 2 × MIC, 4 × MIC, 6 × MIC, and 8 × MIC) of buforin I were used as 
media, negative, and buforin I control, respectively. Inhibition of biofilm 
formation was calculated using the following formula [23]:  

% inhibition = [(OD negative control - OD media control) - (OD test - OD buforin I 

control)] / [(OD negative control - OD media control)] × 100                                   

Disruption of established biofilm structures was measured as 
described by Sandasi (2008) with some modifications. 100 μl of the 
microbial suspensions (OD630 = 0.08–0.13) was transferred into sterile 
96 microwell plates and incubated at 37 ◦C for 24 h for bacterial strains 
or 25 ◦C for 48 h for fungal strains. After incubation, the medium was 
aspirated and the planktonic cells were removed by washing the biofilms 
three times with sterile PBS. Thereafter, different concentrations of 
buforin I (MIC, 2 × MIC, 4 × MIC, 6 × MIC, and 8 × MIC) were added to 
each well, and plates were then placed back into 37 ◦C for 24 h for 
bacterial strains or 25 ◦C for 48 h for fungal strains. The control wells 
and the formula for calculating disruption biofilm were the same as 
described for inhibition of biofilm formation [21]. 

2.5. Stablity in 50% plasma 

Blood samples used in this study were obtained from volunteers over 
18 years with their informed consent and in accordance with the 
guidelines and regulations of the clinical studies supervision organiza-
tion of Iran. Experimental protocol was approved by Ethics Committee 
of the Ferdowsi University of Mashhad. The stability of buforin I in 50% 
human plasma was evaluated by a method described in Tanhaiean et al. 
(2018) [24]. The blood sample donation consent was signed by the 
volunteers. Briefly, the fresh human plasma was determined with no 
antimicrobial activity before the test. Then buforin I with 800 μg/mL 
concentration (in MHB for bacterial strains or in PDB for fungal strains) 
was diluted 1:1 in fresh human plasma and pre-incubated at 37 ◦C for 0, 
3, 6 and 9 h. After incubation, the antimicrobial activity of each sample 
was determined for S. aureus, E. coli O157:H7, A. niger, and C. albicans. 
The inhibition of growth of microorganisms was evaluated according to 
the following formula:  

Inhibition (%) = [(OD negative control - OD plasma control) - (OD test - OD buforin I 

control)] / [(OD negative control - OD media control)] × 100                                   

Where, pure plasma, microbial suspension, and different concentrations 
of buforin I in 50% plasma were used as plasma, negative, and buforin I 
controls, respectively. 

The intactness of buforin I after 0, 3, 6, and 9 h in human plasma 
confirm by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) on 12% separating and 5% stacking gels and Coomassie 
Brilliant Blue staining. In addition, the results of SDS-PAGE confirmed 
by high-performance liquid chromatography system (HPLC; Agilent 
1260) analysis using C18 reversed-phase column (4.6 × 150 mm, 3.5 
μm; Waters, Milford, MA, USA) at 214 nm. Analyses were performed at 
40 C for 30 min using a linear gradient of 20 mM sodium phosphate 
buffer as the mobile phases and solvent mixture of 0.1% Trifluoroacetic 
in 100% Acetonitrile and 0.1% Trifluoroacetic in 100% Water (35:65 v/ 
v) at a flow rate of 1.0 mL/min. 

2.6. Thermal stability of buforin I (in silico and in vivo) 

In vivo thermal stability of buforin I was evaluated according to Hu 
et al. (2016) with some modifications [25]. Buforin I was treated with 
different temperatures of 40, 60, 80, 100, and 121 ◦C for 30 min. The 
antimicrobial activity of buforin I was determined by investigation of 

minimum inhibitory concentration against S. aureus, E. coli O157:H7, A. 
niger, and C. albicans, promptly. 

For in silico investigation of heat stability, the amino acid sequence 
of buforin I was modeled with Modeller 9.2 and PEP-fold server (http:// 
bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD/) using default 
parameters [26]. The quality of the models was examined with PRO-
CHECK (http://servicesn.mbi.ucla.edu/PROCHECK/) [27]. The thermal 
stability of buforin I was studied by molecular dynamics simulation with 
the GROMACS 2016.1 package and GROMOS54a7 force field [26] was 
solvated in a cubic box using the Simple Point Charge (SPC) water 
model, for neutralizing the overall charge of the systems, Na and Cl ions 
were added as appropriate. The system was first energy minimized using 
the steepest descent algorithm to relax high-energy contacts. After en-
ergy minimization, the system was simulated under the NPT ensemble 
for 50000 ps, with initial velocities taken from a Maxwell Boltzmann 
distribution corresponding to 100 K. During this initial simulation time, 
the peptide was positionally restrained while the temperature was 
gradually increased from 100 K to 300 K at 1 atm. The simulations were 
performed under different temperatures including 313 K (40 ◦C), 333 K 
(60 ◦C), 353 K (80 ◦C), 373 K (100 ◦C), and 394 K (121 ◦C) for 50000 ps. 
The dynamics and stability of peptide under different temperatures, 
including root mean square deviation (RMSD), root mean square fluc-
tuations (RMSF), and radius of gyration (RG) were analyzed during the 
simulation using GROMACS built-in tools [26]. 

2.7. Hemolytic assay 

Blood samples used in this study were obtained from volunteers over 
18 years with their informed consent and in accordance with the 
guidelines and regulations of the clinical studies supervision organiza-
tion of Iran. Experimental protocol was approved by Ethics Committee 
of the Ferdowsi University of Mashhad. Hemolytic activity was assayed 
as described by Jang et al. (2009) with a slight modification [28]. Four 
milliliters of freshly prepared human red blood cells (RBCs) was mixed 
with 50 μL EDTA and centrifuged at 2422×g for 10 min. Sediment was 
washed with PBS, until the color of the supernatant turned clear. The 
washed RBCs were diluted to final volume of 45 mL with the same 
buffer. 10 μL of peptide concentrations (25, 50, 100, 200, and 400 
μg/mL) were prepared in the same buffer and added to 190 μL of the cell 
suspension in microfuge tubes. Following gentle mixing, the tubes were 
incubated at 37 ◦C for 30 min and then centrifuged at 1914×g for 5 min. 
100 μL of supernatant was taken, diluted to 1 mL with PBS, and absor-
bance at 570 nm was determined to monitor the release of hemoglobin 
that indicated RBC membrane damage. Zero hemolysis (negative con-
trol) and 100% hemolysis (positive control) consisted of RBC suspended 
in PBS and 0.2% Triton X-100, respectively. The percentage of hemolysis 
was determined as follows: 

Hemolysis(%)=
AS − A0

A100 − A0
× 100  

Where As is the absorbance of the sample, A100 is the absorbance of 
completely lysed RBC in 0.2% Triton X-100, and A0 is the absorbance of 
zero hemolysis. The highest concentration of peptide that did not induce 
hemolysis was defined as the minimum hemolytic concentration (MHC). 

2.8. Cytotoxic and anticancer activities 

Human cell lines concluding HSF (human skin fibroblasts cells; NCBI 
Code: C192), Hela (human cervical cancer cells; NCBI Code: C115), 
KMN45 (human gastric cancer cells; NCBI Code: C640), 4T1 (mouse 
breast cancer cells; NCBI Code: C604), SW48 (Human Colorectal 
Adenocarcinoma cells; NCBI Code: C480), and HT29 (Human Colorectal 
Adenocarcinoma cells; NCBI Code: C154) were prepared from Mashhad 
University of Medical Sciences, Mashhad, Iran. Each cell line was 
cultured in two 25 cm flasks and maintained in RPMI-1640 or DMEM 
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medium with 1% penicillin and streptomycin and 10% (v/v) FBS ac-
cording the ATTC culture methods. Cells were incubated at 37 ◦C in 95% 
humidity and 5% CO2 environment. Medium was changed every 2 days. 
Finally, they were seeded in culture plates for experiments [29] and cells 
were treated with peptides (0, 50, 100, 200, 400, 600, 800, and 1000 
μg/mL) and incubated for another 72h. Cell viability was measured with 
resazurin resuscitation assay [30]. The percentage of cell viability was 
determined as follows: 

Viability(%)=
AS − A0

AC − A0
× 100  

Where AS is the absorbance value of the sample, AC is the absorbance of 
control (no peptide addition) and A0 is the background absorbance [31]. 

2.9. Calculation of therapeutic index 

The therapeutic index of peptide was calculated as the ratio of MHC 
to the geometric mean (GM) of MIC against tested microbial strains [33]. 
When no hemolytic activity was detectable at the highest concentration 
tested (400 μg/mL), the two-fold tested concentration (800 μg/mL) was 
employed as MHC to calculate the therapeutic index [32]. 

2.10. Statistical analysis 

In order to confirm the results, the experiments were repeated three 
times. Results of the study were analyzed by Minitab version 18.0 and 
differences among the means were determined by one-way ANOVA for 
significance at p < 0.05. 

3. Results 

3.1. Minimum inhibitory concentration (MIC) 

The results of the evaluation of MIC are presented in Table 2. The 
range of obtained MICs for buforin I was between 4 and 16 μg/mL. The 
most resistant and most sensitive microbial strains were S. salivarius and 
C. perfringens, respectively. According to ISO-20776-1 (2019), two-fold 
deviation in MIC values is considered non-significant [33]. In general, 
no significant specificity was observed in the performance of buforin I 
against gram-negative and gram-positive bacterial and fungal strains. 

3.2. Time-dependent inhibitory assay 

The time-dependent growth inhibitory activities of buforin I are 
shown in Fig. 1. The results showed that buforin I not only significantly 
inhibited the growth of microbial strains (P < 0.05), but also effectively 

inhibited the microbial growth during a long time (30 h for bacterial 
strains and 50 h for fungal strains). The inhibitory rate for all four strains 
was increased during incubation (Fig. 1e and f) and reached just over 
70%. 

3.3. Biofilm inhibition and biofilm disruption activities 

The results showed that the biofilm was created by E. coli and S. 
aureus strongly and moderately by A. niger, and C. albicans. The results 
of inhibition of biofilm formation and biofilm eradiation activities of 
buforin I are presented in Fig. 2. Buforin I could inhibit formation of 
biofilm by all microbial strains that were used in this study. As it is 
presented in Fig. 2-a, S aureus showed the highest resistance to biofilm 
formation inhibition of buforin I, as the biofilm produced by it showed 
the most resistance to irradiation by buforin I (Fig. 2-b). Inhibition of 
biofilm formation and biofilm disruption activities were increased by 
increasing buforin I concentration from MIC to 8 × MIC. At 8 × MIC, 
inhibition of biofilm formation and biofilm disruption activities for all 
strains that were used in this study is more than 90%. 

3.4. Stability in 50% plasma and hemolytic assay 

The antibacterial activity of buforin I showed no significant change 
after incubation in 50% of human plasma (P > 0.05) (Fig. 3-a),which 
demonstrated that buforin I is stable against different proteases in 
human plasma, that is the result of its basic and simple structure as well 
as its short amino acid sequence [25]. Molecular waight of buforin I is 
about 5 kDa (Fig. 4-a-L3) and observing of this band on SDS-PAGE gel 
after 0, 3, 6, and 9 h incubation of buforin I in 50% human plasma (L4, 
L5, L6, and L7 respectively), confirms the resistance of the peptide to 
plasma proteolytic activity. Also, the results of the HPLc analysis showed 
that buforin I remained intact after 9 h of 50% human plasma exposure 
(Fig. 4-b). Besides, the hemolysis of buforin I was 1% at the concen-
tration of 400 μg/mL which was more than 40 times higher than the MIC 
values for S. aureus, A. niger, and C. albicans and 28.5 times higher than 
MIC value for E.coli, respectively (Fig. 3-b). 

3.5. Thermal stability of buforin I 

The results of in vivo thermal stability of buforin I showed that with 
incubation of buforin I at different temperatures, by increasing tem-
perature from 60 to 80 ◦C, antimicrobial activity of buforin I decreased 
about 20%, significantly. In the following, by increasing temperatures to 
100 and 121 ◦C, antimicrobial activity fell sharply (Fig. 5-a). Although 
laboratory studies provide an overview of peptide stability at different 
temperatures, information on any possible structural changes due to 
exposure to high temperatures is not provided. Therefore, the bioin-
formatics studies are valuable in this regard. Results of the in silico study 
of thermal stability of buforin I are presented below. The RMSD is a 
measure of how much the peptide structure changes with respect to the 
initial structure over the course of the simulation. The RMSD patterns at 
40, 60 and 80 ◦C did not deviate drastically over 50000 ns in all simu-
lations, but the RMSD patterns at 100 and 121 showed significant dif-
ference (Fig. 5-b). The dynamic behavior of individual amino acid 
residue of buforin I was analyzed using the RMSF value (Fig. 5-c). RMSF 
curves at 40, 60, and 80 ◦C, the fluctuation of amino acids were affected 
at 100 and 121 ◦C. It seems Pro as a rigid amino acid is located in the 
26th position, at 40 and 60 ◦C did not show any difference in fluctuation, 
but by increasing temperature from 60 to 100 ◦C, the fluctuation of this 
amino acid increased. Another important point in RMSF curves was 
increasing RMSF in Arg29 and Arg32 by increasing temperature. The 
radius of gyration (Rg) shows the compactness of the peptide. The plot of 
Rg was illustrated for alpha-carbon atoms vs time which is depicted in 
Fig. 5-d. Buforin I at 40, 60, and 80 ◦C, maintained its structural 
compactness, while as the temperature increased to 100 ◦C and subse-
quently to 121 ◦C, the Rg score increased that represented a decrease in 

Table 2 
MICs of buforin I against some pathogenic bacterial and 
fungal strains.  

Microorganisms MIC (μg/mL) 

S. salivarius 4 
L. monocytogenes 4 
K. pneumonia 6 
S. aureus 10 
A. niger 10 
C. albicans 10 
E. faecalis 12 
P. aeruginosa 12 
B. cereus 14 
S. oralis 14 
S. aureus (MRSA) 14 
E. coli O157:H7 14 
S. typhi 14 
S. mutans 16 
C. perfringens 16 

MIC: Minimum Inhibitory Concentration. 
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the globularity. 

3.6. Cytotoxic and anti-cancer activities of buforin I 

The results of investigation of cytotoxic activity of buforin I, showed 
that with increasing buforin I concentrations from 50 to 1000 μg/mL, no 
significant change in cell viability of HSF was observed. 

Investigation of anticancer activity showed that buforin I did not 
have any anticancer activity on Hela and HT29. However, the anticancer 
activity of buforin I against KMN45, 4T1, and SW48 was dose-dependent 
and increased from 600 to 1000 μg/mL. The most anticancer activity of 
buforin I was observed against SW48 at 1000 μg/mL (Fig. 6) Cytotoxic 
activity of buforin I against human cell lines containing HSF (human 

skin fibroblasts cells), Hela (human cervical cancer cells), KMN45 
(human gastric cancer cells), 4T1 (mouse breast cancer cells), SW48, and 
HT29 (human colorectal adenocarcinoma cells) with increasing buforin 
I concentrations from 50 to 1000 μg/mL. 

3.7. Therapeutic index of buforin I 

GM of MIC against tested microbial strains, and MHC were 10.43 μg/ 
mL and 800 μg/mL, respectively. Then, therapeutic index was 76.64. 

4. Discussion 

In general, no significant specificity was observed in the 

Fig. 1. (a), (b), (c) and (d), Time-dependent inhibitory curves of microbial strains treated with buforin I and untreated cell. (e), and (f), inhibitory rate curves of 
bacteria treated with buforin I at MICs. 
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Fig. 2. (a) Inhibition of biofilm formation, and (b) biofilm eradiation activities of buforin I.  

Fig. 3. (a) The stability of the buforin I in human plasma. Human plasma did not have negative effects on antibacterial activity of peptide after 3, 6, and 9 h in-
cubation; (b) Hemolysis assessment after treatment with increasing buforin I concentration was measured at 540 nm. Obtained data after 30 min of incubation 
are presented. 

Fig. 4. (a) SDS–PAGE of the buforin I stability after 0, 3, 6, and 9 h incubation in 50% human plasma (L4, L5, L6, and L7 respectively), L1: protein molecular weight 
marker, L2: crude human plasma, L3: pure buforin I; (b) HPLC analysis of buforin I intactness after 9 h incubation in 50% human plasma (C3), C1: crude human 
plasma, C2: pure buforin I. 
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antimicrobial activity of buforin I against gram-negative and gram- 
positive bacterial and fungal strains. In general, gram-negative bacte-
ria and fungal strains are more resistance than gram-positive bacteria 
against most antimicrobial compounds such as antibiotics, essential oils, 

and antimicrobial peptides. This observation is possibly due to the 
presence of an outer membrane in gram-negative bacteria [34] or rigid 
cell wall (a complex structure consisting of glucan cross-linked with 
chitin and cell wall protein) [35] in fungus that serves as an effective 

Fig. 5. (a) In vivo thermal stability of buforin I at 40, 60, 80, 100 and 121 ◦C. (b) RMSD, (c) RMSF and (d) Radius Gyration of in silico study of Thermal stability of 
buforin I at 40, 60, 80, 100, and 121 ◦C. 

Fig. 6. Cytotoxic activity of buforin I against human cell lines containing HSF (human skin fibroblasts cells), Hela (human cervical cancer cells), KMN45 (human 
gastric cancer cells), 4T1 (mouse breast cancer cells), SW48, and HT29 (human colorectal adenocarcinoma cells) with increasing buforin I concentrations from 50 to 
1000 μg/mL. 
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barrier. As the results of this study showed, the type of microorganism is 
not effective on the antimicrobial effect of buforin I and this peptide 
does not act selectively. It can be due to the tendency of buforin family to 
nonspecifically bind to negative charged molecules like DNA and RNA as 
intracellular targets. Furthermore, Kim et al. (2002) recorded that H2A 
purified from the fetal membranes of the human placenta show inhibi-
tion of LPS endotoxin activity, by binding to the core and lipid A por-
tions of LPS [36]. In addition, the basic N-terminal residue of H2A that is 
essential for antimicrobial activity by membrane-binding function is 
shared between buforin family [37]. 

The effect of antimicrobial peptides on the survival of microorgan-
isms is different, for example, despite the similarity of nisin and buforine 
I in terms of molecular weight (4.5 KD), difference in their amino acid 
sequence, structure and charge, lead to different mechanisms being used 
to kill microorganisms by each peptide [12,38,39]. Jensen et al. (2020) 
reported that the viable cell count of s. aureus was significantly reduced 
within the first hour of exposure to nisin [38], while this time was about 
6 h for buforin (Fig. 2-b of this study). Nisin is fast-acting and kills mi-
croorganisms by binding to lipid-II (the peptidoglycan precursor), and 
leads to pore formation [40–44]; however, the antimicrobial effect of 
buforin family, which is seen due to translocating into the cell, without 
membrane permeabilization and subsequent binding to DNA and RNA, 
is not immediate and requires more time [45]. 

Biofilms are sessile communities of microbial cells embedded in a 
self-produced matrix and characterized by low metabolic activity. Due 
to their peculiar physiological properties, bacteria/fungi in biofilms 
result in them being more resistance to conventional antibiotic therapies 
compared with their planktonic counterparts [46]. The incidence and 
prevalence of many diseases like tooth decay by S. mutans [47], chronic 
otitis media by Streptococcus pneumonia and Streptococcus pyogenes [48], 
rhinosinusitis by K. pneumonia and P. aeruginosa, and gastric ulcers by 
Helicobacter pylori [49], are associated with biofilm formation. 

This study reported, buforin I not only inhibited biofilm formation 
but also had a high biofilm radiation activity by dose-dependent trends. 
This result can be due to the accumulation of positive charge on the 
surface of microorganisms because of the presence of cationic peptides 
that prevent cells from binding to each other [50]. In addition, ability of 
buforin family for attaching to intracellular and/or extracellular DNA 
and RNA can block biofilm metrics synthesis [51]. 

In order to achieve the goals related to the development of clinical 
and industrial applications of antimicrobial peptides, it is necessary to 
evaluate their stability-related properties during different processes as 
well as in the human body. 

As mentioned in section 2.4, results section, buforin I was stable by 
increasing temperature until 80 ◦C. It is important to study the stability 
of peptides at different temperatures to predict their behavior during 
processes related to pasteurization, sterilization, and storage of these 
compounds or drugs and foods that include peptides in their ingredients 
[52]. Generally, antimicrobial peptides due to simple structures, short 
amino acid sequences and lack of third and fourth structures, are stable 
under high temperatures [53]. However, the Pro residue, which induces 
a kink in buforin family α-helix (Fig. 7), is the key structural feature 
required for cell-penetrating property that leads to microbicides activity 
[45]. The high positive charge of CAPs is one of the main parameters 
that allows them to bind to negatively charged molecules in the mem-
brane, or intracellular targets through electrostatic interaction, which is 
due to the presence of alkalescent amino acids (e.g., Lys and Arg) [26], 
therefore, loss of conformation stability at the locale of these amino 
acids can be effective in reducing antimicrobial properties. Some studies 
recorded that not all AMPs can retain their original antimicrobial ac-
tivity after high-temperature treatment [44,45], which is in accordance 
with our results. 

The result of this study further demonstrated that buforin I is stable 
against different proteases in human plasma that is the result of its basic 
and simple structure as well as its short amino acid sequence [25]. 

According to our study, buforin I demonstrated low hemolysis and 

cell toxicity even at rather high concentrations, which further implied 
that there was relative high selectivity of buforin I between eukaryote 
cells and prokaryote cells. The reason why some of CAPs like buforin I 
were selective towards the bacterial membrane is postulated to be the 
greater density of negative charges on the bacterial membrane which 
enables rapid accumulation of those peptides on the bacterial membrane 
to a high surface concentration, stabilizing it through excess hydrogen 
bond formation. As mentioned earlier, Arg and Lys in the amino acid 
sequence of the CAPs have more affinity to bind to phosphate groups in 
the bacterial membrane, caused by a larger number of hydrogen 
bonding interactions [54]. 

High and broad spectrum antimicrobial activity, low cytotoxicity 
and negligible hemolysis ability lead to high therapeutic index. High 
therapeutic index with stability of buforin I in human plasma, as well as 
its stability at different temperatures, revealed a considerable potential 
for systemic application. Therefore, these results could provide a clearer 
view for the introduction of this peptide as an alternative to common 
antibiotics. 

Although buforin II has received a lot of attention in most the studies 
with the subject of evaluating the antimicrobial activity of buforin 
family, our result confirmed that buforin I, due to its high therapeutic 
index and no cytotoxicity or hemolysis activity, has a high potential for 
use as a board spectrum antimicrobial component. This study is the first 
comprehensive evaluation of buforin I characteristics. Desirable prop-
erties of buforin I such as temperature resistance and high stability in 
serum, relatively broad antimicrobial spectrum, inhibition of microbial 
growth for a considerable period of time, inhibition of biofilm formation 
and biofilm eradiation, besides, no hemolysis and cytotoxic activity, 
confirmed that buforin I has the potential of expanding production and 
high development value in animal medication, environment protection, 
food preservative, and human infections treatment. 
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