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ABSTRACT 

Generation of Hybrid Peptide-Silver Nanoparticles for Antibacterial and 

Antifouling Applications 

Kholoud Seferji 

An alarming increase of antibiotic-resistant bacterial strains has made the demand for 

novel antibacterial agents, for example, more effective antibiotics, highly crucial. One 

of the oldest antimicrobial agents is elementary silver which has been used for 

thousands of years. Even in our days, elementary silver is used for medical purposes, 

such as for burns, wounds, and microbial infections. We have taken the effectiveness 

of elementary silver into consideration to generate novel antibacterial and antifouling 

agents. Our innovative antibacterial agents are hybrid peptide silver nanoparticles 

(CH-01-AgNPs) that are created de novo and in situ from a silver nitrate solution 

(AgNO3) in the presence of ultrashort self-assembling peptides compounds. The 

nucleation of CH-01-AgNPs is initiated by irradiating the peptide solution mixed with 

the AgNO3 solution using ultraviolet (UV) light at a wavelength of 254 nm, in the 

absence of any reducing or capping agents. Obviously, the peptide itself serves as the 

reducing agent. The ultrashort peptides are four amino acids in length with an innate 

ability to self-assemble into nanofibrous scaffolds. Using these ultrashort peptides 

CH-01 we were able to create hybrid peptide silver nanoparticles CH-01-AgNPs with 

a diameter of 4-6 nm. The synthesized CH-01-AgNPs were further characterized 

using ultraviolet-visible spectroscopy, transmission electron microscopy, dynamic 

light scattering, and X-ray photoelectron spectroscopy. The antibacterial and 

antifouling activity of CH-01-AgNPs were then investigated using either gram-

negative bacteria, such as antibiotic-resistant Top10 Escherichia coli and 

Pseudomonas aeruginosa PDO300, or gram-positive bacteria, such as Staphylococcus 



 

5 

 

 

 

aureus CECT 976. The hybrid nanoparticles demonstrated very promising 

antibacterial and antifouling activity with higher antibacterial and antifouling activity 

as commercial silver nanoparticles. Quantitative Polymerase Chain Reaction (qPCR) 

results showed upregulation of stress-related genes, e.g. osmB and bdm. 

Biocompatibility studies of CH-01-AgNPs, using concentrations of 0.06 mM and 

0.125 mM, testing for the viability of human dermal fibroblast neonatal (HDFn) cells, 

showed no significant influence on cell viability. In summary, we consider hybrid 

peptide silver nanoparticles CH-01-AgNPs as promising biomaterials that can be 

utilized in various biomedical applications, in particular for wound healing and 

biofilm inhibition, but also for other applications, such as tissue engineering, drug 

delivery, regenerative medicine, and biosensing. 
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                                                Chapter 1. Introduction 

1.1 Background 

The discovery of antibiotics made a significant breakthrough in medicine. Antibiotics 

are kind of antimicrobial drugs used to prevent bacterial infections1, 2. In 1928, 

penicillin was discovered by Alexander Fleming. This led to the introduction of 

antibiotics which greatly reduced the number of death cases, evoked by infections. 

Antibiotics kill or slow down the growth of both gram-positive and gram-negative 

bacteria. There are some antibiotics which are called bactericidal, which means that 

they are killing bacterial growth. Others are called bacteriostatic, which means that 

they are stopping bacterial growth 3.  

Antibiotics can be divided into four classes4 based on the intracellular target and 

mechanism of action as shown in Fig.15. The first antibiotic class is inhibiting the cell 

wall synthesis, e.g. penicillin which is a β-lactam antibiotic that inhibits the cell wall 

synthesis by inhibiting the peptidoglycan synthesis 6-8. Nonetheless, the enzyme β-

lactamase,  produced by some bacteria, aids the bacteria in inactivating and 

destroying β-lactams causing bacterial resistance 9. The second class inhibits the 

nucleic acid synthesis, e.g. quinolones which inhibits the activity of gyrase by 

stopping the replication of DNA. Quinolones capture DNA gyrase, and this leads to 

bacteriostatic behavior 6, 10-12. The third class targets the synthesis of proteins by 

inhibiting the 30S and 50S ribosomal subunits and thus negatively affects the 

translation process, e.g. aminoglycosides and macrolides 6, 10, 13. The fourth class 

affects the bacterial metabolism, e.g. sulfonamides, which target the folate synthesis 

inside the bacterial cell6.2 
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Figure 1. Various mechanisms of action used by currently prevalent antibacterial agents5. 
 

Despite various existing antimicrobial agents, bacteria are able to develop over time 

resistance to antibiotics. These mechanisms include antibiotic inactivation, target 

modification and changes in the cell membrane permeability (efflux) as well as modes 

for bypassing metabolic pathways 6, 14, 15. The extensive use of antibiotics has led to 

the development of multidrug-resistant strains 16, 17. Fig. 2 shows the use of antibiotics 

during the period of 1940 until 2002 and the figure demonstrate how fast bacteria can 

develop resistance to antibiotics 18. 
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Figure 2. Timetable of specific drug resistance bacteria 18, 19. 

 

Methicillin-resistant Staphylococcus aureus (MRSA), Enterobacteriaceae and 

Pseudomonas aeruginosa are prominent examples of some bacteria that became 

known as drug-resistant. Over time, these strains developed much resistancy to 

important antibiotics such as ciprofloxacin, levofloxacin, and trovafloxacin 20. 

Furthermore, scientists have found that 50% of Klebsiella pneumonia isolated strains 

showed resistance toward carbapenems 21. The development of new bacterial strains 

resistant to the third-generation antibiotics, e.g. carbapenems, which have a broader 

antibacterial spectra. This is due to the modification in the chemical structure 

compared to first and second generation antibiotics 22, making the situation even 

worse. Moreover, it was reported by Chen et al. in 2016 that Klebsiella pneumonia 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20L%5BAuthor%5D&cauthor=true&cauthor_uid=28081065
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was isolated from a patient that had a resistance to more than 20 antibiotics including 

polymyxins and aminoglycosides 23.  

Thus, there is an urgent need to discover new antibacterial treatments. Up to now, 

strategies are focusing on the modification of existing antibiotic classes, trying to find 

new antimicrobials from natural products and pushing the development of 

antimicrobial peptides. However, bacteria can easily adapt to new situations and can 

come up with new ways of resistance within a few years. 

The physical and chemical properties of nanoparticles have attracted scientists in the 

biomedical field. Nanoparticles are a cluster of molecules with a diameter that ranges 

between 1- 400 nm, preferably between 1-100 nm. Nanoparticles have different 

shapes and sizes and offer a large surface area that makes the nanoparticles mimic the 

biological components, e.g., nucleic acids, membrane receptors, and proteins. These 

features make the nanoparticles an excellent material to be used in medicine, imaging, 

drug delivery and therapy 24, 25. Metallic nanoparticles, particularly silver (Ag), copper 

(Cu) 26 and gold (Au) 27 nanoparticles, are commonly used in the development of 

antibacterial agents. Particularly, Ag NPs are well-known for their antibacterial 

properties 28. Fig. 3 29 shows different targets of Ag NPs on bacterial cells. First, Ag 

NPs interact with the bacterial membrane, disrupting the integrity of the membrane 

and penetrate inside the cell30. Upon entry, Ag NPs release  Ag+ ions and inhibit the 

electron transport chain, thereby causing inhibition of cellular respiration31, 32. 

Furthermore, the release of Ag+ ions induces Reactive Oxygen Species (ROS) 

generation33, hence, destroying the bacterial cell wall and inactivating the proteins 

necessary for bacterial DNA replication18, 29, 34-38. Kalishwaralal et al. studied the 

antibacterial activity of AgNPs on Pseudomonas aeruginosa and Staphylococcus 

epidermidis. They found that Ag NPs were able to inhibit biofilm production within 
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24 hours 39. Banu et al. studied the activity of Ag NPs against multi-drug resistant 

tuberculosis (MDR-Mtb), which showed a minimum inhibition concentration of 12.5 

g/mL 40. Furthermore, Wady et al. demonstrated how the AgNPs could affect the 

microbes that cause human diseases such as Methicillin-resistant Staphylococcus 

aureus (MRSA) and candida infections 41.  

Antimicrobial peptides (AMPs) exhibit a strong effect on the bacterial membrane, 

different to mammalian cells membranes, due to the difference in the 

physicochemical structure of prokaryotic and eukaryotic membranes 42. The bacterial 

membrane has negative charge lipids such as phosphatidylglycerol, which increase 

the binding between bacterial membrane and AMPs, compared to mammalian cell 

membrane which contains neutral phospholipids such as phosphatidylcholine 43. 

Research by Cheung et al. provided interesting data about the activity of AMPs 

against dangerous microorganisms. This study investigated the activity of AMPs 

against Staphylococcus aureus, which is a major problem in public healthcare44. Also, 

Feng et al. showed how AMPs could combat multi-drug resistance (MDR) 

Acinetobacter baumannii as well as inhibiting the biofilm formation 45. 

In summary, we can conclude, when investigating the efficacy of non-conventional 

antimicrobial agents, that both Ag NPs and AMPs provide a high potential to act as an 

antibacterial agent. Ruden et al. reported that the combination of AgNPs and AMPs 

enhances the antibacterial activity, especially against gram-negative bacteria 46. 

 

https://www.hindawi.com/37056186/
https://www.sciencedirect.com/science/article/pii/S0196978113003203#!
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1.2 Silver Nanoparticles Synthesis 

Both chemical and physical methods are prevalent in the synthesis of silver 

nanoparticles. However, there are concerns about producing nanoparticles through 

reducing agents that provide toxicity to newly generated silver nanoparticles. 

Therefore, the amount of reducing agents is critical when developing silver 

nanoparticles. Subsequently, there is an increased demand for more environmentally 

friendly synthesis methods of nanoparticles, the so-called ‘green synthesis’ of silver 

nanoparticles 47. This environmentally friendly approach tries to prevent toxicity 

caused by the chemical and physical methods during the silver nanoparticles synthesis. 

1.2.1 Chemical Approach 

The chemical method is the most popular method to prepare silver nanoparticles. In 

this method, organic or non-organic reducing agents such as sodium citrate, 

borohydride (NaBH4), and Tollens’ reagent is used to reduce silver ions (Ag +) to 

silver metal (Ag0) 48. Also, the Use of sodium citrate to prepare silver nanoparticles is 

Figure 3. Various mechanisms of action used by silver nanoparticles to enhance their antibacterial 

characteristics 29.  
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a generic method. However, citrate has a large surface area that can bind to silver 

crystals and can cause the reduction of Ag + 49. Citrate can also act as a capping agent 

to ensure control over the size of the nanoparticles 50. Sodium borohydride (NaBH4) is 

known as a reagent that is used to control the size of silver nanoparticles, because it is 

a strong reducing agent and forms monodispersed nanoparticles 51, 52. The Tollens’ 

procedure recently developed a method, silver ions were reduced to silver 

nanoparticles by saccharides in the presence of ammonia 53. When using the chemical 

method, it is necessary to use a capping method to interfere with the particle surface 

and prevent aggregation 54.  

1.2.2 Photoinduced Reduction 

 In order to produce silver nanoparticles, electron transfer by UV 55 or gamma 

radiation 56 can also be used for the reduction of the silver ion to silver nanoparticles. 

It was reported that light (polychromatic irradiation )  promotes the formation of 

silver nanoparticles in the existence of polystyrene sulfonate and polyallylamine 

hydrochloride capsules, which act as stabilizing agents to prevent clumping 48, 57. 

Omrani et al. reported that reduction occurred when cellulose was used as a 

biomaterial together with silver nitrate. Upon exposure, cellulose is expected to form 

aldehyde groups after breaking down the oxygen bonds in the cellulose fibers leading 

to the reduction of  Ag+ to Ag0, see Fig. 4 55. Additionally, Belser et al. generated 

silver nanoparticles by using a different peptide sequence, irradiating the mixture of 

silver nitrate and peptides by an electric lamp 58. 
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Figure 4. Schematic showing the process of silver growth on cellulose fibers 55. 

1.2.3 Biological Approach 

The biological synthesis was introduced due to the rising demand for green synthesis. 

The reducing agents are natural elements. Bioreduction of metals can also occur 

through organisms’ extracts (enzyme, saccharide, vitamin, and protein) that have 

either little or no negative environmental influences 59. The use of microorganisms or 

biological systems to produce silver nanoparticles is economically and 

environmentally friendly because no toxic chemical solution is used 48, 60. 

1.2.3.1 Plant-Mediated Synthesis  

Another example of the eco-friendly method uses plants. The main advantage of this 

method is that it is non-toxic, cheap, safe and fast. The idea behind the silver 

nanoparticles formation by the plant method is to use phytochemicals as the reduction 

agent for silver ions 61, 62. The drawback to this method is the differences in plant 

extracts, which may lead to different sizes and shapes of nanoparticles, depending on 

the kind of plant material used 63, 64. 
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1.2.3.2 Using Microorganisms 

A number of microorganisms have been used to produce silver, gold and titanium 

nanoparticles. It is unclear, how microorganisms can be exploited to produce 

nanoparticles, but it is suggested that microbial-resistant mechanisms are somehow 

linked to the production of nanoparticles. For example, specific strains of bacteria 

develop resistance mechanisms in environments which are rich in silver and may 

involve the breakdown or alteration of silver nitrate molecules 65. Saklani et al. 

prepared silver nanoparticles by incubating E. coli with silver nitrate under specific 

temperatures, pH levels and other conditions 65. It was found that pH and temperature 

are important variables that control the size of nanoparticles 65. It was also found that 

Bacillus licheniformis which forms AgNPs can produce fine, stable and well-

dispersed nanocrystals in the range of 50 nm. In contrast, fungi can also produce 

highly stabilized silver nanoparticles which are described by Durán et al. 66.The 

mechanism behind the formation of silver nanoparticles using fungi is not clear, but it 

was reported that NADPH-dependent nitrate reductase and quinone shuttle could be 

the reason behind it 59, 61, 62. The drawback of using microorganisms for silver 

nanoparticle synthesis is that the batch-to-batch variation and the fact that the method 

is slower than using plants extracts 54. 

1.2.3.3 Using Biomaterial   

 Biomaterial is one of the essential elements in nanotechnology and medicine. Wong 

et al. describe a nanomaterial as ‘any material substance that can interact effectively 

in a biological system to provide the necessary outcomes’ 67. Biomaterial can be 

naturally sourced from organisms and can then be gathered for laboratory purposes. In 

contrast, synthetic biomaterials are developed by scientists68. Using bio-organic 
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material is one of the common methods to prepare silver nanoparticles, e.g. Wu et al. 

generated silver nanoparticles by using glutathione (γ-Glu-Cys-Gly-) as a helper and 

stabilizer molecule 69. Additionally, Reithofer and colleagues generated silver 

nanoparticles inside ultrashort peptide hydrogels, via UV irradiation of the peptide 

hydrogels soaked in a silver nitrate solution. The peptide hydrogels were then used for 

wound-healing and regenerative medicine applications because of their antibacterial 

activity 70. 

1.3 The Aim of the Study 

Based on our already existing expertise on ultrashort peptides, see Hauser et al. and 

Mishra et al. 71, 72, we have designed two novel tetramer peptide biomaterials CH-

01and CH-02. These ultrashort linear peptides consist of tetrameric natural 

amphiphilic amino acids that self-assemble forming helical nanofibers, which are 

arranged into supramolecular structures. Self-assembly of these peptides is ren by the 

amphiphilic peptide motif, a hydrophilic head group, and a hydrophobic tail. The self-

assembly of CH-01 and CH-02 occurs through antiparallel pairing into alpha-helical 

intermediate structures, followed by stacking of the antiparallel pairs, as indicated in 

Figure 5. Aggregation of fibrils into fibers leads to the formation of hydrogel 

scaffolds which are capable of entrapping up to 99.9% of water. During self-assembly, 

these ultrashort peptides form meshed 3D nanofibrous networks that can extend into 

micro-,milli- and centimeter-scale length, depending on the physical space constraints. 

Nanogels made from self-assembling ultrashort peptides are promising biomaterials 

for a variety of biomedical applications such as tissue engineering, drug delivery, 

regenerative medicine, microbiology, and biosensing 71-73. In this study, we have used 

the above mentioned tetrameric peptides mainly for the following approaches: The 
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first approach focuses on a generation of ultrashort hybrid peptide-silver nanoparticles 

(CH-01-AgNPs) using a solution-based method. The second approach focuses on the 

generation of ultrashort hybrid peptide-silver nanoparticles (CH-01-AgNPs) using 

microfluidics (flow-focusing) method. Both approaches center on the antimicrobial 

and biocompatibility of hybrid peptide silver nanoparticles (CH-01-AgNPs). The third 

approach concentrates on using hybrid peptide silver nanoparticles (CH-01-AgNPs) 

as an antifouling agent (solution method). The last approach investigates the 

biocompatibility of two tetrameric ultrashort peptides scaffolds CH-01 peptide 

hydrogels and CH-02 peptide hydrogels, as well as the biocompatibility of CH-01-

AgNPs. 

 

  

 
Figure 5. Molecular dynamics simulation show the process of self-assembly of ultrashort amphiphilic 

peptide monomers to dimer structures and further to fibrils that further assemble to supramolecular 

networks of condensed fibers as seen in the electron micrograph by field emission scanning electron 

microscopy (right picture). Ultrashort peptides self-assemble into nanofibers that form three 

dimensional nanogels 71-73. 
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Chapter 2. Hybrid Peptide Silver Nanoparticles for Antimicrobial 

and Antifouling Activity 

With the increase of antibacterial resistance, it became difficult to handle multidrug-

resistant strains using only antibiotics. Since longtime, silver is known to exhibit 

antimicrobial activity and is used to treat several diseases74, 75. There are several 

methods that describe the preparation of silver nanoparticles, e.g., using chemical 

reduction49, light or biomaterial 58. The use of macromolecules like protein or another 

biological material is a rudimentary method to control the nucleation of inorganic 

materials like silver 76-78. Many studies have shown the nucleation of inorganic 

material which is controlled by peptides and acts as a model that prevents the 

aggregation of metal particles 78, 79. In the present study, one member CH-01 of new 

ultrashort peptides, composed of four amino acids, was used to generate hybrid 

peptide-silver nanoparticles CH-01-AgNPs in solution. Interestingly, nanoparticles 

formation was achieved solely by UV-irradiation in the absence of any reducing or 

capping agents. The actual mechanism that governs silver nanoparticles formation in 

the presence of self-assembling tetrameric ultrashort peptide is not fully understood. 

However, it has been reported that UV irradiation induces the reduction of Ag+ to Ag0 

in the presence of specific peptides 70, 80.  

These hybrid CH-01-AgNPs were later characterized using UV-Vis spectroscopy, 

transmission electron microscopy (TEM), diffraction light scattering (DLS), and X-

ray photoelectron spectroscopy (XPS). The antimicrobial activity of the prepared 

nanoparticles was tested against ampicillin-resistant Escherichia coli (E. coli), 

Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus (S. aureus). 

Furthermore, a biocompatibility study was conducted to test the toxicity of these 

nanoparticles on human dermal fibroblast cells (HDFn) cells. The characterization of 



 

27 

 

 

 

the structural morphology showed monodispersed of CH-01-AgNPs with an 

absorbance around 398-410 nm performing UV-Vis spectroscopy. To summarize, we 

have demonstrated that hybrid peptide silver nanoparticles CH-01-AgNPs are 

biocompatible antimicrobial agents that could serve as good candidates for medical 

treatments.  

2.1 Materials and Methods  

Table 1. List of consumables as well as their sources 

Item Source 

Tetramer self-assembling peptide IVFK. 

For the purpose of the present study, we 

called it CH-01 

Bachem AG (Bubendorf, Switzerland) 

Silver nitrate (AgNO3) Sigma Chemical Co., St. Louis, MO, 

USA, S8157 

Silver dispersion nanoparticles at 10 nm 

size 

Sigma-Aldrich,730785-25mL 

Top10 Escherichia coli Thermo Fisher, USA, C404010 

Pseudomonas aurogensa PDO300, and 

Staphylococcus aureus CECT 976   

Provided by Dr. Zahid Rehman, 

KAUST 

Luria Bertani broth bacterial medium Sigma Life Science, USA, L7658 

Luria Bertani agar purchased Sigma Life Science, USA, 

L2897 

Trizol reagent Ambion, USA, 15596018 

Glass beads Sigma, USA, G8772 

RNA purification kit Direct-zol™ RNA Zymo Research, R2060, R2061, 
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MicroPrep® R2062, R2063 

Synthesis of cDNA ImProm-II™ reverse transcription 

system purchased from Promega, 

USA, A3800 

Platinum Super Green qPCR Supermix-

UDG 

Thermo Fisher Scientific, 11733046 

Qubit RNA BR Assay Kit 2.0 

fluorometer 

Thermo Fisher Scientific, Q10210 

96-well plates and 24-well plates Corning, USA 

 

2.1.1 Preparation of CH-01-AgNPs   

The CH-01-AgNPs were prepared by mixing aqueous solutions of CH-01 and AgNO3. 

Different concentrations of CH-011.5 mM, 3 mM, 4mM and AgNO3 0.125 mM, 0.25 

mM, 0.5 mM, 1 mM, 2 mM were weighed out and individually dissolved in milliQ 

water before the solutions were mixed. The mixture was then exposed to UV 

irradiation using a UVC 500 Crosslinker at a wavelength of 254 nm for 60 minutes.  

2.1.2 Characterization of CH-01-Ag-NPs 

2.1.2.1 UV–Visible Spectrophotometry 

The formation of CH-01-AgNPs was characterized by Ultraviolet-Visible 

spectroscopy (UV/VIS/NIR Spectrometer Lambda 1050) using a wavelength window 

of 200-800 nm.  
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2.1.2.2 Transmission Electron Microscopy (TEM) 

Two different instruments, the FEI Titan G2 80-300 CT, fitted with a 300 kV 

emission gun, and the Tecnai G2 Spirit Twin, with a voltage of 120 KV were used for 

TEM studies. The samples were directly dropped onto a carbon-coated copper grid 

without any staining. The TEM grid was then dried at room temperature before 

imaging. 

2.1.2.3 Scanning Electron Microscopy (SEM) 

An FEI Magellan XHR SEM with a voltage of 5 kV was used to visualize the 

morphology of the nanoparticles. The solution containing hybrid peptide silver 

nanoparticle was dropped on a silicon wafer, which was cleaned in a piranha solution 

which is a mixture of 3:1 sulfuric acid (H2SO4) and hydrogen peroxide (H2O2). The 

sample drop was kept in the vacuum container overnight until the substrate was dry. 

The dried substrate was then coated with a layer of about 3 nm of iridium metal 

before imaging. 

2.1.2.4 Dynamic Light Scattering (DLS) 

Dynamic light scattering (DLS), using the Zetasizer Nano series HT Malvern, was 

investigated to measure the size distribution of CH-01-AgNPs in solution. The hybrid 

peptide silver nanoparticles were prepared with various concentrations followed by 

ultrasonication. In general, each particle moves in a Brownian motion, and changes in 

its motion would be detected by a Doppler shift after the monochromatic beam hit the 

particles. The Zeta potential (ζ) was measured to determine the charge of the 

nanoparticles, using the Zetasizer Nano series, HT Malvern. Zeta potential cells were 

used for both measurements. 
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2.1.2.5 X-ray Photoelectron Spectroscopy (XPS)  

The CH-01-AgNPs were lyophilized to dry powder for XPS analysis. Ultra DLD 

spectrometer (Kratos Axis) was used in XPS measurements. The ultra DLD 

spectrometer provided with a monochromatic al Kα X-ray source (hν = 1486.6 eV), 

operating at 150 W, a delay line detector, and a multi-channel plate under a vacuum 

of ~10-9 mbar. In order to record the spectra, an aperture slot of 300 μm x 700 μm was 

used. In case of the survey spectra, pass energy of 160 eV, and a step size of 1 eV was 

used. On the other hand, pass energy of 20 eV, and a step size of 0.1 eV was used in 

case of the high-resolution spectra. All samples required charge 

neutralization. Binding energies for all the spectra were calibrated depending to sp3 

hybridized (C-C) carbons for the C 1s peak 81. 

2.1.3 Antibacterial Activity of CH-01-AgNPs 

2.1.3.1 Minimum Inhibition Concentration (MIC) 

The microdilution assay was done to determine the MIC of CH-01-AgNPs. Single 

Colonie of an E. coli culture was selected from plates and inoculated in LB medium 

overnight at 37 °C with an agitation at 200 RPM. An optical density (OD) of 0.1, was 

measured by UV–Vis spectroscopy at a wavelength of 600 nm, using a Novaspec Plus 

Visible Spectrophotometer. CH-01-AgNPs were plated in a 24 well plate at different 

concentrations of CH-01-AgNPs, i.e. 0.06, 0.125, and 0.25 mM. Then, E. coli in 0.1 

OD which corresponds to 1.6 x 107 CFU mL-1 were added to CH-01-AgNPs in each 

well in a total volume of 1mL, at a ratio of 1:1. The mixture was incubated at 37 ° C 

on a shaker at a speed of 200 RPM for overnight. The OD of each well was measured 

by using microplate reader, PHERAstar FS, Germany. Finally, 20 µL of each solution 
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i.e.
  untreated E. coli, and E. coli treated with 0.06, 0.125, and 0.25 mM of CH-01-

AgNPs were plated on an agar plate for overnight at 37 °C. The starting OD reading 

of the E. coli culture was 0.2, but after a dilution to a ratio of 1:1 when adding CH-01-

AgNPs solution, the OD became 0.1 
27, 82, 83

. 

2.1.3.2 Bacterial Viability Determination 

Single colonies of TOP10 E. coli, P. aeruginosa, and S. aureus cultures were streaked 

out on Luria-Bertani (LB) agar plates and incubated at 37°C on a shaker at a speed of 

200 RPM for overnight. The overnight bacterial culture was grown to 0.1 OD 

(approx.), which was measured at a wavelength of 600 nm, using the SpectraMax 

m5e instrument. An  OD of 0.1 correlates to 8.0  107 CFU mL–1. In order to start the 

viability assays, bacterial solutions of a volume of 100 µL at 0.1 OD were distributed 

in 96 well microtiter plates. The assays were started by adding 0.125 mM CH-01-

AgNPs, 0.125 mM AgNO3, 3 mM CH-01, and 0.1 mM commercial silver 

nanoparticles to the individual wells. The OD of bacterial cultures was regularly 

measured in a time interval of 2, 4, 12, 24, and 48 hours, using the SpectraMax m5e 

instrument.The values were normalized by subtracting the OD600 at zero hours from 

the OD600 at a given time. The same method was followed for all strains27. The 

starting OD reading of the E. coli culture was 0.2, but after a dilution to a ratio of 1:1 

when adding CH-01-AgNPs solution, the OD became 0.1. 

2.1.3.3 Morphological Observation of Bacteria Treated with CH-01-AgNPs 

E. coli were subjected to the same treatment using 0.1 mM CH-01-AgNPs for 12 h at 

37°C on a shaker at a speed of 200 RPM. As a control, bacterial cells without CH-01-

AgNPs were used. Then, the cells were dried and fixed with 2.5% Glutaraldehyde and 
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2% Paraformaldehyde for 12 hours. They were dried and immediately deposited on 

200-mesh copper grids. The grids were then stained, using 2% (w/v) uranyl acetate 

and blotted to remove any excess solution on the surface. TEM imaging was 

conducted with an FEI Titan G2 80-300 CT instrument 84, 85.  

2.1.4 Gene Expression Evaluation by RT-qPCR 

2.1.4.1 RNA Isolation from Top10 E. coli 

In this experiment, we want to check by qPCR the relative expression of the three 

genes kdpB, osmB, and bdm which is related to stress in E. coli 82, and another one, 

recA, which is related to DNA damage 86. E. coli was treated with either 3 mM CH-01 

or 0.125 mM CH-01-AgNPs, and the untreated E. coli was used as a negative control. 

At least two biological replicates with at least three technical replicates were 

processed under each of the previously mentioned conditions. Afterwards, the cells 

were centrifuged at15,000g and 800 µL Trizol was added to each sample. Then, 100 

µL of acid-washed glass beads were added to every sample. The Tissue Lyser II 

Qiagen, Germany, was used at 30 Hz for 5 minutes to ensure complete cell disruption. 

Proper volumes of chloroform were then added to each sample at a ratio of 

chloroform: Trizol of 1:5 and then samples were centrifuged for 20 minutes at 4 C. 

The upper layer containing the RNA was then carefully transferred to a new tube. An 

equal volume of prechilled absolute isopropanol was added to each sample tube. The 

isopropanol/RNA mix was then stored at -80 C for at least 30 minutes and 

subsequently centrifuged at 4 C for 20 minutes. The supernatant was carefully 

discarded without disturbing the pellet, which was then washed with 75% ethanol. 

Subsequently, the pellets were air-dried and resuspended in nuclease-free water. The 

RNA isolated samples were then purified applying the Direct-zol™ RNA 
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MicroPrep® kit following the manufacturer’s recommendations. All RNA samples 

were DNase treated using DNase I enzyme (E1011-A) provided with the kit. The 

samples’ concentrations and purities were determined using Nanodrop (NANODROP 

8000, Thermo Scientific) and Qubit3 Fluorometer Table 1. 

Table 2. Shows the RNA concentrations and their purity as measured by Nanodrop 8000. 

Sample Concentration 

(ng/µl) 

260/280 260/230 

Untreated E. coli (1) 806 2.01 2.19 

Untreated E. coli (2) 810 2.05 2.15 

Untreated E. coli (3) 413.4 2.05 2.15 

E. coli treated with CH-01-AgNPs  (1) 3121 1.94 2.2 

E .coli treated with CH-01-AgNPs  (2) 2033 1.94 2.2 

E. coli treated with CH-01-AgNPs  (3) 3282 1.98 2.17 

E. coli treated with CH-01 (1) 36.37 1.98 2.23 

E. coli treated with CH-01 (2) 28.46 1.8 1.4 

E. coli treated with CH-01 (3) 191.4 2.04 2 

2.1.4.2 Primer Design  

A 16S ribosomal RNA (rRNA) (rrsA) housekeeping gene was used for all qPCR 

experiments. The select E. coli candidate genes were the bdm gene (biofilm-

dependent modulation), the kdpB gene (potassium-transporting ATPase ATP-binding 

subunit), the osmB gene (osmotically and stress-inducible lipoprotein) and the recA 

gene (DNA repair gene). Primers were rationally designed. Moreover, the Primer-

Blast primer designing tool was used. (https://www.ncbi.nlm.nih.gov/tools/primer-

blast/index.cgi?ORGANISM=9606&INPUT_SEQUENCE=NM_001618.3),(https://to

ols.thermofisher.com/content.cfm?pageID=9716). The exact primer sequences are 

given Table 2. 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?ORGANISM=9606&INPUT_SEQUENCE=NM_001618.3
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?ORGANISM=9606&INPUT_SEQUENCE=NM_001618.3
https://tools.thermofisher.com/content.cfm?pageID=9716
https://tools.thermofisher.com/content.cfm?pageID=9716
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Table 3. Forward (F) and reverse (R) primer sequences of one housekeeping gene (rrsA) and four 

candidate genes (kdpB, bdm, osmB, and recA). 

Gene 

symbol 

Oligonucleotides sequence 5'→ 3' Amplicon 

length 

Tm 

(°C) 

rrsA F: T G C A T C T G A T A C T G G C A A G C 

R: A C C T G A G C G T C A G T C T T C G T 

131 59.98 

60.06 

kdpB F: A G G T T C T G T C G A T G C C A T T C                                                               

R: A C A C G A G A A C C T T C C A C C A C 

132 60.08 

60.01 

bdm F: A G A A C C C G C T C T G G T T A A T G        

R: C T T C A A C C C A T T T G G T C A G C 

101 59.20 

60.50 

osmB F: C G G C T G T T C T G G C A A T T A C T 

R: A G T A C T G C A C C G C C T A A T G C 

153 60.27 

60.30 

recA F: G G C C G T A T C G T C G A A A T C T A 

R: G C G T G T T C A G C A T C G A T A A A 

158 60.06 

59.84 

2.1.4.3 Reverse Transcription Reaction 

The ImProm-II™ Reverse Transcription System was used to synthesize 1µg of cDNA 

from total RNA. An oligo (dT)/random hexamer primer mix was used during the 

cDNA experiment in a 1:1 ratio. Reverse transcription reactions were prepared 

according to the manufacturer’s recommendation. The prepared cDNA was then 

diluted to 20 ng/L and used for the subsequent qPCR experiment. 

2.1.4.4 Quantitative Polymerase Chain Reaction (qPCR) Using SYBR Green 

Quantitative polymerase chain reaction (qPCR) experiments were conducted using 

Platinum™ SYBR™ Green qPCR master mix (Invitrogen). The experiments were 

conducted following the manufacturer’s recommended protocol. The total qPCR 

reaction volume of each sample was 25 µL. A total of six technical replicates were 

processed for each biological replicate. A no-template control was included with each 
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experiment to assess potential contamination. A melting curve analysis was also 

conducted for each primer pair, see Table 2, to confirm the presence of a single gene-

specific peak and the absence of multiple nonspecific products or primer dimer. After 

amplification, the samples were run on a 2% agarose gel to confirm the size of the 

resulting products. The qPCR experiments were performed on the QuantStudio 5 real-

time PCR system. The following cycling conditions were used: 50 °C for 2 min 

(UDG incubation) and 95 °C for 2 minutes. Then, 40 cycles at 95 °C for 15 seconds 

and at 60 °C for 30 seconds were followed by using the following cycle: 58 cycles for 

1 minutes, then 95 cycles for 1 seconds. The threshold cycles (Ct) values were 

determined using the baseline adjustment method of QuantStudio™ Design and 

Analysis software. 

2.1.4.5 Relative Expression Analysis  

The relative gene expressions of the samples and controls were determined using the 

comparative Ct method explained by Schmittgen and Livak 87. As such, for each 

sample, expression levels of each target gene were first normalized to those of the 

rrsA housekeeping gene of the same samples. This was achieved using the equation 

ΔCt = Ct mean target  –  Ct meanrrA. Subsequently, relative quantification (RQ) of 

expression was determined using the formula ΔΔCt = ΔCtsample  – ΔCtcontrol, 

followed by the formula RQ = 2–ΔΔCT. 

2.1.5.1 Measurement of CH-01-AgNPs Concentration 

In order to measure the concentration of CH-01-AgNPs, the UV absorbance of 

commercial AgNPs was used as a standard. CH-01-AgNPs were diluted by a dilution 

factor of 2 (2x, 4x, 8x, 16x), see Table 4. Similarly, commercial AgNPs were diluted 

by a dilution factor of 2 (2x, 4x, 8x, 16x, 32x), see Table 3. Then, the optical density 
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(OD) of each dilution was measured by a spectrophotometer (UV/VIS/NIR 

Spectrometer Lambda 1050). After that, a standard curve for the commercial AgNPs 

was drawn using the concentrations values for the x-axis and the absorbance values 

for the y-axis. The slope of the calibration curve was used to estimate the 

concentration of CH-01-AgNPs. The standard curve has a slope y=8.314x+0.017 with 

0.9996 as the correlation coefficient. From the OD values of the commercial silver 

nanoparticles, we generated the standard curve, then calculated the estimated 

concentration, as can be seen in Fig. 6. 

 

Figure 6. Measurement of CH-01-AgNPs concentration. OD absorbance of different dilutions of 3 mM 

CH-01 mixed with 0.5 mM AgNO3 solution (A). OD absorbance of varying dilutions of commercial 

silver nanoparticles (B). A calibration curve using commercial silver nanoparticles (C). 
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Table 4. A serial concentration of commercial AgNPs matches with the corresponded OD. 

Concentration 

(mM) 

0.18 0.09 

(2x) 

0.045 

(4x) 

0.0225

(8x) 

0.01125 

(16x) 

0.006 

(32x) 

OD 1.45868 0.74 0.39467 0.203 0.1077 0.04796 

 

Table 5. A serial concentration of 3 mM CH-01 mixed with 0.5 mM AgNO3 NPs exposed 60 minutes 

to UV matches with the corresponded OD. 

Concentration(mM) 0.5 0.5 (2x) 0.125 (4x) 0.0325 (8x) 

OD 3.702 1.851 0.942 0.465 

2.2 Results and Discussions 

2.2.1 Formation of  Hybrid Peptide Silver Nanoparticles CH-01-AgNPs  

When mixing 3 mM peptide CH-01 with 0.5 mM AgNO3 and then exposing it to a 

UV light at a wavelength of 254 nm for one hour, the formation of hybrid peptide 

silver nanoparticles CH-01-AgNPs was easy to follow, because the color of the 

solution changed from colorless to yellow. This is an indication of the formation of 

silver nanoparticles88, see Fig.7. It confirms previous findings by various groups that 

reduction of Ag+ to Ag0 can be facilitated by an electric lamp in the presence of an 

additive such as peptides that can influence and monitor the formation of AgNPs 58. 

Additionally, peptide-based generation of AgNPs was reported based on using 

peptides containing amino acids such as aspartic acid and tyrosine 80, 89. In case of 

aspartic acid, it was reported that UV light induces silver ions to bind to the 

carboxylate group of the aspartic acid residue, which reduces silver ions to silver 

nanoparticles 62. On the other hand, differently for the tyrosine-based method, silver 

ion binding through the phenolic OH group which reduced silver ion to silver 
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nanoparticles after the quinone form of tyrosine was generated 89-91. In our studies, the 

mechanism behind the formation of the silver nanoparticles is still not clear to us, 

because our peptide scaffold does not harbor any tyrosine residue and thus no 

phenolic-OH group is available. 

 

Figure 7. Formation of CH-01-AgNPs. (A) Structure of the peptide CH-01. (B) Change in color of the 

solution after UV radiation. (D) TEM image is showing the formation of CH-01-AgNPs. 

2.2.2 Characterization of CH-01-AgNPs  

2.2.2.1 UV–Vis Spectroscopy Studies 

UV-Vis spectroscopy is a simple method that is used to observe the generation of 

colloidal nanoparticles following the reduction of Ag+ to Ag0. When adding peptide 

CH-01 solution to aqueous AgNO3 solution and subsequently exposing the mixture to 

UV light, the UV treatment causes a change in the color of the solution from colorless 

to yellow, indicating the formation of silver nanoparticles within the peptide solution. 

An absorbance band was observed between 395-410 nm, which represent the normal 

absorbance range of silver nanoparticles, see Fig. 8. As demonstrated at the graphs in 

Fig. 8, there is no visible redshift, because the redshift only occurs, when the size of 

the nanoparticles increases due to Plasmon absorption92, 93.  
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Figure 8. UV absorption spectra of CH-01-AgNPs between 800-200 nm wavelength. (A) 1.5 mM CH-

01 mixed with different concentrations 0.2 mM, 0.5 mM, 1 mM, 1,5 mM, and 2 mM of AgNO3 

solution exposed 20 minutes to UV irradiation. (B) 3 mM CH-01 mixed with  different concentrations 

0.2 mM, 0.5 mM, 1 mM, 1,5 mM, 2 mM of AgNO3  solution were exposed 20 minutes to UV 

irradiation. (C) 3 mM CH-01 mixed with 0.5 mM and 1.5 mM AgNO3  were exposed 40 and 60 

minutes to UV radiation. 

2.2.2.2 Morphology Analysis of Hybrid Peptide Silver Nanoparticles CH-01-

AgNPs  

TEM studies, see Fig. 9, demonstrated the formation of monodispersed CH-01-

AgNPs using a silver nitrate solution together with the peptide CH-01 solution, after 

exposure to UV light. Controlled reduction by UV light led to a uniform size of the 

CH-01-AgNPs of 4-8 nm in diameter of CH-01-AgNPs, see Fig. 9A-C. As seen in Fig. 

9E, under UV exposure peptide CH-01 alone, formed fibers and sheet-like structures 

at a concentration of  3 mM CH-0. On the contrary, without any UV exposure big 

aggregates were observed, when peptide CH-01mixed with a silver nitrate solution 

was investigated, see Fig. 8F. These results underline the importance of UV 

irradiation in the reduction process of Ag+ →Ag0 70, 80. Also, the crystalline pattern of  
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CH-01-AgNPs was confirmed by high-resolution TEM with the d-spacing value of 

0.19 nm. There, the selected area electron diffraction (SAED) pattern showed the 

presence of a circular line at d-value of 1.96 Å which belongs to a crystal lattices [200] 

confirmation. Other crystal lattices, such as [111], [220], and [311] were also found in 

AgNPs, pointing to a surface-centered cubic structure, see Fig. 10A-D94, 

95.

 

Figure 9. TEM images demonstrate the formation of monodispersed AgNPs by reduction of Ag+ from a 

0.5 mM AgNO3 solution in the presence of 3 mM CH-01 after exposure to UV radiation at 254 nm. 3 

mM CH-01 mixed with 0.5 mM AgNO3 solution exposed to UV radiation for  (A) 20 minutes, (B) 40 

minutes, and (C) 60 minutes. While D-F experimental controls with  (D) Silver nitrate exposed 60 

minutes to UV light, and (E)  3mM CH-01 alone exposed 60 minutes to UV radiation, where is (F) 

shows  3 mM CH-01+0.5 mM AgNO3  solution without UV radiation. 
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Figure 10.(A) High-resolution transmission electron microscopy (HRTEM) image of CH-01-AgNPs and 

inverse fast Fourier transform (IFFT) image with lattice fringes (d-spacing) of 1.9 Å. (B) Electron 

diffraction pattern. (C) Face-centered cubic structure, (D) Table of d-value corresponding with the 

Miller indices, and  (E) size distribution histogram of AgNPs. 
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2.2.2.4 Scanning Electron Microscopy (SEM) 

The morphology and the size of CH-01-AgNPs were analyzed by using SEM. As can 

be seen in Fig. 11A-B, using a 0.5 mM silver nitrate, a proper distribution of 

spherical-like nanoparticles was observed. On the other, hand, when the initial 

concentration of AgNO3 increased to 1.5 mM, the sample started to be saturated and 

subsequently formed aggregates, see Fig. 11C-D.  

 

Figure 11. Scanning electron microscopic (SEM) images of CH-01-AgNPs. (A-B) SEM images of CH-

01-AgNPs with an initial concentration 3 mM CH-01 mixed with 0.5 mM AgNO3 solution exposed 20 

minutes to UV radiation. (C-D) 3 mM CH-01 mixed with 1.5 mM AgNO3 solution exposed 20 minutes 

to UV radiation. 

2.2.2.5 Dynamic Light Scattering (DLS) 

The size and distributions of CH-01-AgNPs were analyzed using DLS, and it was 

found that the mean size of CH-01-AgNPs is around 100 nm, while the size of CH-

01-Ag NPs observed by TEM spectroscopy is around 4 nm. The larger size seen by 

DLS can be explained by the fact that DLS measures the hydrodynamic size of the 

nanoparticles, which includes the particle size and an electrical double layer around 
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the particles. Different to DLS, the electron beam of TEM has the ability to scatter the 

real size, and this can give more precise structural details 96. In addition, zeta potential 

measurements showed that CH-01-AgNPs possess a positive value, see Fig. 12. It was 

reported that the zeta potential has a pronounced effect on the binding between 

bacterial surface and nanoparticles. Due to electrostatic attraction, the positive charge 

of CH-01-AgNPs can easily bind to the negative charge of bacterial membranes, thus 

increasing the antibacterial activity of the nanoparticles 37, 97. 

 

Figure 12. Characteristics of synthesized CH-01-AgNPs by DLS. The hydrodynamic diameter of  3 

mM CH-01 mixed with 0.5 mM AgNO3 solution mixture after exposed 60 minutes to UV irradiation 
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(A). The hydrodynamic diameter of 3 mM CH-01 mixed with 1.5 mM AgNO3 solution after exposed 

60 minutes to UV irradiation (B). 0.5 mM AgNO3 (C) and 3 mM CH-01 (D). Zeta potential 

measurements showed that CH-01-AgNPs have a positive Zeta potential measurement around 21 mV 

(E). 

2.2.2.6 X-ray Photoelectron Spectroscopy (XPS)  

X-ray photoelectron spectroscopy is a technique which is being used for chemical 

surface analysis. CH-01-AgNPs were measured by XPS in order to extract 

information on the oxidation state of the AgNPs in the sample. CH-01-AgNPs with an 

initial concentration of 1 mM AgNO3 were prepared and analyzed by XPS to 

determine the percentage of Ag+ and Ag0 in our sample. Binding energy (eV) gives 

the amount of energy that is emitted from the electron after it escapes from the atom 

under the effect of an X-ray beam. The binding energy increases, when the positive 

charge of the atom rises 98, 99. It was reported that 369 eV and 475 eV are the two 

peaks that represent Ag+ while 368 eV and 474 eV represent Ag0 100. Our result in 

Fig.13 showed values at 368.3eV and 374.21eV which most likely indicates metallic 

silver, see Fig. 13. Interestingly, there was a shift in Ag+ binding energy to 368.66 eV 

and 374.44 eV. These values are very close to the binding energy of metallic silver 

and difference to the Ag+ binding energy. This observed shift could have occurred as 

a result of the charge transfer from the peptide scaffold to the metal, as reported in an 

early study 101. 
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Figure 13. XPS spectrum of CH-01-AgNPs exposed to UV light for 60 minutes with an initial for the 

concentration of 1 mM AgNO3 and  3 mM CH-01. 

2.2.3 Antimicrobial Activity of CH-01-AgNPs  

2.2.3.1 Minimum Inhibition Concentration (MIC) 

Minimum inhibition concentration (MIC) of CH-01-AgNPs is the lowest 

concentration of CH-01-AgNPs that prevents bacterial growth. A concentration of 

0.06 mM CH-01-AgNPs seems to be the MIC concentration, which inhibits bacterial 

growth since bacterial growth does not increase after 12 hours, see Fig. 14A. For 

further analysis, 20 µL of each bacterial culture was cultured overnight on an agar 

plate. A photograph of the agar plate showed that an increase in the concentration of 

CH-01-AgNPs led to an increase in antibacterial activity, when compared with the 

control, see Fig. 14B-E. 
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Figure 14. Antibacterial activity of different concentrations of CH-01-AgNPs (A). Photographs of Petri 

dishes showing: Untreated E. coli (B). E. coli treated with 0.06, 0.125,and 0. 25 mM of CH-01-AgNPs, 

respectively (C-E). 

 

2.2.3.2 Bacterial Suspension Assays 

The antibacterial activity of CH-01-AgNPs was analyzed using gram-negative Top10 

Escherichia coli (E. coli) and Pseudomonas aeruginosa PDO300 (P. aeruginosa) and 

a gram-positive bacteria Staphylococcus aureus CECT 976 (S. aureus). To evaluate 

the antibacterial activity, four different study groups, i.e. 0.125 mM CH-01-AgNPs, 

0.125 mM AgNO3, 3 mM CH-01, and 0.1 mM commercial AgNPs, were added to the 

wells of a 96-well microtiter plate, containing bacteria at an OD of 0.1. The OD was 

measured at different time points, i.e. at 0, 2, 4, 6, 12, 24 and 48 hours. Untreated 

bacteria served as a control. Fig. 15A-C shows the effect of the different treatments 

on bacterial growth. The antibacterial activity against P. aeruginosa, and E. coli was 
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about 97% for 0.125 mM CH-01-AgNPs and 0.125 mM for AgNO3. Differently, 

antibacterial activity of S. aureus was around 70% for 0.125 mM CH-01-AgNPs and 

87% for 0.125 mM AgNO3. Commercial AgNPs showed around 80% inhibition of P. 

aeruginosa and low antibacterial activity towards E. coli and S. aureus, only 44% and 

14% respectively. Peptide CH-01 alone also showed good activity against E. coli as of 

81% inhibition. These results demonstrate that CH-01-AgNPs and AgNO3 have very 

similar antibacterial activity. However, this could be explained by the fact that the 

concentration was high. It would be useful to compare these treatments at different 

lower concentrations to be able to compare the actual potency of the nanoparticles. 

Additionally, CH-01-AgNPs showed better antibacterial activity when compared to 

peptide CH-01 and commercial silver nanoparticles. The explanation of these results 

could be due to the antibacterial activity of Ag0 or Ag+ released from CH-01-AgNPs33. 

It has been reported that nanoparticles mainly target bacteria in three ways: Their tiny 

size allows them to adhere to the cell membrane's surface and greatly diminish the 

bacterial respiration and permeability32, 38, 52. They can also penetrate through the 

bacterial membrane and cause significant injury when interacting with cell 

components like DNA86. Finally, the release of silver ions could exert additional 

influence on the bactericidal impact of Ag nanoparticles18, 31, 37, 38, 102, 103. The second 

finding was that most of the assays showed better antibacterial activity against gram-

negative bacteria than against gram-positive bacteria. This could be explained by the 

difference of their cell membrane structure. The thickness of the peptidoglycan layer 

in gram-negative bacteria is 3-2 nm in size104, while the thickness of the 

peptidoglycan layer in gram-positive bacteria about 20-50 nm33, 105. As shown in Fig. 

16, gram-positive bacteria have a thick layer of peptidoglycan, which may inhibit 

nanoparticles from disrupting and penetrating the bacterial membrane.  
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Figure 15. The activity of CH-01-AgNPs. (A) OD absorbance of E. coli treated with 0.125 mM CH-01-

AgNPs compared with 0.1 mM commercial AgNPs and 0.125 mM AgNO3.(B) OD absorbance of P. 

aeruginosa treated with 0.125 mM CH-01-AgNPs compared with 0.1 mM commercial AgNPs and 

0.125 mM AgNO3.(C) OD absorbance of S. aureus treated with 0.125 mM CH-01-AgNPs compared 

with 0.1 mM commercial AgNPs and 0.125 mM AgNO3. 

 

 

 

Figure 16. Cell wall structure in gram-positive bacteria compared with gram-positive bacteria.  
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2.2.3.3 Effect of the CH-01-AgNPs on Bacterial Morphology 

Electron microscopy was performed to study the morphological change of the treated 

E. coli, see Fig. 17E-L.The size of the bacterial cell, as well as its morphology, clearly 

demonstrated the effectiveness of the nanoparticles on the bacterial cell, see Fig. 17F-

I. Nanoparticles then accumulated inside the bacterial cells, see Fig. 17H. The 

bacterial intracellular components started to leak from the release pores into the 

membrane, see Fig. 17J. Figure 12I shows how CH-01-Ag-NPs overload bacterial 

cells. Fig. 12J shows a change in cell size as well as the leaking of cytoplasmic 

components out of the cell. Fig.12K-N shows E .coli treated with CH-01 only and 

demonstrate, how the peptide attaches to the membrane. Since the morphology of 

untreated bacteria does not show any pores or disintegration, this explains why the 

cell wall is intact, see Fig. 17A-D. This result was expected because other researchers 

had already demonstrated, how the AgNPs disrupt the bacterial membrane leading to 

cell damage85, 106. Also, self-assembling dipeptides gave the same effect82. 
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Figure 17. Visualization the effect of CH-01-AgNPs on bacterial membrane. (A-D) Untreated E. coli. 

(E-L) E. coli treated with 0.125 mM CH-01-AgNPs. While  (M-P) E. coli treated with 3 mM CH-01. 

 

2.2.4 Evaluation of Gene Expression Data  

2.2.4.1 Real-time qPCR Results 

A melting curve proved that the double-strand DNA was converted to single-stranded 

DNA by heating. The melting point is the point, where 50% of DNA is denatured 107.  

Fig. 18 shows only one peak indicating that there are no primer dimers or 

contamination in the reaction. A similar pattern was observed in all of the tested genes. 

In addition, qPCR products were analyzed by using agarose gel electrophoresis. In 

Fig. 19 we can see that recognizable single bands (single amplicon) were formed for 

each gene in the expected size. Figure18 and figure 19 showed that there was no 

random binding and that the amplified product was most likely the desired product. 
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Figure 18. The melting curve of some amplicon.  

 

 
 

Figure 19. Analysis of qPCR products (A-D). 
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2.2.4.2 Gene Expression Data 

E. coli was exposed into 0.1 mM CH-01-AgNPs  for 8 hours. The effect on the 

bacterial cells was assessed for both CH-01-AgNPs  and for peptide CH-01 by 

analyzing the expression of the three genes kdpB, osmB, and bdm, related to 

osmoregulation in E. coli, and another gene that is related to DNA damage, i.e. recA.  

KdpB is a gene that works within the Kdp system. This system is composed of four 

subunits kdpF, A, B, and C, encoding the kdpFABC operon. Kdp is an inducible 

system, It balances the level of potassium ions K+ inside the cells, when the level of 

K+ drops below the micromolar range or when the bacterial cell is stressed under 

hyperosmotic shock. KdpB is a P-type ATPase that activates the potassium transport 

channel by phosphorylation. Changes in potassium transportation lead to changes in 

osmosis inside the bacterial cell.108-110  

For osmB and bdm, it was reported that osmB and bdm are upregulated in bacterial 

cells, when the outer membrane is disrupted which leads to changes in 

osmoregulation. 82, 111, 112. 

To check the DNA damage, the recA gene, responsible for DNA repairing, was used. 

It has been reported that recA is upregulated in E. coli treated with silver nanoclusters 

that are loaded with daptomycin86. 

The expression level of the KdpB gene showed a highly significant increase in the 

case  E. coli when treated with CH-01-AgNPs and when compared to untreated 

bacteria, control gene, giving a p-value of 0.01. On the other hand, there was no 

significant difference in the expression of  KdpB for E. coli treated with peptide CH-

01 and for untreated bacteria, see Fig. 20A. Additionally, the expression of the osmB 

gene was found to show a highly significant increase in E. coli growth treated with 

CH-01-AgNPs, compared to untreated bacteria, giving a p-value of 0.002.  There was 
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also a significant difference in the expression of the osmB gene in  E. coli treated with 

peptide CH-01 in comparison to untreated bacteria, giving a p-value of 0.02, see Fig. 

20B. Interestingly, we also found that there is a highly significant difference in the 

expression of the bdm gene in both treatments, using CH-01-AgNPs and peptide CH-

01, when compared with the control, see Fig. 20C. These results a matching the TEM 

results, where we observed that CH-01-AgNPs disrupted the membrane and affected 

the osmosis inside the bacterial cell. This would then disrupt the transportation of K+ 

ions and consequently influence osmosis.  

Lastly, we found that the recA gene was up-regulated in E. coli treated with CH-01-

AgNPs, see Fig. 20D, which may support our hypothesis that AgNPs penetrate the 

cell and damage the bacterial DNA.  

 

Figure 20. qPCR results of E. coli treated with 0.125 mM CH-01-AgNPs compared with untreated 

bacteria, and bacteria treated with 3 mM CH-01 alone. (A-C) Show upregulation of stress-related genes 

in case of  E.coli treated with CH-01-AgNPs, and (D) show upregulated in DNA repairing gene in case 

of E. coli treated with CH-01-Ag NPs. 2-△△CT method was used to calculate the fold change. 
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Chapter 3. Peptide Nanoparticles Generate In Situ Silver Nanoparticles for 

Antibacterial Application 

Several methods have been used to synthesize nanoparticles. One of the methods is 

using microfluidics, which facilitates the preparation of nanoparticles due to its 

flexibility and reproducibility113-116. Microfluidics have been used in different 

applications, for example in the preparation of AgNPs117. Using the microfluidic 

flow-focusing method, we have generated hybrid peptide silver nanoparticles CH-01-

AgNPs. This method enhanced the interaction between the peptide CH-01 and 

AgNO3, resulting in the reduction of Ag+ to Ag0 after exposure to UV radiation, 

without the use of any other reducing or capping agents. The prepared CH-01-AgNPs 

were characterized using transmission electron microscope (TEM) which determined 

that the size of the prepared nanoparticles ranged between 10-20 nm. In addition, UV-

Vis measurements showed that the prepared nanoparticles gave a peak in the range of 

398 and 410 nm. Finally, the antibacterial activity of CH-01-AgNPs was tested using 

E. coli. 

3.1 Material and Method  

Table 6. List of consumables as well as their sources. 

Item Source 

Tetramer self-assembling peptide IVFK. 

For the purpose of the present study, we 

called it CH-01 

Bachem AG (Bubendorf, Switzerland) 

Silver nitrate (AgNO3) Sigma Chemical Co., St. Louis, MO, 

USA, S8157 

six-junction droplet chip, 50 each depth Dolomite (six-junction droplet chip, 50 

each depth, 3200288) 
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Syringe pumps Harvard Apparatus, Holliston, MA, 

USA, 70-2213 (with syringe diameter 

4.699 mm) and 70-3009 (with syringe 

diameter 14.430 mm) 

Top10 Escherichia coli Thermo Fisher Scientific (Waltham, 

MA, USA), C404010 

Luria Bertani broth bacterial medium Sigma-Aldrich Life Science (St. Louis, 

MO, USA) L7658 

Ethanol 96%  Sigma Life Science, USA 

96-well plates  

 

Corning Inc. (Corning, NY, USA). 

3.1.1 Preparation of CH-01-AgNPs Using Microfluidic Flow-Focusing Method 

Microfluidics can manipulate nanoliter volumes in microscale fluidic channeles118. A 

microfluidic system with three units containing six conjunctions was used, see Fig. 21. 

A single unit of the microfluidic chip has three channels, two side channels, and one 

middle or center channel. For our purposes, both side channels contain 50% ethanol 

as a solvent. The middle channel contains 1mg/mL peptide CH-01 solution mixed 

with silver nitrate solution AgNO3 at different concentrations as of 0.25 mM, 0.5 mM, 

1 mM. The center channel and both side channels were designed to enable the 

adjustment of the nanoparticle size through flow focusing by changing the flow rates 

of the pumps 117. Syringe pumps injected the solution through both side and the one 

middle channel with an optimum flow rate of 30 μL/minute for the middle or center 

channel and 300 μL/minute for both sides channels117. Finally, the samples were 

exposed to UV light at a wavelength of 254 nm by using a UVC 500 Crosslinker. In 
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order to remove ethanol from the samples, lyophilization by a freeze dryer from 

Labconco was performed. 

 

Figure 21. (A) Schematic of a single unit of the microfluidic chip used to synthesize CH-01-AgNPs by 

flow focusing method. (C) Six-junction droplet chip. (C) Microfluidic set-up in the lab used for the 

preparation of CH-01-AgNPs. 

 

3.1.2 Characterization of CH-01-AgNPs  

3.1.2.1 Transmission Electron Microscopy (TEM) Analysis 

TEM studies were carried out using two different instruments. The one instrument is 

the Tecnai G2 Spirit Twin with a voltage of 120 kV, and the other instrument is the 

FEI Titan G2 80-300 CT with a 300 kV emission gun. TEM samples for CH-01-

AgNPs were directly dropped onto the grid. The grids were dried in normal air for at 

least one hour prior to imaging. 

3.1.2.2 Ultraviolet-visible Spectroscopy 

Ultraviolet (UV) absorption spectra of synthesized CH-01-AgNPs were measured 

using a spectrophotometer (Cary 5000 UV-VIS -NIR). 
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3.1.3 Antibacterial Activity 

3.1.3.1 Bacterial Growth Curve 

E. coli in LB medium was cultured overnight at 37°C with on a shaker at a speed of 

200 rpm. Then, bacterial cultures at an optical density (OD) of 0.2 at 600 nm, 

corresponding to 1.6 x 108 CFU mL-1, were used for the experiments. In order to start 

the viability assays, 100 µL of bacterial solutions were distributed into 96-well 

microtiter plates. The assays were started by adding different concentrations of CH-

01-AgNPs, i.e. 0.5mg/mL, 1mg/mL, and 2mg/mL, into the bacterial culture. The 

mixture was cultured at 37°C on a shaker at a speed of 200 rpm. The OD600 of the 

bacterial culture was measured at 4, 8 and 12 hours after incubation, by using a 

microplate reader (PHERA starFS, Germany) 27. E. coli cultured in the absence of 

CH-01-AgNPs was used as a control.  

3.1.3.2 Morphological Observation of E. coli Treated with CH-01-AgNPs 

E. coli cultures in the presence of 1mg/mL CH-01-AgNPs on a shaker at a speed of 

200 RPM were subjected to the same treatment for 12 hours at 37°C. As a control, 

bacterial cultures without CH-01-AgNPs were used. The cells were dried and fixed 

with 2.5% Glutaraldehyde and 2% Paraformaldehyde for a period of 12 hours. The 

dried bacterial cells were immediately deposited on a 200-mesh copper grid. TEM 

imaging was conducted using an FEI Titan G2 80-300 CT instrument 84, 85. 
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3.2 Results and Discussions 

3.2.2 Characterization of CH-01-AgNPs  

UV-Vis spectroscopy is a suitable method to follow up on silver nanoparticle 

formation119. Therefore, we performed UV-Vis spectroscopy to check for CH-01-

AgNPs formation. Using a 1.5 mM peptide CH-01 solution together with different 

concentrations of AgNO3 solutions, i.e. 0.25 mM, 0.5 mM, and 1 mM. The mixed 

solutions were exposed to UV light using a UVC 500 Crosslinker at a wavelength of 

254 nm for 30 minutes. UV-Vis absorbance gave a λ max of 410 nm when the AgNO3 

concentration was either 0.25 mM or 1mM, but we got a λ max of 398 nm with an AgNO3 

concentration of 0.5 mM, see Fig. 22A. Interestingly, both values have been reported for 

silver nanoparticles formation120, 121. Further evidence for silver nanoparticles 

formation was given by the color changes from colorless to light grey, see Fig. 22C122. 

Evaluation of the elemental composition of the nanoparticles was determined by 

Energy-dispersive X-ray spectroscopy (EDX) which provided an elemental mapping 

of the samples, see Fig. 22B. We observed silver, carbon, and copper in the 

composition. The carbon is derived from the peptide, and the copper came from the 

TEM grid. Fig. 18D shows the corresponding TEM images. 

 
Figure 22. Characterization of CH-01-AgNPs. (A) UV-VIS  spectra of CH-01-AgNPs ,1.85 mM CH-

01 solution mixed with 1mM AgNO3 solution (blue spectrum), 0.5 mM AgNO3 (red spectrum), and 

0.25mM AgNO3 solution (black spectrum) all the solutions were exposed 30 minutes to UV at a 

wavelength of 254 nm . (B) EDX spectrum, (C) After the nanoparticles formation the color changed 

from colorless to a lighter grey. (D) TEM image of CH-01-AgNPs.  
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3.2.2.1 TEM Characterization of CH-01-AgNPs 

It has been reported that UV light can induce the formation of AgNPs in the presence 

of characteristic peptides 70, 80. As previously mentioned, UV exposure of our peptide 

CH-01 in the presence of AgNO3 stimulate the formation of monodispersed hybrid 

peptide silver nanoparticles, see Fig. 23E–H. Interestingly, depending on the UV 

exposure time, a mixture of small particles and large irregular-shaped aggregates was 

observed. An increase in UV exposure time led to a decrease in particle aggregation 

and increased mono-distribution. Judging from the high-resolution images, the clearly 

distinguished thin layer around the particles is most likely caused by a layer of 

peptide CH-01 networks surrounding AgNPs, see Fig. 23D. TEM images demonstrate 

that the size range of the prepared hybrid peptide silver nanoparticles CH-01-AgNPs 

is approximately 10–20 nm in diameter.  

 

Figure 23. TEM images of CH-01-AgNPs. (A) CH-01-AgNPs synthesized by using 1.5 mM CH-01 

peptide solution mixed with 1 mM AgNO3 exposed for 30 minutes to UV at 254 nm wavelength. The 

concentration of AgNO3 solution in (B) 0.5 mM AgNO3 and 0.25 mM in (C). (D) High-resolution 

images of 1.5 mM CH-01 peptide solution mixed with 0.5 mM AgNO3 exposed for 30 minutes to UV 

at 254 nm wavelength. The red arrow shows a light layer, which assumedly is CH-01. (E) Different 

exposure times to UV of 1.5 mM CH-01 peptide solution mixed with 0.5 mM AgNO3 solution, left = 5 

minutes, right = 15 minutes. (F-H) TEM-based CH-01-AgNPs size with peptide concentration 1.5 mM and 
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30 minutes UV exposure where the concentrations of AgNO3 1 mM in (F), 0.5 mM in (G), and 0.25 Mm 

in (H).The given concentrations are the initial concentrations. (I, J) After lyophilization. 

3.2.3 Antimicrobial Activity  

3.2.3.1 Bacterial Suspension Growth Curve Assays  

Suspension assays were undertaken to measure the antibacterial efficacy of CH-01-

AgNPs against bacteria. We started by transferring 200 μL of E. coli culture at 0.2 

OD600 into 96-well plates and then adding hybrid peptide silver nanoparticles at a 

concentration of 2 mg/mL, 1 mg/mL, and 0.5 mg/mL respectively.  As a control, 

untreated E. coli was used. OD600 values were taken at 0, 4, 8 and 12 hours after 

incubation. We observed that the inhibition of bacterial growth by the  hybrid peptide 

silver nanoparticles steadily increased, no matter which concentration was 

investigated, although 2 mg/mL was the most effective concentration. Fig. 24 

illustrates the effect of different concentrations of CH-01-AgNPs in terms of 

inhibiting bacterial growth. 

 

Figure 24. OD600 measurements in E. coli treated with different concentrations of CH-01-AgNPs. 
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3.2.3.2 TEM Analysis of Treated Bacteria 

TEM analysis was conducted after the treatment of bacteria with CH-01-AgNPs in 

order to see, whether any damage or change in bacterial morphology had occurred.  

As seen in Fig. 25 A–D, there is a clear morphological change in treated E. coli which 

differs to a situation of untreated E. coli. Damage of the bacterial membrane could 

have occurred and led to the  leaking of the cytoplasmic components out of the cell, 

which would finally cause bacterial cell death Fig. E-F31, 82, 123. 

 

Figure 25. Effect of CH-01-AgNPs on bacterial membrane. (A–B) TEM images of untreated E. coli, 

(C–F) E. coli treated with CH-01-AgNPs. Red arrows indicate damage in the bacterial membrane. 
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Chapter 4. Antifouling Activity of Hybrid Peptide Silver Nanoparticles CH-01-

AgNPs 

Biofilm formation occurs when microorganisms attach to a surface and secrete 

extracellular polymeric substances, which settle like a slimy coat around or on top of 

the object 124, 125. The bacterial biofilms have special characteristics, including the 

ability to become more resistant to antibiotics, as compared with planktonic bacteria, 

thus making biofilm formation a very dangerous phenomenon126, 127. Therefore, 

alternative solutions, including more effective antibiotics, are urgently needed to 

address bacterial biofilm formation. In the present study, a novel group of ultrashort, 

tetrameric peptides were used to generate hybrid peptide silver nanoparticle CH-01-

AgNPs. The nanoparticles had a size between 4 nm and 6 nm. The antifouling activity 

of the hybrid CH-01-AgNPs was investigated using either gram-negative bacteria 

such as antibiotic-resistant TOP10 Escherichia coli or Pseudomonas aeruginosa 

PDO300 or gram-positive bacteria like Staphylococcus aureus CECT 976. The hybrid 

CH-01-AgNPs showed antifouling activity towards both gram-negative bacteria and 

gram-positive bacteria, but the activity observed with gram-negative bacteria was 

more pronounced than the one observed with gram-positive bacteria. 

4.1 Materials and Methods 

Table 7. List of consumables as well as their sources. 

Item Source 

Tetramer self-assembling peptide IVFK. 

For the purpose of the present study, we 

called it CH-01 

Bachem AG (Bubendorf, Switzerland) 

Silver nitrate (AgNO3) Sigma Chemical Co., St. Louis, MO, 

USA, S8157 
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Crystal violet 0.1 % Sigma-Aldrich Life Science (St. Louis, 

MO, USA), C6158. 

Acetic acid Sigma-Aldrich Life Science (St. Louis, 

MO, USA), A6283 

P. aeruginosa PDO300 and S. aureus 

CECT 976 

provided by Dr. Zahid Rehman of King 

Abdullah University of Science and 

Technology in Thuwal, Saudi Arabia. 

Top10 Escherichia coli Thermo Fisher Scientific (Waltham, 

MA, USA), C404010. 

Luria Bertani broth bacterial medium Sigma-Aldrich Life Science (St. Louis, 

MO, USA), L7658. 

96-well plates  

 

Corning Inc. (Corning, NY, USA). 

4.1.1 Biofilm Assays 

4.1.1.1 Inhibition Assays of Bacterial Biofilm Formation Using CH-01-AgNPs to 

Inhibit  

With a biofilm inhibition assay, we wanted to test the ability of CH-01-AgNPs to 

prevent the formation of biofilms. Biofilm assays were done following the protocol of 

Coffey and Anderson 128. First, TOP10 E. coli, S. aureus CECT 976, and P. 

aeruginosa PDO300 were incubated overnight in Luria-Bertani (LB) broth medium at 

37°C overnight on a shaker at a speed of 200. Then, each culture was diluted to a ratio 

of 1:100. Next, 100 µl of bacterial culture was added into the wells of a 96-well plate. 

Subsequently, 100 µl of different concentrations of three individual study groups were 

added to the bacterial cultures as follows: First group containing 3 mM, 1.5 mM, 0.75 
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mM, and 0.375 mM of peptide CH-01 solution, respectively. Second group containing 

0.125 mM, 0.06 mM, and 0.025 mM of commercial AgNPs, respectively. Third group 

containing 0.125 mM, 0.06 mM, and 0.03 mM of both CH-01-AgNPs and AgNO3 

solution, respectively. The 96-well plates then incubated overnight at 37°C. The given 

concentrations are the final concentrations in the culture. 

4.1.1.2 Biofilm Detachment Assay Using CH-01-AgNPs 

The described inhibition protocol was used with the following change, that treatments 

were added into the bacterial cultures after 24 hours, once the biofilm had been 

developed, and incubated again for 24 hours.   

4.1.1.3 Biofilm Staining 

The supernatant of the plate was removed, and the plate was subsequently rinsed with 

water.The plate was then dried. Next, 200 µl of crystal violet solution 0.1% was 

added for 10 minutes to stain the biofilm. After that, 200 µl of 30% acetic acid was 

added into each well. The absorbance was measured at 550 nm after 10 minutes using 

the microplate reader SpectraMax M5e instrument128. 

4.2 Results and Discussions 

4.2.1 Biofilm Inhibition Using CH-01-AgNPs  

We created three different biofilms using TOP10 E. coli, S. aureus CECT 976, or P. 

aeruginosa PDO300. To evaluate the antibacterial activity of each biofilm, different 

concentrations of individual study groups were added to the different bacterial 

cultures, as described in the materials and methods. At all concentrations, CH-01-

AgNPs inhibited the growth of P. aeruginosa PDO300 by approximately 95%. 

Similar results were observed for both AgNO3 and commercial AgNPs, see Fig. 26A. 
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S. aureus CECT 976 biofilm formation was inhibited up to 30% at the highest 

concentration of CH-0-AgNPs which is 0.125 mM, and which is similar to the 

concentration used for AgNO3. However, commercial AgNPs did not inhibit S. 

aureus CECT 976 biofilm formation, see Fig. 26B. 

For E. coli biofilms, CH-01-AgNPs and AgNO3 had the highest antibacterial activity 

and decreased biofilm formation by 95% at all concentrations except for the lowest 

concentration of CH-01-AgNPs, as of 0.03 mM. By contrast, commercial AgNPs only 

decreased biofilm formation to 30–50% at all tested concentrations. 

At the highest concentration of CH-01-AgNPs which was 3 mM bacterial growth 

increased, which may be caused by S. aureus and P. auregensa using peptide as a 

carbon source to facilitate growth, see Fig. 26A, B129. However, concentrations of 

CH-01-AgNPs between 1.5 mM and 0.75 mM inhibited E. coli bacterial growth by 

about 30%. These results were expected because inhibition of E. coli biofilm has been 

reported previously in respect to self-assembling peptide 82.  

The activity of CH-01-AgNPs may be more effective for gram-negative bacteria than 

for gram-positive bacteria because the activity of CH-01-AgNPs relies on the 

disruption of the bacterial membrane, see Fig. 17. Moreover, the membrane structures 

of gram-positive and gram-negative bacteria are different, in so far that gram-positive 

bacteria have a thicker peptidoglycan layer than gram-negative bacteria 33, 104, 105, 130. 

It is believed that  Ag+ ion, released from silver nanoparticles, are the origin of the 

AgNP antibacterial activity. This may explain, why AgNO3 and CH-01-AgNPs have 

similar inhibitory activity 18, 29, 31, 102. In conclusion, we found that CH-01-AgNPs 

provide antibacterial activity and that biofilm inhibition is more pronounced in gram-

negative bacteria than in gram-positive bacteria, see Fig. 26A-C.  
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Figure 26. CH-01-AgNPs antifouling activity. (A) P. aeruginosa PDO300. (B) S. aureus CECT 976. (C) 

TOP10 E. coli.  

 

4.2.2 Biofilm Detachment Assay  

A biofilm detachment assay was conducted to determine the activity of various 

treatments 131. A culture of E. coli in a 96-well plate was incubated overnight at 37 °C, 

and after the formation of a biofilm, various treatments of different study groups were 

performed. A 0.1% crystal violet solution was used to measure biofilm detachment 

after 24 hours. 

The most effective treatment was observed with CH-01-AgNPs, which showed 90% 

inhibition at maximum dosage and approximately 50% inhibition using one-fold, i.e. 

0.125 mM, or two-fold, i.e. 0.06 mM, dilutions. Furthermore, AgNO3 showed 80% 

inhibition at the highest dosage and 20% and 30% inhibition at one-fold, i.e. 0.125 
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mM, and two-fold, i.e. 0.06 mM dilutions, respectively. For commercial AgNPs, a 

50% rate of inhibition was observed at the maximum concentration of 0.1 mM. 

These results suggest that biofilms can be detached and inhibited in the presence of 

CH-01-AgNPs. In addition, the antibacterial activity of CH-01-AgNPs was stronger 

for gram-negative bacteria than for gram-positive bacteria, and biofilm prevention 

was more pronounced than biofilm detachment, see Fig. 27. 

 

Figure 27. The assay on detachment was conducted to determine the activity of various treatments 

applied to convert the biofilm growth to plankton form.  
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Chapter 5. Biocompatibility Evaluation of Tetrameric Ultrashort Self-

Assembling Peptides and Hybrid Peptide Silver Nanoparticles in the Presence of 

Skin Human Dermal Fibroblast Neonatal Cells (HDFn) 

One of the most important applications of antimicrobial agents is in the area of wound 

healing, particular treating burns and long-term wounds that are affected by microbial 

infections. Since burns and wounds are part of the damaged skin, it is important to 

ensure that novel antimicrobial agents are fully biocompatible with skin tissue. In 

humans, a tenth of the body mass is skin132. Trauma, disease, and burns can damage 

the skin. Tissue engineering is a promising approach to repair or replaced damaged 

human skin. Until now, dermal and epidermal repair and replacements have posed a 

major issue in healing burns and long-term wounds133. It is therefore of vital 

importance that available biomaterial contains cells and that the extracellular matrix 

allows the cells to grow and proliferate in a suitable environment134. The components 

of the extracellular matrix consist of polypeptides, hydroxyapatites, hyaluronan, 

glycosaminoglycans (GAGs), fibronectin, collagen, chitosan, and alginates. All these 

compounds have the advantage of being non-toxic, thus exhibiting a low 

inflammatory response, if at all, but they may still prompt immunogenic behavior 68, 

135. On the other hand, synthetic polymeric materials, such as polyglycolide, 

polylactide, and polylactide coglycolide, can cause high inflammatory responses68, 135.  

The advantages of 3D cell cultures over 2D cultures are given by the fact that the 

growth of cells found in nature is in 3D136, 137. Accurately replicating the cellular 

environment is challenging, if not impossible, but scientists are continuously 

developing new methods that enable cells and tissues to mimic in vivo 3D conditions 

138, 139. Studying both cell-cell and cell-matrix interactions provide an opportunity for 

scientists to dare cells grown in 3D cultures versus 2D cultures140.  
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Ultrashort peptide hydrogels are newly developed promising biomaterial that a 

composed of amphiphilic peptides that contain natural amino acids. They can mimic 

the natural 3D environment, such as the extracellular matrix, and are therefore 

suitable for tissue engineering and drug delivery system141. The use of transparent 

peptide hydrogels allows to follow up on the cell growth in a 3D environment that is 

both biofunctional and proliferative. The cells growth observations can then be used 

to understand how cells behave after they are treated with drugs or other materials142. 

Fibroblast cells are one of the most important cells in the body. They secrete vital 

components which are needed for the extracellular matrix. Fibroblast cells are located 

in the dermal layer of the skin, while the epidermal layer contains mainly keratinocyte 

cells143. We have investigated two members of a new class of tetrameric ultrashort 

self-assembling peptides performing biocompatibility assays. These new peptide 

compounds are able to self-assemble into nanofibers when dissolved in water, 

forming a hydrogel that entraps up to 99.9% water. The structure of the peptide 

nanofibres mimics the structure of collagen fibers in the extracellular matrix, in terms 

of diameter and fiber topography144. This observation is encouraging for using the 

ultrashort peptide hydrogels in a broad range of applications, from injectable therapies 

up to tissue engineering. We have tested peptide CH-01 hydrogels and peptide CH-02 

hydrogels in biocompatibility cell culter assays using both 2D and 3D cell culture 

conditions to verify the effectiveness of these peptides.  
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5.1 Materials and methods 

Table 8. List of consumables as well as their sources. 

Item Source 

Tetramer self-assembling peptides IVFK 

(CH-01) and IVZK (CH-02), used for 

the purpose of the present study 

Bachem AG (Bubendorf, Switzerland) 

Human Dermal Fibroblasts, neonatal Thermo Fisher Scientific (Waltham, 

MA, USA), C0045C 

Dulbecco’s Modified Eagle Medium  

DMEM 

Gibco by Life Technology 

Fetal bovine serum (FBS)   Thermo Fisher Scientific (Waltham, 

MA, USA),10500-064 

Dulbecco’s phosphate-buffered saline 

(PBS) solution 

Sigma-Aldrich Life Science (St. Louis, 

MO, USA), 54931L 

penicillin-streptomycin antibiotics (P/S) Global Bioresource Center, ATCC® 

PCS-999-002™) 

Cell Titer – Glo ® Luminescent 3D cell 

viability assay kit 

Promega, Madison, USA, G9683 

Vybrant® MTT Cell Proliferation Assay 

Kit 

Thermo Fisher Scientific (Waltham, 

MA, USA), V13154 

LIVE/DEAD® Viability Thermo Fisher Scientific, USA, 

Promega, L3224 

Immunostaining antibodies anti-vinculin 

and Rhodamine – Phalloidin. 

anti-mouse IgG-FITC Alexa Fluor 488. 

Millipore, USA, FAK100 

 

Thermo Fisher Scientific, USA, A-
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11004 

T175 or T75 cell culture flasks and 96-

well plates  

 

Corning Inc. (Corning, NY, USA). 

5.1.1 Peptide Self-Assemble into Hydrogel 

The solid phase is the method was used to synthesize CH-01 and CH-02 by 

Budendorf, Switzerland. In the case of CH-01 4 mg/mL of peptide powder was 

weighed and mixed with 900 µl water, and then 100 µl of 10x PBS was added to the 

hydrogel which formed after 3-5 minutes at 25°C (room temperature). The same 

procedure was used for CH-02 except 3mg/mL was used instead of 4 mg/mL. 

5.1.2 Cell Culture 

In the cell cultures, neonatal human dermal fibroblasts (HDFn) were cultured in 

DMEM medium boosted with 10% fetal bovine serum and 1% 

penicillin/streptomycin. A T175 or T75 cell culture flask was used to maintain the 

cells at a temperature of 37°C in a humidified incubator with an atmosphere of 95% 

oxygen and 5% carbon dioxide. At approximately 80% confluence, the cells were 

subcultured with trypsin. The culture medium was replaced with fresh stock after 48 

hours. 
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5.1.3 Biocompatibility assays 2D Culture Assays 

5.1.3.1 MTT Assay (Cell Proliferation Assay) 

An MTT assay was performed in a 96-well plate. Each well was seeded with 10,000 

HDFn cells, then, 200 μL DMEM complete growth medium was added, and the cells 

were incubated overnight at 37°C, at an atmosphere of 95% oxygen and 5% carbon 

dioxide. Peptide CH-01 and peptide CH-02 were dissolved in milliQ water at the 

following concentrations, such as 1mg/mL, 2mg/mL, 4mg/mL and 0.75mg/mL, 

1.5mg/mL, and 3mg/mL. Afterwards, the peptide solutions were added to each well, 

with the exception of the positive control which contained HDFn only. The plate was 

incubated for 24 hours at an atmosphere of 95% oxygen and 5% carbon dioxide at 

37°C. An MTT viability assay kit was used to test the cellular viability. The old 

medium in the plates was removed before being replaced with a fresh serum-free 

medium containing 10% MTT reagent. After four hours of incubation, the medium 

with the MTT reagent was replaced with 200 µL DMSO in order to dissolve the 

formazan crystals. Finally, a PHERAstar FS plate reader was used to determine the 

absorption value of each well at 540 nm.  

5.1.3.2 Live/Dead Staining 

The protocol described above for the MTT assay was replicated in order to test the 

cytotoxicity of both peptides using a Live/Dead assay. The cells were shortly 

incubated with different concentrations of CH-01 and CH-02 such as 1mg/mL, 

2mg/mL, 4mg/mL and 0.75mg/mL, 1.5mg/mL, and 3mg/mL. The old medium was 

then replaced with a PBS solution containing 2 mM calcein to reveal the live cells and 

4 mM ethidium homodimer-1 to reveal the dead cells. The plate was incubated in the 
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dark for 40 minutes. The old solution was then replaced with a fresh PBS solution 

before imaging took place. Confocal microscopy using a Zeiss LSM 710 Inverted 

Microscope, Germany, was used to reveal both live and the dead cells.  

5.1.3.3 Biocompatibility Study of CH-01-AgNPs Using the Cell Proliferation 

MTT Assay  

An MTT assay was carried out in a 96-well plate. Each well of the plate was seeded 

with 10,000 HDFn cells and then incubated with 200 μL of DMEM complete growth 

medium. This was then incubated overnight at 37°C, at an atmosphere of 95% oxygen 

and 5% carbon dioxide. Then CH-01-AgNPs at concentrations of 0.125 mM and 0.06 

mM were added. For the control, no nanoparticles were added. The 96-well plate was 

incubated for 24 hours at 37°C, at an atmosphere of 95% oxygen and 5% carbon 

dioxide. To test for cellular viability, the MTT viability kit was used to test the 

cellular viability. In brief, the old DMEM medium was replaced with serum-free 

medium containing 10% MTT reagent. After two hours of incubation, the medium 

containing MTT reagent was replaced with 200 µL of DMSO to produce the 

formazan crystals. The absorbance of each well at 540 nm was determined using a 

PHERAstar FS plate reader.  

5.1.3.4 Cytoskeletal Staining 

The HDFn cells were incubated for 24 hours with peptide solutions containing 

4mg/mL of peptide CH-01 solution and 3mg/mL of peptide CH-02 solution. 

Immunostaining was performed to check the cellular morphology. The cells were 

fixed with 3.7% Paraformaldehyde solution for 30 minutes and were then incubated 

for 10 minutes in a cold cytoskeleton buffer containing 3 mM MgCl2, 300 mM 

sucrose, and 0.5% Triton X-100 in PBS. This was done to make the cell membranes 
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more permeable. The cells were later incubated for 30 minutes at 37°C with a 

blocking buffer solution containing 5% FBS, 0.1% Tween-20, and 0.02% sodium 

azide in PBS. After that, the cells were incubated for one hour with anti-vinculin 

(1:100) solution and for another hour with anti-mouse IgG (whole molecule)-FITC 

and rhodamine-phalloidin (1:200). Further, the cells were incubated with DAPI 

(1:500) at 37°C for 10 minutes to stain the nucleus141. A Zeiss LSM 710 Inverted 

Confocal Microscope was used to analyze and image the cells. 

5.1.4 Three-Dimensional (3D) Cell Cultures  

5.1.4.1 3D Culture of Cells in Peptide Hydrogels 

The 3D culture of HDFn cells was performed in a 96-well tissue culture plate by 

firstly mixing 4 mg/mL CH-01 peptide hydrogels, 3 mg/mL CH-02 peptide hydrogels, 

and 4 mg/mL Matrigel ,which was used as a control, with 2x PBS containing 25x103 

cells/well in a ratio of 1:1. The final concentration of PBS was 1x. Gelation occurred 

after 3-5 minutes. Afterwards, the culture medium was added on the top of the cell-

laden gel.  

5.1.4.2 3D Cell Proliferation Assay 

A Cell Titer-Glo luminescent 3D cell viability assay was conducted to determine the 

viability of cells in a 3D culture. This assay was dependent on the amount of ATP 

present in the 3D culture. The ATP amount indicates the metabolic activity of the 

cells. After shortly culturing the cells within peptide hydrogels for a specific time, the 

cultured cells were washed twice with PBS, and afterwards fresh medium was 

added.The CellTiter-Glo luminescent reagent was added to the 3D cultured cells in a 

ratio of 1:1 regarding the medium volume. The contents were thoroughly mixed for 
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two minutes to lyse the cell. The cells’ luminescence was measured using a 

microplate reader (PHERAstar FS plate reader, Germany).  

 5.1.4.3 Live/Dead Staining 3D 

The same method mentioned for the 2D cultures was used for the cells encapsulated 

in 3D. 

5.1.4.4 Cytoskeleton Staining (3D) 

The same method mentioned for the 2D cultures was used for the cells encapsulated 

in 3D. 

5.1.5 The effects of Hybrid Peptide Silver Nanoparticles CH-01-AgNPs on 

Human Dermal Fibroblasts Cells in 3D Cell Cultures in the Presence of E. coli 

Cells 

The solution of 200 μL peptide CH-01 was added to each well of a 96-well tissue 

culture plate. HDFn cells, resuspended in 2x PBS, were then added to the peptide 

solution in each well, at a concentration of 25 × 103 cells/well. The solution was 

gently mixed, reaching a final concentration of 1x PBS after the addition of 2x PBS-

containing human cells. After 3-5 minutes, the peptide CH-01 hydrogel was formed. 

DMEM culture medium was then added on top of the 3D culture in all wells. E. coli 

cells at a density of 0.2 OD were centrifuged at 8,000-10,000 rpm, suspended in 2x 

PBS, and then added to the HDFn cells, encapsulated in the peptide hydrogel. After 

24 hours, 2mg/mL hybrid peptide silver nanoparticles CH-01-Ag-NPs were added to 

the mixture of bacterial and human cells and incubated for 24 hours. Afterwards, the 

cells were analyzed using a Zeiss LSM 710 Inverted Confocal Microscope, Germany. 
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5.2 Result and Discussions 

5.2.1 Peptide Hydrogel Formation  

Peptide hydrogel formation was observed by self-assembly of peptides CH-01 and 

CH-02, as shown in Fig. 28A-F. In order to generate the transparent hydrogels, both 

peptides were dissolved in water, and PBS was added as a physiological buffer at a 

final concentration of 1x. Due to their amphiphilic nature, these peptide compounds 

were easily self-assembled and entrapped up to 99.9% of water. 

 

Figure 28. The self-assembling peptides CH-01 and CH-02. 4mg/mL peptide CH-01 powder (A). 

4mg/mL peptide CH-01 dissolved in water (B). Clear and stable peptide CH-01 hydrogel formation (C). 

3mg/mL peptide CH-02 powder (D). 3mg/mL peptide CH-02 dissolved in water (E). Clear peptide CH-

02  hydrogel formation (F). 

 

5.2.2 2D Cell Culture Assays 

5.2.2.1 Cell Viability MTT Assay 

A biocompatibility analysis of the two different peptides was performed to quantify 

the number of viable cells using the MTT assay. The cells were incubated with 



 

77 

 

 

 

different concentrations of both peptides for 24 hours. Cell viability was measured at 

540 nm. The results, seen in Fig. 29A, B, show that there is a difference in cell 

proliferation when comparing cells grown on a tissue culture plate (TCP) and cells 

grown in 2D on peptide gel layers. For the peptide CH-01 solution and the peptide 

CH-02 solution, the differences in cell growth between the TCP and the gel layers 

were only getting significant, when higher peptide concentrations were used. As seen 

in Fig. 30A-B, cells growing at a higher peptide concentration did proliferate more 

slowly at higher peptide concentration. The reason for this difference in cell growth 

could be that the stiffer gel matrix acts as a diffusion barrier of nutrients which could 

have an impact on cellular growth. Additionally, some of the medium could remain in 

the gel at higher peptide concentrations 70.  

 

Figure 29. MTT assay for human dermal fibroblast cells treated with different peptide concentrations 

(1, 2, 4mg/mL of peptide CH-01 solution and 0.75, 1.5, 3mg/mL of peptide CH-02 peptide solution for 

24 hours. CH-01(A), CH-02(B). 

 

5.2.2.2 Live/ Dead Assay Results(2D)  

To further determine the biocompatibility of both peptides, a qualitative Live/Dead 

assay was performed to reveal live and dead cells. HDFn cells were cultured with 

different concentrations of peptides CH-01 and CH-02 and incubated for 24 hours. 

The intensity of the green fluorescence seen in Fig. 30A-H indicates that almost all 
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cultured cells were available because they were stained green and not appear as red, 

thus dead, cells. In the case of peptide CH-02, the number of the living cells that 

remained after 24 hours was lower than for peptide CH-01. These results could be an 

indication that peptide CH-01 is more compatible than peptide CH-02. Overall, the 

live and dead results confirm that the newly synthesized peptides CH-01 and CH-02 

do not show toxicity towards HDFn cells.  

 

Figure 30. Live/dead staining of human dermal fibroblast cells cultured, TCP (A). (B-D) HDFn cells 

treated with different concentrations,i.e. 4, 2, 1mg/mL of peptide CH-01. While in F-H, HDFn cells 

were treated with different concentrations,i.e. 3, 1.5, 0.75mg/mL of peptide CH-02. Scale bars 100 μm. 

5.2.2.3 Biocompatibility of CH-01-AgNPs 

Biocompatibility assays of CH-01-AgNPs were performed to further quantify the 

number of viable cells using an MTT assay. The cells were incubated with two 
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different concentrations of CH-01-AgNPs for 24 hours. Cell viability was measured at 

540 nm. From the results, seen in Fig.31 we can notes that there is no significant 

difference between untreated HDFn cells and cells treated with 0.125 mM and 0.06 

mM of CH-01-AgNPs. Our results prove that CH-01-AgNPs do not show any toxicity 

toward HDFn cells, at concentrations of 0.125 mM and 0.06 mM, suggesting that CH-

01-AgNPs could be used as antibacterial agents because they show biocompatibility 

and high antibacterial activity. 

 

Figure 31. Graphical representation of the biocompatibility assays of using CH-01-Ag NPs. 

 

5.2.2.4 Cytoskeleton Staining of HDFn Cells (2D) 

Cytoskeleton staining was performed to confirm the biocompatibility of both peptides, 

CH-01 and CH-02 and confirm as well cellular morphology. HDFn cells were 

incubated with 4mg/mL peptide CH-01 and 3mg/mL peptide CH-02 for 24 hours. 

When the cytoskeleton was stained, it was observed that the f-actin filaments in the 

HDFn cells were elongated145. This was found to be the case in both peptide 
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hydrogels. In addition, the staining of vinculin was performed. Vinculin is one of the 

focal adhesion proteins, responsible for both cell-cell and cell-matrix interaction146. 

According to our cytoskeleton results, we observed that vinculin was similarly well-

expressed under both conditions, i.e., cells growing in the presence of both peptide 

CH-01 and peptide CH-02, as seen in Fig. 32. This result further validates the 

live/dead staining results. 

 

Figure 32. Cytoskeleton staining of human dermal fibroblast cells treated with 4mg/mL peptide CH-01 

and 3mg/mL peptide CH-02 and compared with untreated cells (TCP), the blue color (DAPI) stains for 

the nucleus, the red for F-actin, and the green for vinculin. Scale bar is 20 µm. 

 

5.2.3 3D Cell Cultures 

5.2.3.1 Cell Proliferation and ATP Production in 3D Hydrogels  

In order to verify whether peptide hydrogels support the growth of HDFn within the 

3D environment, a CellTiter-Glo® Luminescent 3D cell viability assay was 

performed using 4mg/mL peptide CH-01 hydrogel, 3mg/mL peptide CH-02 hydrogel, 

and 4mg/mL Matrigel at different time points. Figure. 33 shows that after day three, 
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the cell number in both, i.e. peptide CH-01 hydrogel and peptide CH-02 hydrogel, 

was elevated when compared to Matrigel. However, on day seven, day 14, and, day 

21 cell proliferation levels were similar between the three hydrogels. Due to the large 

error bar, observed in the peptide CH-02 hydrogel experiment, seen in day 21, the 

decrease in cell proliferation could indicate that peptide CH-02 is less viable than both, 

peptide CH-01  hydrogel and Matrigel. In addition, the lower viability of the cells in 

peptide CH-02 on day 21could be due to the crowding between the cells inside the 

wells, see Fig. 33147. 

 

Figure 33. Cell viability assay, human dermal fibroblast cells encapsulated in hydrogels, 4 mg/mL 

peptide CH-01 hydrogels and 3 mg/mL peptide CH-02 hydrogels and 4mg/mL Matrigel. 
 

5.2.3.2 Live/ Dead Assay  

A Live/Dead assay was performed to investigate the cytotoxicity of both peptide 

hydrogels toward HDFn cells within the 3D culture. Green fluorescent staining was 

used to identify the live cells, while red fluorescent staining was used to observe the 

dead cells at different time points on day 7, day 14, and day 21. The intensity of the 

green color, seen in Fig. 34A-I, indicates that most of the cells were viable. There was 
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an increase in cell numbers on day 14 and day 21 when compared to day seven, where 

a few dead cells were observed.  

 

Figure 34. Human dermal fibroblast cells encapsulated in hydrogels: 4mg/mL peptide CH-01 hydrogel 

(B, E, H), 3mg/mL peptide CH-02 hydrogel (C, F, I), and 4mg/ml Matrigel (A, D, G). Matrigel was 

used as a positive control, scale bars 50 μm. 
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5.2.3.3 Cytoskeleton Staining of HDFn Cells in 3D Hydrogels  

Cytoskeleton staining was performed to confirm the biocompatibility of the peptide 

materials by checking the morphology of HDFn cells within the 3D cultures. The 

cells were encapsulated in 4mg/mL of peptide CH-01 hydrogel, 3mg/mL of peptide 

CH-02 hydrogel, and 4mg/mL of Matrigel. The morphology of the cells was observed 

after seven, 14 and 21 days. As seen in Fig. 35, F-actin and vinculin were well-

expressed. Overall, the cells were well-extended under all tested conditions. Moreover, 

fibroblast cells showed a spindle-like morphology, which is a typical indication for 

fibroblast cells148, see Fig. 35. This result further supports our earlier results seen with 

the Live/Dead staining assay and the CellTiter-Glo® assay. 

 

Figure 35. Fluorescent confocal image of HDFn cells within 3D peptide hydrogels after seven,14, and 

21 days in 4mg/mL peptide CH-01 hydrogel (A, B, C) and 3mg/mL peptide CH-02 hydrogel (D, E, F), 

4mg/mL Matrigel was used as a control (G, H, I). Blue (DAPI) stains for the nucleus, red for F-actin 

and green for vinculin. Scale bar is 20 µm. 
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5.2.4 The Effects of Hybrid Peptide Silver Nanoparticles CH-01-AgNPs on 

Human Dermal Fibroblasts Cells in 3D Cell Cultures in the Presence of E. coli 

Cells 

The main purpose of this experiment was to investigate how hybrid peptide silver 

nanoparticles CH-01-AgNPs inhibit bacterial growth in the presence of HDFn cells. 

For this experiment, HDFn cells were cultured in 3D peptide CH-01 hydrogels in the 

presence of E. coli cells and then treated with hybrid CH-01-AgNPs for 24 hours. 

This mixture was incubated for 24 hours before cells were stained and further 

analyzed. Hybrid peptide silver nanoparticles CH-01-AgNPs were found to 

effectively inhibit bacterial growth, as can be seen in Fig. 36B, where no bacterial 

cells are visible. This is different from results, where hybrid peptide silver 

nanoparticles CH-01-AgNPs were absent in the 3D culture containing HDFn cells and 

E. coli cells. As can be seen in Fig. 36C, the bacteria were still alive, as indicated by 

the white arrows. The arrows point to the bacteria within the living cells. We 

conclude that du to the efficacy of the nanoparticle bacterial growth can be inhibited 

in HDFn cell cultures. Furthermore, it was also noticed that HDFn cells stay viable 

and healthy in 3D peptide hydrogels in the presence of CH-01-AgNPs, demonstrated 

by the high expression level of vinculin, which is a focal adhesion protein. 
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Figure 36. Confocal images of HDFn cells cultured in peptide CH-01 hydrogels in the presence and 

absence of E. coli and in the presence and absence of hybrid peptide silver nanoparticles CH-01-

AgNPs. (A) HDFn cells alone. (B) HDFn cells in the presence of E. coli treated with CH-01-AgNPs, 

and (C) HDFn cells in the presence of E. coli but without CH-01-AgNPs. Each row shows different 

markers: Actin, Vinculin, Dapi, merge, and Confocal 3D construction images.  

 
 

 

 

 

 

 

 

 

 

Conclusion 

Silver nanoparticles (AgNPs) are attractive agents that are useful alternatives for 

antimicrobial and antifouling applications, where resistance to current antibiotics has 

given serious problems. Silver nanoparticles are also useful for other applications, 

such as for plasmonics149, biological imaging150, and sensing151. There are various 

E. coli 
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methods to synthesize AgNPs including, chemical catalysts, and UV irradiation, but 

many of these approaches use toxic reducing agents, which has spurred efforts to 

develop “green” chemistry approaches that minimize hazardous waste and maximize 

efficiency without compromising safety and efficacy. For example, harmful reducing 

agents such as sodium borohydride have been used for the synthesis of silver-based 

nanomaterials.  In addition, fabrication conditions for AgNPs are usually not under 

physiological conditions and thus do not provide physiological pH and physiological 

temperatures which are mandatory for every living system. 

Researchers have developed “green” synthesis methods for the formation of highly 

stable AuNPs using bovine serum albumin152. In another method, AgNPs are created 

using peptides that contain distinct amino acids, such as aspartic acid and tyrosine80, 89. 

In case of aspartic acid, UV light induces silver ions to bind to the carboxylate group 

of the aspartic acid residue, which reduces silver ions to silver nanoparticles. In case 

of tyrosine, silver ions are binding to the phenolic group of tyrosine which controls the 

formation of silver nanoparticles by changing tyrosine to the oxidized quinone form90. 

However, the latter mentioned process requires non-physiological alkaline conditions, i.e. 

pH 10, 11, or 1289-91.  

In our study, a simple green method was established to prepare hybrid peptide silver 

nanoparticles using a self-assembling tetrameric ultrashort peptides together with a silver 

nitrate solution. This mixture was exposed to UV light without using any reducing or 

capping agents. Interestingly, our peptide compound CH-01 supports the reduction of 

silver ions without carrying any tyrosin or aspartic acid residues. At this moment, the 

mechanism of the reduction process of silver ions to elementary silver, promoted by 

the peptide compounds, is not fully clear. Compared to existing methods to generate 

silver nanoparticles, our procedure is faster, simpler, less expensive, and more eco-friendly. 
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We are using physiological pH and no additional reducing agent. As already mentioned 

beforehand, the mechanism behind the formation of the hybrid peptide silver 

nanoparticles is not fully understood, but it is currently under investigation. A 

possibility to explain the process is given by the observation that the peptide CH-01 

scaffold is conductive and provides mobile free electrons. Nonetheless, further in-

depth studies are needed to confirm that the free electrons of the peptide scaffold 

support the silver ion reduction. 

In summary, we have generated hybrid peptide silver nanoparticles using two 

methods: The first method is a solution-based method. For this method, we prepared a 

mixture of peptide CH-01 solution and silver nitrate solution, and then exposed the 

mixture to UV light. As a result, highly monodispersed hybrid peptide silver 

nanoparticles were formed with a uniform diameter of 4-6 nm. Investigations by UV-

Vis spectroscopy suggested that neither peptide nor silver nitrate alone could generate 

silver nanoparticles containing elementary silver. Only a mixture of peptide solution 

and silver nitrate solution, when exposed to UV light, formed hybrid peptide silver 

nanoparticles. We propose that the peptide compound alone acts as a reducing agent 

in the presence of UV light.  

The antibacterial and antifouling activity of the prepared hybrid peptide silver 

nanoparticles were tested against two gram-negative bacteria and one gram-positive 

bacteria, E. coli, P. aeruginosa, and S. aureus, respectively. The tests with gram-

negative bacteria gave the best results. These are interesting results, because different 

to gram-positive bacteria, gram-negative bacteria have an additional outer membrane 

which should make cell penetration by foreign substances more difficult. Future 

investigations will address the reason and the mechanism of this preferred uptake. 
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Furthermore, CH-01-AgNPs demonstrated good biocompatibility to human dermal 

skin fibroblast neonatal cells (HDFn).  

With our second method, we engaged a microfluidics flow-focusing method for the 

preparation of hybrid peptide silver nanoparticles. The peptide solution mixed with a 

silver nitrate solution was driven into a narrow flow focusing, and the resulting 

solution containing peptide aggregates was exposed to UV light. 

When comparing our two methods of forming hybrid peptide silver nanoparticles, i.e., 

the solution-based method and the microfluidics-based method, we can conclude the 

following:  The solution-based method creates the hybrid peptide silver nanoparticles 

in a single step,- like a one-pot synthesis -, whereas the microfluidics-based method 

needs two steps for the nanoparticle formation. In case of the latter method, the first 

step creates peptide nanoparticles in a silver nitrate solution and then the second step 

generates the hybrid peptide silver nanoparticles after UV irradiation. Obviously, the 

single step method is preferred, not only because of time effectiveness but also 

because the microfluidics-based method is a much more complex procedure, relying 

on expensive microfluidics chip production. In addition, we observed by TEM 

analysis that the solution-based method gives almost only monodispersed 

nanoparticles, whereas the microfluidics-based method contains besides the 

monodispersed hybrid nanoparticles other particle aggregates, mostly with bigger 

than nano sizes. 

To evaluate the antibacterial activity of hybrid peptide silver nanoparticles in a 3D 

culture in an in vivo environment, we used freshly prepared hybrid peptide silver 

nanoparticles in the presence of HDFn and E. coli. This experiment showed that CH-

01-AgNPs exerted a very strong antibacterial activity inhibiting bacterial growth in 

the 3D environment. Further studies are needed to explore the efficacy of our hybrid 
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peptide silver nanoparticles toward additional gram-positive bacteria and gram-

negative bacteria. Particularly we want to compare our hybrid peptide silver 

nanoparticles with commercially available antibacterial agents.  

For future directions, we are planning to explore the efficacy of our newly prepared 

hybrid peptide silver nanoparticles in vivo, particularly by studying the antimicrobial 

activity in a 3D environment. Also, we are planning to explore antiviral and 

antifungal activity, as well as potential antitumor.  
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