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Nowadays, there are a number of colorimetric techniques

available for the determination of a time killing assay in a

manner much easier and faster than those previously

more commonly used, which were much more time-consuming

and laborious colony counting procedures. Here, an attempt

has been made to test the antimicrobial peptides of

Citropin 1.1, Palm-KK-NH
2, and Temporin A on a reference

strain of Staphylococcus aureus using resazurin as the cell

viability reagent. Staphylococcus aureus was exposed to

the test compounds over varying periods of time and the

metabolic activity measured, with a profile of antimicrobial

activity then established. The results are in agreement

with data from previous literature, thus confirming the

relevance of the application of resazurin for the testing of

antimicrobial agents.
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The incredible ability of microorganisms to develop resistance

mechanisms for commonly used antibiotics has created a

permanent need for the continued search for new active

substances against pathogens. In recent years, peptide

antibiotics have become a topic of interest for many

researchers [8, 10]. Most of these possess activity against

bacteria, fungi, and viruses and act via hydrophobic or

electrostatic interactions with microbial cell membranes.

Owing to the lack of a specific target in microbial cells, a

low risk of the occurrence of resistance can be expected [2,

16]. Another advantage of antimicrobial peptides is their

natural origin. They have been isolated from a wide range

of living organisms, including from humans. The human

body is endowed with more than 24 antimicrobial peptides,

which form the first defence against invading microbes [3,

4]. It has been observed that during infection-induced

inflammation, the concentration of peptides in human

tissue is very high, and that this does not bring with it any

harmful influences. Owing to this fact, it is expected that

no side effects will occur when peptide antibiotics are

administrated during therapy [13, 14]. The practical application

of peptides as commercial antibiotics is only a matter of

time, after the necessary tests have been completed.

The first step in the evaluation of a substance as a candidate

for antibiotic therapy is to determine the susceptibility of

appropriate pathogens to the antibacterial agent. The

standard in vitro method for the evaluation of antimicrobial

activity is the minimal inhibitory concentration (MIC) by

broth dilution test. To assess bactericidal activity, the minimal

bactericidal concentration (MBC) is usually measured. The

time-killing assay allows the assessment of bactericidal vs.

bacteriostatic activity, as well allowing for the prediction of

the pharmacodynamic profile of the antibiotic in question.

Antimicrobial agents are commonly divided into two main

subgroupings according to their pharmacodynamic profile;

those which are concentration-dependent and those which

are concentration-independent.

Antibiotics endowed with concentration-dependent activity,

such as aminoglycosides and fluoroquinolones, show a

rapid and strong bactericidal activity. The efficacy of an

agent is correlated by calculating the ratio of the peak

serum level to MIC. For antibacterial agents that exhibit

concentration-independent (time-dependent) activity, such

as clindamycin, vancomycin, and oxazolidinones, killing
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efficacy depends on the length of time at which the serum

concentration of the drug exceeds the MIC for the

appropriate pathogen [18, 20].

The killing-time assay provides valuable information

that will help to develop an antibiotic therapy that is safe as

well as efficient. However, colony counting is a highly time-

consuming and laborious procedure. Recent developments

in biochemistry and cell biology have made the evaluation

of cell viability much easier and faster. Cell viability can

be monitored by various colorimetric procedures based on

redox reactions specific to living cells, or their fragments,

released after the lysis. Resazurin is a cell viability reagent

that functions as an indicator by utilizing the reducing

power of living cells. Upon contact with living cells, blue

resazurin is reduced by cellular reducing agents during

metabolism and cell growth to form pink resorufin. As both

forms are photometrically distinguishable, it is possible to

then assess cell viability by way of a photometric method

[11].

MATERIALS AND METHODS

We investigated the antibacterial time-suppression profile of five

conventional antibiotics, Ciprofloxacin, Clindamycin, Daptomycin,

Vancomycin (Sigma-Aldrich, Germany), and Linezolid (Pfizer, USA),

against the Staphylococcus aureus strain (ATCC 25923). Similarly,

the profiles of three antimicrobial peptides, Citropin1.1, Palm-KK-

NH2, and Temporin A, were examined against the same strain. The

antimicrobial peptides were synthesised manually by the solid-phase

procedures using Fmoc methodology [1, 5, 22]. The compounds were

purified and analyzed by reverse-phase high performance liquid

chromatography (RP-HPLC).

The minimal inhibitory concentrations (MICs) were measured using

the broth dilution procedure recommended by CLSI (Clinical and

Laboratory Standards Institute). However, the inoculation was ca. 20

times higher (Table 1). Samples were incubated for 0, 0.5, 1, 2, and

3 h (37
o
C) and resazurin was then added. Photoabsorbance was

Fig. 1. The effects of different concentrations of (A) Ciprofloxacin, (B) Clindamycin, (C) Daptomycin, and (D) Linezolid on the
representative strain of Staphylococcus aureus. 
For the time-killing test, the reagent was used at the concentrations of 0.5 MIC

L
, 1 MIC

L
, 2 MIC

L
, 4 MIC

L
 and 8 MIC

L
; the control had no reagent added.

The assay was performed as described in the text. Times of exposure to the reagent for the samples were 1: 0 h; 2: 0.5 h; 3: 1 h; 4: 2 h; 5: 3 h; 6: 4 h.

Table 1. Values of minimal inhibitory concentration obtained for
standard (MIC) and higher inoculation (MICL) of Staphylococcus
aureus strain.

MIC 
(µg/ml)

MICL 
(µg/ml)

Antimicrobial Peptides

Citropin 1.1 16 32

Palm-KK-NH2 4 8

Temporin A 8 16

Conventional Antibiotics

Ciprofloxacin 0.25 4

Clindamycin 1 8

Daptomycin 2 8

Linezolid 2 8

Vancomycin 0.5 4
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measured at λ1=570 nm and λ2=600 nm after further incubation (2 h,

37oC). The metabolic activity of the tested strain was presented as

the concentration of resorufin, in accordance with the manufacturer’s

technical instructions (Fig. 1A and 1B).

RESULTS AND DISCUSSION

The tested compounds can be divided into three categories,

according to their pharmacokinetic profiles; bactericidal

with concentration-dependent activity, bactericidal with time-

dependent activity, and those with bacteriostatic activity.

Ciprofloxacin and Daptomycin exhibited concentration-

dependent activity (Fig. 1A and 1C). The higher concentration

illustrated was the suppression point with the metabolic

activity seen to be declining slightly during the test. A

typical time-dependent activity was exhibited by Vancomycin

and Clindamycin (Fig. 1B and 2A). Linezolid suppressed

cell metabolism up to a certain point, which did not then

decrease further, or rise again. The results obtained at

higher concentrations are comparable; above the MIC

value, the concentration does not influence the activity of

Linezolid (Fig. 1D).

All the tested antimicrobial peptides exhibited

pharmacokinetic profiles comparable with those of Vancomycin

and Clindamycin, with only one difference. In the case of the

peptides, the dependence on time was markedly slighter.

The suppression point in all cases was extremely high and

fell off only slightly as the experiment progressed (Fig. 2B,

2C, and 2D).

The application of resazurin for the determination of

time-killing assays seems to be recommendable, as it is a

relatively simple and fast technique leading to results that

are compatible with those reported in previous literature.

The time-killing tests with Ciprofloxacin against Gram-

positive and Gram-negative bacteria have demonstrated a

relationship between its concentration and the killing rate

[15]. Similar results were obtained with Daptomycin, a

new cyclic lipopeptide antibiotic active against Gram-

positive strains [6, 12].

The lack of a relationship between concentration and killing

rate was noticed with Vancomycin and Clindamycin. Above

the concentrations corresponding to MICsL, the killing rates

were comparable. Metabolic activity was seen to decrease

constantly within the incubation period, supporting the

fact that both compounds belong to the grouping of time-

dependent antimicrobials [19].

Linezolid is a novel oxazolidinone antibiotic exhibiting

a strong bacteriostatic activity against Gram-positive bacteria

[7, 21]. This bacteriostatic activity was confirmed in our

study, as there was observed to be no further decline in cell

viability after the suppression point observed in the first

half an hour after exposure to the agent. This indicates that

cell metabolism was retained, and no killing was observed

Fig. 2. The effects of different concentrations of (A) Vancomycin, (B) Citropin 1.1, and (C) Palm-KK-NH2 on the representative strain
of Staphylococcus aureus. 
For the time-killing test, the reagent was used at the concentrations of 0.5 MICL, 1 MICL, 2 MICL, 4 MICL, and 8 MICL; the control had no agent added. The

assay was performed as described in the text. Times of exposure to the reagent for the samples were 1: 0 h; 2: 0.5 h; 3: 1 h; 4: 2 h; 5: 3 h; 6: 4 h.
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during the incubation time. The lack of significant differences

between the plots obtained for various concentrations can

be explained by the fact that Linezolid acts as a concentration-

independent agent [19].

Antimicrobial peptides have reportedly exhibited very

fast killing rates against bacterial strains [9, 17]. Bactericidal

activity is caused by their unique mechanism of action

based on interaction with bacterial cell membranes. A fast

killing rate against representative SA strains was confirmed

by our results. A very high decrease in cell metabolism

occurred immediately and was then observed to only slightly

fall off. This fast killing rate is undoubtedly a desirable

feature for new antimicrobial agents. Among the tested

antimicrobial peptides, the short lipopeptide has been

shown to be the most effective. Palm-KK-NH2 induced the

highest suppression point after application at lower

concentrations, when compared with the two other peptide

antibiotics. Thus, Palm-KK-NH2 seems to have an

enormous potential as a future antistaphylococcal agent.

The method utilized in these experiments seems to be

extremely useful for the characterization of new antimicrobial

agents. Within a relatively short time, it allows for the

distinction between bactericidal and bacteriostatic agents

and an estimate of the pharmacokinetic profile of the agent.

Colorimetric procedures are likely to become the standard

used in modern microbiology, as they provide more complete

data within a short timeframe, while simultaneously being

fairly easy to perform.

Acknowledgments

This work was supported by way of a grant from the Polish

Scientific Committee (Project No. NN402195235). We would

also like to express our gratitude to Pfizer for kindly supplying

linezolid.

REFERENCES

1. Barlos, K., O. Chatzi, D. Gatos, and G. Stavropoulos. 1991. 2-

Chlorotrityl chloride resin. Studies on anchoring of Fmoc-amino

acids and peptide cleavage. Int. J. Pept. Protein Res. 37: 513-520.

2. Boland, M. P. and F. Separovic. 2006. Membrane interactions

of antimicrobial peptides from Australian tree frogs. Biochim.

Biophys. Acta 1758: 1178-1183.

3. Bulet, P., R. Stöcklin, and L. Menin. 2004. Anti-microbial

peptides: From invertebrates to vertebrates. Immunol. Rev. 198:

169-184.

4. De Smet, K. and R. Contreras. 2005. Human antimicrobial

peptides: Defensins, cathelicidins and histatins. Biotechnol. Lett.

27: 1337-1347.

5. Fields, G. B. and R. L. Noble. 1990. Solid phase peptide synthesis

utilizing 9-fluorenylmethoxycarbonyl amino acides. Int. J. Pept.

Protein Res. 35: 161-214.

6. French, G. L. 2006. Bactericidal agents in the treatment of

MRSA infections - the potential role of daptomycin. J. Antimicrob.

Chemother. 58: 1107-1117.

7. Gee, T., R. Ellis, G. Marshall, J. Andrews, J. Ashby, and R.

Wise. 2001. Pharmacokinetics and tissue penetration of linezolid

following multiple oral doses. Antimicrob. Agents Chemother.

45: 1843-1846.

8. Ghiselli, R., A. Giacometti, O. Cirioni, F. Mocchegiani, C. Viticchi,

G. Scalise, and V. Saba. 2002. Cationic peptides combined with

betalactams reduce mortality from peritonitis in experimental rat

model. J. Surg. Res. 108: 107-111.

9. Giacometti, A., O. Cirioni, W. Kamysz, C. Silverstri, A. Licci,

A. Riva, J. ukasiak, and G. Scalise. 2005. In vitro activity of

amphibian peptides alone and in combination with antimicrobial

agents against multidrug-resistant pathogens isolated from surgical

wound infection. Peptides 26: 2111-2116.

10. Guaní-Guerra, E., T. Santos-Mendoza, S. O. Lugo-Reyes, and

L. M. Terán. 2010. Antimicrobial peptides: General overview

and clinical implications in human health and disease. Clin.

Immunol. 135: 1-11.

11. Guerin, T. F., M. Mondido, B. McClenn, and B. Peasley. 2001.

Application of resazurin for estimating abundance of conrtaminant-

degrading microorganism. Lett. Appl. Microbiol. 32: 340-345.

12. Hanberger, H., L. E. Nilsson, R. Maller, and B. Isaksson. 1991.

Pharmacodynamics of daptomycin and vancomycin on Enterococcus

faecalis and Staphylococcus aureus demonstrated by studies of

initial killing and postantibiotic effect and influence of Ca2+ and

albumin on these drugs. Antimicrob. Agents Chemother. 35:

1710-1716.

13. Hancock, R. E. W. and D. S. Chapple. 1999. Peptide antibiotics.

Antimicrob. Agents Chemother. 43: 1317-1323.

14. Hancock, R. E. W. 1997. Peptides antibiotics. Lancet 349: 418-422.

15. Hyatt, J. M., D. E. Nix, and J. J. Schentag. 1994. Pharmacokinetic

and pharmacodynamic activites of ciprofloxacin against strains

of Streptococcus pneumonia, Staphylococcus aureus, and

Pseudomonas aeruginosa for which MICs are similar. Antimicrob.

Agents Chemother. 38: 2730-2737.

16. Kamysz, W. 2005. Are antimicrobial peptides an alternative for

conventional antibiotics? Nucl. Med. Rev. 8: 78-86.

17. Kamysz, W., C. Silverstri, O. Cirioni, A. Giacometti, A. Licci,

A. Della Vittoria, M. Okroj, and G. Scalise. 2007. In vitro

activities of the lipopeptides palmitoyl (Pal)-Lys-Lys-NH2 and

Pal-Lys-Lys alone and in combination with antimicrobial agents

against multiresistant Gram-positive cocci. Antimicrob. Agents

Chemother. 51: 354-358.

18. Kuper, K. M., D. M. Boles, J. F. Mohr, and A. Wanger. 2009.

Antimicrobial suspectibility testing: A primer for clinicians.

Pharmacotherapy 29: 1326-1343.

19. Levison, M. E. 2000. Pharmacodynamics of antibacterial drugs.

Infect. Dis. Clin. North Am. 14: 281-291.

20. Levison, M. E. and J. H. Levison. 2009. Pharmacokinetics and

pharmacodynamics of antibacterial drugs. Infect. Dis. Clin.

North Am. 23: 791-815.

21. Stevens, D. L., B. Dotter, and K. Madaras-Kelly. 2004. A

review of linezolid: The first oxazolidinone antibiotic. Expert

Rev. Anti Infect. Ther. 2: 51-59.

22. Stewart, J. M and J. D. Young. 1984. Solid Phase Peptide

Synthesi, 2
nd
 Ed. Pierce Chemical Company, Rockford, IL USA.

L
′



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


