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ABSTRACT 

BIBAS BASNET 

PHOTO-CHEMICALLY ACTIVATED SILVER NANOPARTICLES (AgNPs): 
ANALYSIS OF ANTIBACTERIAL ACTIVITY AND POSSIBLE 

MECHANISMS 
 
 

MAY 2019 
 

Silver nanoparticles (AgNPs) are being investigated as promising antimicrobial 

agents. The purpose of this study was to investigate the antibacterial property of two 

novel, photo chemically synthesized silver nanoparticles, and to evaluate the potential 

antibacterial mechanisms involved. Using both optical density of liquid culture and 
 

colony counts we showed that photo-chemically synthesized, negatively charged (-) 

AgNPs made incorporating low molecular weight poly(acrylic acid) (PAA), were 

bactericidal. However, photo-chemically synthesized, positively charged (+) AgNPs 

made incorporating chitosan, had no evidence of any antibacterial activity beyond that of 

chitosan alone. The (-) AgNPs had antimicrobial activity against Gram-negative bacteria 

and Gram-positive bacteria. The antibacterial activity of (-) AgNPs was inversely 

correlated to NaCl and presence of added glucose. These (-) AgNPs showed cooperativity 

with kanamycin but not with ampicillin. Our findings support a model where multiple 

mechanisms of activity work in combination to control bacterial growth for these novel 

(-) AgNPs that could be used against multiple drug resistant microorganisms. 
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CHAPTER I 

INTRODUCTION 

 
SILVER AND SILVER COMPOUNDS 

 
Silver and silver compounds, have a history of being used as antimicrobial agents 

for thousands of years (1-3). There are many anecdotal records of medicinal use of 

naturally occurring silver in ancient Rome, Greece, Egypt, and different parts of the 

world (2). Silver has been used in many forms including jewelry, currency, vessels, foils, 

sutures, and colloids in lotion, and ointments (3, 4). The use of silver in medicine began 

before the realizations of microorganisms as infectious agents. It was a leading 

therapeutic agent used against infectious diseases in medicine (1-3). With the discovery 

of antibiotics, the use of silver as an antimicrobial agent diminished. More recently, 

however, several existing antibiotics have been reported as ineffective due to the rise of 

multi-resistant strains of bacteria (5). In search of alternative to antibiotics, the 

application of silver has been rediscovered into medicine as antimicrobial agents, 

including in the form of silver nanoparticles (5). 

 
NANOPARTICLES 

 
The word ‘nano’ is derived from the Greek word “nanos” meaning “dwarf.” It 

indicates one billionth of a meter, represented as 1 x 10-9 m (6). Nanoparticles are 

particles between 1 and 100 nm in size in any one dimension, which results in altered 

biological, chemical, and physical characteristics compared to the original bulk 
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substances (7-9). Due to recent technological advances in science, nanoparticles 

production has become increasingly accessible, producing nanoparticles with novel 

biological, chemical, and physical characteristics (8). 

 
Silver Nanoparticles 

 
The most commonly used nanoparticles for antimicrobial activity contain copper, 

zinc, titanium (10), gold, magnesium (11), iron (12) or silver nanoparticles (AgNPs) (13). 

In addition, they can possess extraordinary electronic, optical, magnetic, or catalytic 

properties relative to the bulk material. The choice for using AgNPs over the bulk silver 

compounds for antibacterial activity is due to their small size and high surface to volume 

ratio which can increase the interaction of nanoparticles with microorganisms (14-17). 

They may also act on a diverse range of microorganisms (13, 15). AgNPs may show 

antifungal (18), antiviral (19), antiprotozoal (20), or anticancer activity (21). The use of 

silver ions and silver compounds can be more toxic to eukaryotic cells than AgNPs (4). 

Additionally, silver ions are likely to be inactivated by forming complexes and may 

precipitate and AgNPs are less prone to these problems (4, 17). Hence, to address these 

problems related to silver and silver compounds, AgNPs could play a particularly 

promising role as antimicrobial agents (15). However, not all silver nanoparticles should 

be considered the same (22). They are highly variable in behavior. Also, we currently do 

not understand them well enough to be able to predict their effects or design them to be 

more effective or better controlled. 
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Synthesis of Silver Nanoparticles 
 

There are various methods of synthesizing silver nanoparticles (7, 8, 10). 
 

However, there is no agreement on the best methods for the synthesis of AgNPs. All the 

methods that have been described have their own advantages and disadvantages. The 

appropriate use of different methods depends on the AgNPs application and major 

advantages and disadvantages associated with the respective methods (23-25). 

In general, the methods used for the preparation of metal nanoparticles can be 

grouped into two major categories: top-down and bottom-up (26-28). Top-down involves 

the use of bulk metals (e.g. silver metal) and reducing them into nanoparticles using 

methods such as laser ablation, electron beam evaporation, atomization, annealing, or arc 

discharge (27). Bottom-up requires starting from compounds such as silver chloride 

(AgCl) or silver nitrate (AgNO3) to obtain nanoparticles using methods like chemical 

reduction, which may be photo-chemical or electrochemical (28). 

From a methodological viewpoint, the synthesis may be carried out by physical, 

chemical, biological or hybrid methods (8, 25): Physical methods- Production of 

nanoparticles using physical process [e.g. physical vapor deposition (PVD), thermal 

power, arc discharge or laser ablation]. Most of these physical methods fall under the 

category of top-down. The absence of other chemical reagents in solution while 

synthesizing nanoparticles and production of large quantities of AgNPs in a single 

process are some advantages of physical methods (25). While disadvantages include- 

they tend to be economically expensive, technically laborious, and require high energy 

input (25, 29). 
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Chemical methods- Production of nanoparticles by using chemical process (e.g. chemical 

reduction by organic and inorganic reagents to reduce Ag+ to Ag0). Most of these 

chemical methods fall under the category of bottom-up. The chemical methods are simple 

and effective. In chemical methods, there is more flexibility to control distribution of 

nanoparticles sizes and it can be easy to scale up. One of the major disadvantages of 

synthesis of nanoparticles by chemical methods is use of hazardous chemicals and these 

are also often expensive (25, 29). 

Biological methods- Involve synthesis of nanoparticles by microorganisms using their 

natural reducing, capping, and stabilizing agents. These methods fall under the bottom-up 

category. The biological methods using microorganisms and enzymes have been 

suggested as possible eco-friendly alternatives, simple, fast and cost effective. However, 

not all microorganisms can be utilized, only specific microorganisms that have certain 

characteristics such as those that can naturally aggregate metal particles are used in 

biological methods (17). This method may also be more difficult to scale up to have a 

large quantity of AgNPs (25). 

Hybrid methods- Use a combination of at least two of the previously described processes 

[e.g. use of UV- initiated photo reduction in the presence of citrate, poly (vinyl 

pyrolidone), or poly(acrylic acid), or photo induced reduction using poly(styrene 

sulfonate)]. Most of the time hybrid methods have been introduced to negate some of the 

disadvantages of each of the processes (25). The AgNPs we studied were synthesized by 

photo chemical reduction of silver nitrate (AgNO3) in either poly(acrylic) acid (PAA) or 
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chitosan (30), resulting in silver nanoparticles (AgNPs) with some of the material 

incorporated with the silver. The chemical reactions used were: 

 
 

AgNO3 + H2O + PAA photochemical reduction Ag° nAg°  (-) AgNPs and 

AgNO3 + H2O + chitosan photochemical reduction Ag° nAg° (+) AgNPs 

where PAA= Poly(acrylic) acid; AgNO3 = Silver nitrate 
 
 

Poly(acrylic) acid are polymers of acrylic acid. The carboxyl groups present in the 

polymer structure are the only functional groups of PAA as shown in Figure 1-a. PAA is 

an anionic polymer. The molecular weight of repeat units in PAA is 72.06 gmol-1 (31). 

Chitosan is a polysaccharide composed of repeated units of N-glucosamine and N-acetyl 

glucosamine (32) as shown in Figure 1-b. It is obtained from deacetylation of chitin, 

which is naturally found in crustaceans, insects, or cell-wall of fungi. It has an average 

MW from 3800 to 20,000 Daltons. It is a cationic polysaccharide (33). 

 
 
 

a. b. 
 

Figure 1. Chemical structure of a. Poly(acrylic)acid, and b. Chitosan. 
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Uses of Silver Nanoparticles 
 

AgNPs are used in our day-to-day life in many ways. They have been used in 

cosmetics, clothing, dental composites, footwear, household items, paints, food 

packaging, air-water filters, and many other consumer products. Because of their 

excellent thermal and electrical conductivity, they have been used in making integrated 

circuits, sensors, and cell electrodes (34). Furthermore, AgNPs have been successfully 

used in medical practice and pharmaceutical formulations for the delivery of therapeutic 

agents such as wound or burn dressings, surgical dressings or as biosensors for disease 

diagnostics (9, 14, 16, 34). They are also used in some waste water treatment plants (35). 

 
ANTIMICROBIAL EFFECTS OF SILVER NANOPARTICLES 

 
The unique physical, chemical properties and high surface area to volume ratio of 

various AgNPs result in possible interactions with bacterial surfaces leading to enhanced 

antimicrobial activity (7). They may have antibacterial, antifungal, anticancer, antiviral, 

or antiprotozoal activities (5, 18, 20, 21, 36). However, they can also be toxic to normal 

cells (37). Our study is focused on the possible antibacterial activity of two novel AgNPs 

synthesized by photochemical reduction method. 

AgNPs can be effective against a broad spectrum of Gram-negative and Gram- 

positive bacteria, including some antibiotic-resistant strains. Different AgNPs have been 

reported to have at least some activity against a variety of Gram-negative bacteria such as 

Escherichia coli (13, 36), Klebsiella pneumoniae (38), Acinetobacter (39), Pseudomonas 

aeruginosa (7), Salmonella Typhii (7), Proteus mirabilis (40), and Vibrio cholerae (41). 

Activity has also been reported against Gram-positive bacteria such as Bacillus spp. (42), 
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Staphylococcus aureus (13, 43), Staphylococcus epidermidis (38), Streptococcus spp. 

(44), and Lactobacilli spp. (44). Since there is a difference in the construction of the cell 

wall of Gram-positive and Gram-negative bacteria, some studies suggest that the action 

of AgNPs may be different for these groups of bacteria (45, 46). As shown in Figure 2, 

the cell wall of Gram-positive bacteria consists of thick layers of peptidoglycan, which is 

composed of linear polysaccharide chains cross linked by peptides to form a rigid 

structure. This may make it difficult for AgNPs to penetrate into bacterium. On the other 

hand, Gram-negative bacteria have an outer membrane consisting of a lipopolysaccharide 

layer containing phosphate and pyrophosphate groups as the outer layer of the cell wall 

with a thin layer of peptidoglycan underneath. The lipopolysaccharide (LPS) structure is 

weak and lacks rigidity. There are negative charges on Gram-positive bacteria due to 

teichoic and lipoteichoic acids which are sporadically located in the peptidoglycan. The 

negative charges on LPS are in the outer membrane probably providing stronger negative 

charges than Gram-positive bacteria, which may attract oppositely charged AgNPs more 

strongly (22, 47). Shrivastava et al (43) showed this by using electron microscopy where 

silver nanoparticles deposited on the bacterial membrane surface. However, it has been 

demonstrated that some AgNPs may be able to penetrate both types of cell wall and enter 

the cell, resulting in the cell death (36). 
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Figure 2. Schematic representation of structure differences between Gram-positive and 
Gram-negative bacteria. The orange color represents phospholipid bilayer, Purple color 
represents peptidoglycan, red color represents lipoteichoic acids and teichoic acids, green 
color represents proteins, and pink color represents lipopolysaccharides. 

 
 

Most studies on AgNPs antimicrobial activity have used a single bacterial model 

or two closely related genera, with very few studies being performed in both Gram- 

positive and Gram-negative bacteria. Also, the data available are not conclusive because 

each investigates a different type of AgNPs. To address these concerns our study assessed 

the antibacterial activity of two novel AgNPs in a small array of Gram-positive and 

Gram-negative bacteria. Furthermore, we extended our investigations to assess potential 

mechanisms of action for these AgNPs. 
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Mechanisms of Action of Silver Nanoparticles 
 

A variety of mechanisms has been proposed for AgNPs antibacterial activity. 

However, reported mechanisms vary and many papers have not addressed the mode of 

action (13). Many of the identified mechanisms are similar to silver ions (Ag +) which has 

been extremely studied (45, 46). Silver ions can cause structural changes in cell walls and 

cell membranes of bacteria. They damage bacterial DNA and RNA, which inhibits 

replication of bacteria (45). These ions can interact with proteins present in the bacterial 

cell wall via sulphur-containing amino acids such as cysteine. As a result, the enzymatic 

function of proteins and the chain of cellular respiration can be affected and the proton- 

motive force across the cytoplasmic membrane collapses (14, 45, 48, 49). Additionally, 

Ag+ ions can also harm ribosomal activity (50) and upregulate reactive oxygen species 

(ROS) production (51). 

The mechanisms of action underlying the antimicrobial effects of AgNPs are 

probably the most debated and one of the most important aspects when developing any 

silver nanoparticles. A major area of debate revolves around whether the antimicrobial 

activity is primarily due to the silver nanoparticles themselves, or is it mainly due to the 

activity of silver ions released from the nanoparticles (13, 25, 52). 

AgNPs could have use or more of the mechanisms used by Ag+, but may also 
 

have others. Most of the studies to date that looked at mechanisms have found or reported 

several mutually supportive interactions. Basically, there are three possible antibacterial 

mechanisms of silver nanoparticles based on various studies (7, 53, 54). First, binding of 

nanoparticles to the surface of bacteria and altering the cell wall or cell membrane 
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properties, resulting in cell death. This may be enhanced if the nano size, large surface 

area of nanoparticles and electrostatic attraction between the positively charged 

nanoparticles and the negatively charged bacterial cell wall provide strong contact with 

the bacterial surface (36, 55-57). Second, AgNPs can penetrate inside the bacterial cell 

wall and cause damage to DNA. In one study, they suggested that this is possible with the 

uncharged AgNPs, which are transported through the cell membrane easier than that of 

charged silver ions because of active transport (58). Third, the release of antimicrobial 

Ag+ ions due to dissolution of AgNPs in bacterial cells may provide or enhance their 

bactericidal activity (55, 59). It has also been reported that some AgNPs work by 

inducing the formation of free radicals which damage the cell wall and make it porous 

leading to cell death (13, 60). Recently, proteomic analysis revealed that the use of 

certain AgNPs in E. coli induced the loss of intracellular potassium ions by disrupting the 

plasma membrane which decreased the level of ATP, and finally caused cell death (61). It 

is possible that a combined effect of the nanoparticles and released Ag+ may contribute to 

a strong antibacterial activity of broad spectrum. The fact that bacterial resistance to 

silver is extremely rare emphasizes the presence of multiple mechanisms that may act in 

synergy (62). A model of these mechanisms is shown in Figure 3. 
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Figure 3. Schematic representation of possible mechanisms of AgNPs. Blue dots 
represent AgNPs and yellow dots represent Ag+ ions. 

 

Factors Affecting Silver Nanoparticles 
 

The antibacterial properties derived from nanoparticles have been correlated to 

different factors about the AgNPs other than only silver content. Several studies have 

reported the size dependent antimicrobial activity of AgNPs with smaller size correlating 

with higher antibacterial efficacy (20, 42, 63). Another aspect is shape of nanoparticles. 

Pal et al (64) reported triangular shaped nanoparticles are more effective antibacterial 

agent compared to spherical and rod shaped nanoparticles. Besides the effects of AgNPs 

size and shape, charges on the surface of nanoparticles can also influence the 

antimicrobial activity (65). Unlike size, there is more disagreement in the field about the 
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effects of charge. Some studies found that positively charged nanoparticles are 

internalized through the cell membrane more easily than negatively charged or neutral 

AgNPs (66-68). On the other hand, some studies reported the uncharged AgNPs are 

active antimicrobial agent. Similarly, the modification by addition and incorporation of 

compounds like chitosan, polyethylene glycol or gelatin can also increase or decrease the 

antibacterial activity of nanoparticles (65). Kittler et al (69) reported that some AgNPs 

behave differently in biological media than in water (e.g. effect due to reducing sugars 

like glucose and fructose and other biomolecules). It has also been reported that some 

AgNPs’ activity is decreased by the presence of increasing concentration of sodium 

chloride (NaCl) (70). Antibacterial efficiency of AgNPs is also correlated with the 

identity and molecular weight of substances they are made from (71). 

Although a few aspects of AgNPs are fairly well accepted, such as small size and 

non-spherical shape, as associating with active nanoparticles, many other aspects like 

charges, coating or modification of AgNPs, are still much debated and novel 

nanoparticles’ antimicrobial activity cannot be currently easily predicted. Thus, the 

activity of new nanoparticles needs to be evaluated, and compared to other AgNPs 

formulations to enable understanding of how various factors play a role so that eventually 

we may be able to design of novel AgNPs having the desired effects. 
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Silver Nanoparticles and Antibiotic Resistance 
 

Antibiotic resistance is a major concern in medicine. Bacteria develop resistance 

to existing antibiotics in different ways: by producing enzymes altering metabolic 

pathways targeted by the antibiotic (72), by producing an enzyme that binds and 

inactivates antibiotics (73), by modifying the target sites of an antibiotics (e.g. ribosomal 

rRNA and proteins), or by physically removing the antibiotics from cells using efflux 

pumps (74). Increasingly a number of existing antibiotics have been reported as 

ineffective therapeutically (5). Hence, there is a need to develop new antimicrobial 

compounds or modify those already available to improve antimicrobial activity. Recently, 

silver nanoparticles are being considered as a viable alternative because it is very rare that 

the bacteria are silver resistant (5, 62) and silver show a multifactorial mode of 

antibacterial effect (15). Some AgNPs have been documented as being effective 

bactericidal agents against multi drug resistant bacteria such as methicillin-resistant 

Staphylococcus aureus (MRSA) and vancomycin-resistant Staphylococcus aureus 

(VRSA) (7). 

In exploring alternative approaches to combat antibiotic resistance, combination 

of AgNPs and existing antibiotics to obtain synergistic activity has also been viewed as 

great possibility. Some studies reported that certain AgNPs show synergistic activity with 

common antibiotics. Ping et al (53) reported the synergistic activity of their AgNPs with 

amoxicillin against E. coli. Similarly, Shahverdi et al (43) reported synergistic activity of 

the AgNPs they tested with different classes of antibiotics including cell wall synthesis 
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inhibitors like penicillin G, amoxicillin and vancomycin and protein synthesis inhibitors 

like- erythromycin, and clindamycin, against both E. coli and S. aureus. 

 
As discussed, the application of AgNPs in consumer and medicinal fields are very 

promising. They can be utilized when antibiotic resistance is a problem. However, not all 

silver nanoparticles should be considered the same. They vary in their characteristics 

depending on factors like size, shape, charge, environment and many more. All these may 

impact the antibacterial activity of AgNPs. Due to the variability of silver nanoparticles, 

it is essential to verify novel silver nanoparticle safety, and efficacy before use. The 

purpose of this study was to investigate the antibacterial property of two novel, photo- 

chemically synthesized, silver nanoparticles, against a small array of Gram-positive and 

Gram-negative bacteria and to evaluate the potential antibacterial mechanisms involved. 

The AgNPs were synthesized incorporating PAA, with a net negative final charge (-) 

AgNPs, or in chitosan, resulting in a final positive charge of the silver nanoparticles (+) 

AgNPs. 

 
In the light of this information, we hypothesized that the photo-chemically charged 

AgNPs would be bactericidal due to interaction of nanoparticles with Gram-positive and 

Gram-negative bacteria irrespective of the charges, binding the cell wall, causing changes 

in permeability, and eventually causing cell death. 
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Specific aims- 
 

1. To address the antibacterial activity of two novel AgNPs: 
 

a. investigate the antibacterial activity of two AgNPs against E. coli and 

compare with their component parts such as chitosan and PAA; 

 
b. find out the antibacterial activity of AgNPs against other Gram-negative and 

Gram-positive bacteria; 

 
c. determine the factors in media affecting antimicrobial activity of AgNPs. 

 

2. To determine the possible mechanism of action of these AgNPs: 
 

a. investigate mode of action (bactericidal vs bacteriostatic) of the (-) AgNPs 

and (+) AgNPs; 

 
b. determine possible cooperativity between AgNPs and antibiotics such as 

ampicillin and kanamycin; 

 
c. test for bacterial cell lysis and protein synthesis inhibition. 
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CHAPTER II 

MATERIALS AND METHODS 

 

MEDIA 
 

Media used for the majority of experiments was Luria-Bertani (LB) medium. The 

composition of LB medium was- 1% tryptone (Dot Scientific Inc, Burton, MI), 0.5% 

yeast extract (Midsci, Valley Park, MO), and 1% sodium chloride (NaCl) (Fisher 

Scientific, Lenexa, KS) in water. For making LB agar, we added 2% agar (Teknova, 

Hollister, CA). In some experiments the concentration of NaCl was adjusted to 0%, 

0.25%, 0.5% and 0.75%. Also, in some experiments 0.25% of glucose was added to 

normal LB. The Tryptic Soy Broth (Sigma-Aldrich, St. Louis, MO) used was premed mix 

containing the following: 1.7% pancreatic digest of casein, 0.3% papain digest of 

soybean, 0.5% NaCl, 0.25% K2HPO4, and 0.25% glucose with a final pH of 7.3 ± 0.2. 

The media were made by dissolving in ultrapure water and then sterilized at 121°C for 20 

minutes at 15 psi of pressure. 

 
BACTERIAL STRAINS 

 
Three strains of Escherichia coli were used for the studies: TOP10 E. coli 

(Invitrogen) for most of the studies; TOP10 E. coli with pLZ12-rofA plasmid with 

chloramphenicol resistance; and BL21 E. coli strain with pET30a (+)-FtsZ plasmid with 

kanamycin resistance. Another Gram-negative organism: Pseudomonas aeruginosa 

(Carolina) and Gram-positive organisms: Bacillus megaterium (Carolina), and 
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Staphylococcus epidermidis (Carolina) were used. Bacterial strains were stored in 50% 

glycerol solution with bacterial medium at -80˚C in the laboratory. Bacteria were thawed 

and plated on LB agar and stored at 4˚C sealed with parafilm for later cultivation and sub 

culturing onto fresh LB agar plates every two weeks. The bacteria inoculum for the test 

was made by picking up a single colony of bacteria from these plates. 

 
PREPARATION AND CHARACTERIZATION OF AgNPs 

 
The two photo-chemically synthesized AgNPs used were: 1) negatively charged 

AgNPs made with poly(acrylic acid) (PAA) which will be abbreviated as (-) AgNPs, and 

2) positively charged AgNPs made with chitosan which will be abbreviated as (+)AgNPs. 
 

These AgNPs were synthesized by the Omary laboratory at the University of North Texas 

as described in (30). The stocks of each were 10 mM dissolved in ultrapure water. 

 
ANTIBACTERIAL ACTIVITY TESTING 

 
A single colony of Top10 E. coli was inoculated into 2 mL of LB broth in 

polypropylene snap cap tubes and incubated overnight in an orbital shaker at 37ºC with 

the speed of 250 rpm at 37 ºC. Then the overnight cultures were inoculated into fresh 

tubes of LB medium at a 1:100 dilution because this gives enough bacteria to see a 

detectable growth curve within a short period time of 5 hours [approx. 2-3x107 colony 

forming units per mL (cfu/mL)]. The photo-chemically activated AgNPs was then added 

into the tube. Similarly, the component parts such as chitosan, PAA or AgNO3 was added 

to separate tubes at comparable concentrations. The control for normal growth was 

bacteria in medium alone. The growth of bacteria was then measured for 5 hours by 
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taking readings of the optical density (OD) at 600 nm at 1 hour interval using a Genesys 

10 uv spectrophotometer. The OD versus time points was used to calculate the growth 

rate. Experiments were repeated at least three times with each preparation of 

nanoparticles. For the minimum inhibitory concentration (MIC), experiments were 

performed as described above using different concentrations of AgNPs. Also, the 

different preparations of nanoparticles (different stocks) were tested multiple times to 

confirm the reproducibility of the preparations. 

 
CULTURING FOR VIABLE BACTERIA 

 
The liquid culture of TOP10 E. coli with (+) AgNPs was set up as described 

above, however, samples were plated on LB agar at different intervals of time of 

incubation e.g. 0 hr, 5 hrs, and 15 hours at various dilutions from neat to 10-4. Preliminary 

data showed that we were inoculating 2.0-3.0 x107 cfu/mL. Thus, a dilution of 10-4 would 

allow accurate counts of the starting material. For controls of known bactericidal and 

bacteriostatic agents 100 µg/mL ampicillin and 170 µg/mL chloramphenicol were added 

respectively into replicate tubes. These concentrations were chosen because we see no 

growth of E. coli after a 24-hour exposure. The plates were incubated overnight at 37 ºC 

before counting colonies to determine the number of viable bacteria at each time with 

each treatment. To find the rate of inhibition of AgNPs the samples were plated on LB 

media every 2.5 hour intervals of time up to 15 hour e.g. 0, 2.5, 5, 7.5, 10, 12.5, and 15 

hours as described. 
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ANTIBIOTIC COOPERATIVITY ANALYSIS 
 

The experiments were performed as previously described except we used 

concentrations below the MIC for nanoparticles and antibiotics so that any cooperativity 

between nanoparticles and antibiotics would be detectable. We used 15 µg/mL 

ampicillin, 7.5 µg/mL kanamycin, and 100 µM AgNPs. The bacteria were inoculated in 

LB media and incubated for different intervals of time with periodic sampling for 

spectrophotometric analysis. Samples were also plated on LB agar at each respective time 

point. The growth of bacteria was measured by taking readings of the optical density as 

described earlier and the colonies were counted from plates the next day. 

 
CELL LYSIS ANALYSIS 

 
A fresh overnight culture of E. coli containing a high-copy number pLZ12-rofA 

plasmid having the chloramphenicol resistant gene was inoculated into tubes of LB media 

with 170 µg/mL chloramphenicol at a 1:100 dilution. Next day, the overnight culture was 

added into fresh tube of LB media at a 1:100 dilution with 250 µM of (+) AgNPs. 

Similarly, 25 µg/mL of ampicillin, or 75 µg/mL of kanamycin were used as positive and 

negative controls respectively. The samples were incubated for 5 hours in an orbital 

shaker at 250 rpm at 37ºC. Then the bacteria were pelleted using tabletop refrigerated 

centrifuge-5810 R (Eppendorf) at 3220 g for 10 minutes at 4ºC. A portion (1/10th) of the 

total supernatant was collected and 100% ethanol was added in a ratio of 2:1 (volume: 

volume) to precipitate DNA and then again centrifuged at 3220 g for 10 minutes at 4 ºC. 

Later the supernatant was washed with 1 mL of 70% ethanol. The pellet was air dried for 

minimum of 1 hour and resuspended in 20 µL sterile ultra-pure water. 
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Restriction Digestion 
 

Samples were digested with 10 units of PstI (New England BioLabs) which will 

linearize the pLZ12-rofA plasmid, giving a band size of 7198 base pairs. Restriction 

digest mixtures (DNA sample, sterile water, PstI, 1X NE Buffer 3 and 1X BSA) and 

control undigested samples were incubated overnight at 37°C in a water bath (Belly 

Dancer, Life Science Inc.). Then the samples were run on 0.8% agarose gels using Tris 

Borate EDTA buffer (10.9% Tris base, 5.5% Boric acid, 0.465% EDTA, and pH 8.5 + 

0.2) at constant current of 80 milli amperes for 60 minutes. The gel was stained with 0.5 
 

µg /ml ethidium bromide in TBE buffer for 15-20 minutes and visually observed using 

UV–Vis transilluminator (Amersham Biosciences) before documentation. Gels were 

imaged using a ChemiDoc touch imaging system with UV illuminator (Bio-Rad). The 

bands in gel were quantified using Image Lab Software 6.0.1 (Bio-Rad Laboratories, 

Inc). 
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PROTEIN SYNTHESIS INHIBITION ANALYSIS 
 

The experiments were performed as described above except we grew BL21 E. 

coli cells carrying pET30a (+)-FtsZ plasmids that contain a Histidine (His)- tagged 

protein under the lac operon promoter. Then next day we sub-cultured 50 µL of overnight 

culture into 5 ml LB with 75 µg/mL kanamycin. Then we added 25 µL of 100mM 

isopropyl β -D-1-thiogalactopyranoside (IPTG)-inducer and 250 µM AgNPs. For a 

positive control of protein synthesis inhibition, we added 100 mM IPTG-inducer with 75 

µg/mL chloramphenicol. The control for normal production was bacteria in medium with 

IPTG alone. We also did samples without IPTG-inducer for all conditions. We took 

immediately 1 mL of each culture as time 0 hour sample (sample not incubated after 

treatments), and the remaining cultures were incubated for 5 hours at 37ºC with shaking 

at the speed of 250 rpm at 37ºC as described above. Samples were centrifuged at 3220 x 

g for 5 min at 4ºC. The time 0 hour sample were centrifuged at 3220 x g for 5 min at 

4ºC. The supernatant was discarded and harvested cells were washed with 2 ml of 1X 

PBS, re-suspended in 1 ml of 1X PBS, and centrifuged again at 3220 x g for 5 min at 

4ºC. Then the samples were re-suspended in Immunoprecipitation (IP) lysis buffer (5 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 1% (wt/vol) Sarkosyl, 1% (vol/vol) Triton X-100, 1% 

(vol/vol) NP- 40) with 1mM PMSF- protease inhibitors (Thermo Scientific). The samples 

were transferred to sonication tubes (Evergreen Scientific, Buffalo) and processed by 

sonication at 56% amplitude for 3.5 minutes of total sonication time with 10 second 

pulses at 4ºC using a QSonica Q800R Sonicator (Qsonica, LLC). After sonication, the 

samples were centrifuged at benchtop centrifuge at 13,000 x g for 10 min at 4˚C and the 
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supernatant was collected. Then the supernatants were processed for protein detection. 

Similar steps were repeated for 5-hour sample (sample incubated for 5 hour after 

treatment). 

Immunoblotting 
 

Total protein quantification was performed by microplate assay using Bio-Rad 

DC protein assay reagents (Bio-Rad Laboratories Inc, Hercules, CA) according to 

manufacturer’s direction. Then 20 µg of total protein was resolved on 10% sodium 

dodecyl sulfate (SDS-PAGE) gels. Proteins were transferred by wet transfer using 

Towbin buffer (20% (v/v) methanol, 25 mM Tris, 192 mM glycine, pH 8.3) to 

nitrocellulose membrane overnight. Next day the membrane was air dried to enhance 

protein binding then they were blocked using 5% non-fat dry milk made up in Tris- 

buffered saline (TBS) (150 mM NaCl, 10 mM Tris-HCl, pH 7.5), 0.1% Tween-20 and 

incubated on rocker at room temperature (RT) for 1 hour. The block buffer was poured 

off and primary antibody, mouse anti-Histidine (LifeTein LT0426) (diluted at 1: 2,000 in 

5% fat free milk) was used to incubate for 1 hour on rocker at room temperature. Then 

the blots were washed three times with wash buffer mixed with Tween (0.1%) for 10 

minutes each. The blots were probed with secondary antibody: goat-anti-mouse 

conjugated to a 680 nm fluorophores (Li-Cor 926-68070) (diluted 1: 10,000 in 5% fat 

free milk) for 1 hour on rocker at RT. The blots were washed with TBS and an Odyssey 

CLX (Li-Cor Biosciences, NE) was used for imaging. The protein bands were quantified 

using Image StudioTM Software (LI- COR Biosciences, Lincoln, NE). 
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STATISTICAL ANALYSIS 
 

Experiments were performed a minimum of three times unless otherwise noted. 
 

Data are presented as mean ± standard deviation of these experiments. Statistical analyses 

were performed using SPSS 25.0. The statistical differences for the growth curve assays, 

or viable colony count assays were determined by using one-way ANOVA followed by 

LSD (least significant difference) test. p < 0.05 was considered statistically significant. 
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CHAPTER III 

RESULTS 

ANALYSIS OF ANTIBACTERIAL ACTIVITY OF TWO NOVEL AgNPs 
 

Antibacterial activity tests were performed for the two novel AgNPs: (-) AgNPs 

made with PAA or (+) AgNPs made with chitosan and compare with their component 

parts of PAA, chitosan, and AgNO3. We evaluated growth of bacteria by using a 

spectrophotometer at 600 nm. We started out with 250 µM because we had a limited 

amount of AgNPs for the initial tests and we chose the highest concentration that we 

could use with repetitions. Also, this is in the range where many other nanoparticles were 

reported to work. The growth curve of E. coli treated with 250 µM (-) AgNPs is shown in 

Figure 4 A. The growth of E. coli was completely inhibited for up to 5 hours. There was 

no significant difference between no inhibitor and PAA (p < 0.05), reflecting that 

antimicrobial activity was directly related to AgNPs. AgNO3 at this concentration also 

inhibited the growth of E. coli completely. Similarly, we tested the antibacterial activity 

against E. coli of positively charged (+) AgNPs made with chitosan at 250 µM shown in 

Figure 4 B. There were no significant differences between the inhibition shown by (+) 

AgNPs made with chitosan and chitosan itself (p < 0.05). The antibacterial activity of (+) 

AgNPs made with chitosan and the antibacterial activity of chitosan alone was less than 

AgNO3. Therefore, we only used (-) AgNPs for further analysis. 
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Figure 4. Growth of E. coli exposed to 250 µM AgNPs. Fresh overnight cultures of E. 
coli were diluted 1:100 in fresh LB with the indicated treatments at 250 µM or media 
alone without inhibitor. Absorbance was measured at 600 nm each hour up to 5 hours 
using a spectrophotometer. The 0 h time point represents the absorbance immediately 
after the addition of treatments. Error bars represent standard deviation of triplicate 
experiments. * with respective colors represents significantly different from no inhibitor 
control (p < 0.05). A-E. coli exposed to (-) AgNPs or component controls. 
B-E. coli exposed to (+) AgNPs or component controls. 
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DETERMINING MINIMUM INHIBITORY CONCENTRATION (MIC) 
 

We next determined the minimum inhibitory concentration of the (-) AgNPs. The 

minimum inhibitory concentration in this case, refers to the lowest concentration of (-) 

AgNPs at which there was no detectable growth of bacteria through 5 hours. The 

minimum concentration resulting in complete inhibition was 110 µM. However, the 

growth was suppressed at least for 3 hours at 100 µM. The data obtained is shown in 

Figure 5. 
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Figure 5. Determining the MIC of (-) AgNPs. The experiment was performed as 
described for Figure 4 except different concentration of (-) AgNPs were used. The 0 h 
time point represents the absorbance immediately after the addition of AgNPs. Error bars 
represent standard deviation of duplicate experiments only for 110 µM and 150 µM while 
other concentrations were done for three replicates. * with respective colors represents 
significantly different from no inhibitor control (p < 0.05). 
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MODE OF ACTION (BACTERICIDAL VS BACTERIOSTATIC) OF THE (-) 
 

AgNPs 
 

We hypothesized the antibacterial action of negatively charged (-) AgNPs would 

be bactericidal because silver compounds are generally bactericidal. In order to address 

this question, we sub-cultured E. coli from samples exposed to (-) AgNPs in liquid 

culture on antibiotic free LB agar plates and determined if there was a decrease in the 

number of viable bacteria as shown in Figure 6. A bactericidal antibiotic, ampicillin, and 

a bacteriostatic antibiotic, chloramphenicol, were used as controls. The number of viable 

bacteria decreased with increasing time through 15 hours although the decrease was not 

near to the extent of ampicillin. This suggests that the (-) AgNPs behave as bactericidal 

agents. Further we studied the action of (-) AgNPs taking more frequent samples and 

evaluated the pattern of inhibition or killing of E. coli. The data shown in Figure 6 B 

showed that there is continual killing of bacteria up to 12 hours. However, after 12 hours 

the number of viable bacteria started increasing. 
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Figure 6. Evaluation of E. coli viability after exposure to (-) AgNPs. A-Comparison of 
(-) AgNPs with ampicillin and chloramphenicol. Fresh overnight cultures were diluted 
1:100 in fresh LB with treatments of 250 µM (-) AgNPs, 100 µg/mL ampicillin, or 170 
µg/mL chloramphenicol. The samples were plated on LB agar at various dilutions to 
ensure countable colonies after the indicated number of hours and the plates were 
incubated overnight. Colonies were counted the next day. * with respective colors 
represents significantly different from the bacteriostatic antibiotic chloramphenicol 
(p < 0.05). B-In-depth time course inhibition of (-) AgNPs. The 0 h time point represents 
the viable number of bacteria immediately after the addition of treatment. Error bars 
represent standard deviation of triplicate experiments. 
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EFFECTS OF NaCl AND GLUCOSE ON (-) AgNPs ACTIVITY 
 

As the results showed antibacterial activity of (-) AgNPs against E. coli, we 

wanted to expand to other bacteria. We decided to use tryptic soy broth (TSB) because 

TSB supports a wider range of bacteria than LB. Before started testing other bacteria in 

TSB we checked the antibacterial activity of (-) AgNPs against E. coli in TSB. We grew 

E. coli in TSB and quantitated as previously described using absorbance at 600 nm. 
 

Figure 7 shows the results that in TSB, the antibacterial activity of (-) AgNPs was 

reduced. 

 
 
 

1.6 

1.4 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 
0 1 2 3 4 5 

Time (h) 
No inhibitor (-) AgNPs AgNO3 

 
 
 

Figure 7. Growth curves of E. coli exposed to 250 µM (-) AgNPs in TSB. The 
experiment was performed as described for Figure 4 except that TSB was used instead of 
LB. Error bars represent standard deviation of triplicate experiments. * with respective 
colors represents significantly different from no inhibitor control (p < 0.05). 
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Since the (-) AgNPs had reduced antibacterial activity in TSB we wanted to 

address the factors affecting antimicrobial activity in TSB and LB. TSB and LB vary the 

most in NaCl and glucose. TSB has 0.25% glucose that is absent in LB and LB has 

1% NaCl that is twice the NaCl of TSB. Thus, we tested the impact of these factors by 

adjusting LB to contain similar concentration of glucose and/or NaCl. The growth curves 

obtained are shown in Figure 8 A. The antibacterial activity of (-) AgNPs was reduced 

with NaCl reduction, addition of 0.25% glucose, or the combination of both. It appears 

that the concentration of glucose is negatively correlated and the concentration of NaCl is 

positively correlated to the antibacterial activity of (-) AgNPs. 

In order to further address the effect of NaCl on antibacterial activity of these (-) 

AgNPs, we tested additional concentrations of NaCl in LB using 1%, 0.75%, 0.5%, 

0.25%, and 0% NaCl. The results are shown in Figure 8 B. There was no significant 

difference in antibacterial activity between 0.75% and 1% but 0.5% concentrations 

resulted in reduced antibacterial activity. It supports that the antibacterial activity is dose 

dependent for NaCl under 0.75%. 
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Figure 8. Effect of NaCl or glucose on (-) AgNPs activity. The experiment was 
performed as described for Figure 4 except that the concentration of NaCl or glucose was 
altered as in the legend. Error bars represent standard deviation of triplicate experiments. 
Solid lines= Without inhibitor and Dashed lines=With inhibitor. Black=NaCl changes in 
LB. A-Effects of reduced NaCl or supplemented glucose on (-) AgNPs activity. * with 
respective colors for dashed lines represents significantly different from (-) AgNPs in 
normal LB (p < 0.05). Comparisons only done for samples with (-) AgNPs. B-Effects of 
varying concentrations of NaCl on (-) AgNPs activity. * with respective colors represents 
significantly different from (-) AgNPs in 1% LB (p < 0.05). Comparisons only done for 
samples with (-) AgNPs. 
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ANTIBACTERIAL ACTIVITY OF (-) AgNPs AGAINST OTHER BACTERIA 
 

We used additional bacteria that could grow in LB. These included one Gram- 

negative bacteria, Pseudomonas aeruginosa and two Gram-positive organisms, 

Staphylococcus epidermidis and Bacillus megaterium. The growth analysis for P. 

aeruginosa at 250 µM and 100 µM is shown in Figures 9 A and 9 B respectively. There 

was no significant difference between the growth of P. aeruginosa and E. coli. This 

supports that the MIC for P. aeruginosa is close to the MIC for E. coli. 

The inhibition of (-) AgNPs for S. epidermidis is shown in Figure 9 C and 9 D. 

There was no detectable through 5 hours even at 100 µM indicating that these bacteria 

are more sensitive than E. coli to these AgNPs. 

B. megaterium was not as sensitive to the (-) AgNPs as E. coli, P. aeruginosa or 
 

S. epidermidis. The comparison of inhibition of (-) AgNPs at 250 µM and 100 µM are 

shown in Figure 9 E and 9 F. 
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Figure 9. Inhibition of (-) AgNPs on other bacteria in addition to E. coli. The experiment 
was done as described for Figure 4 except the fresh overnight cultures of the indicated 
bacteria were used. Error bars represent standard deviation of triplicate experiments. * 
with respective colors represents significant difference between (-) AgNPs tested 
organism or E. coli and no inhibitor control with tested organism (p < 0.05). Solid line= 
Without inhibitor, and Dashed line= With inhibitor. A-E. coli or P. aeruginosa exposed 
to 250 µM of (-) AgNPs. B-E. coli or P. aeruginosa exposed to 100 µM of (-) AgNPs. 
C-E. coli or S. epidermidis exposed to 250 µM of (-) AgNPs. D-E. coli or S. epidermidis 
exposed to 100 µM of (-) AgNPs. E-E. coli or B. megaterium exposed to 250 µM of (-) 
AgNPs. F-E. coli or B. megaterium exposed to 100 µM of (-) AgNPs. 
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ANTIBACTERIAL ACTIVITY OF (-) AgNPs MADE USING HIGH 

MOLECULAR WEIGHT PAA 

We received one lot of (-) AgNPs which behaved differently than the AgNPs 

from 3 previous lots. When we checked, we found that they were made using high 

molecular weight (high MW) PAA. The other lots we used were made using low 

molecular weight (Low MW) PAA. We evaluated the antibacterial activity of these (-) 

AgNPs made with high molecular weight PAA, it showed that the MIC was 

approximately 4-fold lower than the MIC of (-) AgNPs made with low molecular weight 

PAA. The data is shown in Figure 10. The MIC recorded was 25 µM. However, the 

growth was suppressed for at least for 3 hours, even at 15 µM and at 10 µM there was 

some reduction but not complete inhibition of bacterial growth. 

As we only had a small amount of (-) AgNPs made with high MW PAA, we used 

(-) AgNPs made with low MW PAA for all further analysis. 
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COOPERATIVITY BETWEEN AgNPs AND ANTIBIOTICS 
 

We evaluated the cooperativity of the novel (-) AgNPs (low MW PAA) with 

certain common antibiotics specifically ampicillin, and kanamycin. These were chosen 

because they have been used in other studies so we can do comparison and they work by 

two different mechanisms. An ampicillin is cell wall synthesis inhibitor and kanamycin is 

a protein synthesis inhibitor. As shown in Figure 11, the combination of ampicillin and 

AgNPs did not show any cooperativity. The antibacterial activity produced by the 

combination of AgNPs and ampicillin, both used below the MIC, was like that of 

ampicillin alone. 

We also studied the cooperativity by sub culturing Top10 E. coli from the same 

treatments shown in Figure 11 A on antibiotic free media and observed if there was a 

decrease in the number of viable bacteria in comparison to ampicillin and (-) AgNPs 

separately. The viable bacterial obtained is shown in Figure 11 B. 
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Figure 11. Evaluation for cooperativity between ampicillin and (-) AgNPs. Fresh 
overnight cultures were diluted 1:100 in fresh LB with the indicated treatments: 
(-) AgNPs, ampicillin, combination, or no inhibitor. The concentrations used were 
(-) AgNPs=100 µM and ampicillin=15 µM/mL. Error bars represent standard deviation of 
triplicate experiments. * with respective colors represents significant difference when 
compared to the combination of ampicillin and (-) AgNPs (p < 0.05) respectively. 
A-Inhibition of growth. The samples were analyzed as in Fig.4. B-Killing of E. coli. The 
samples were analyzed as for viable bacteria as in Fig. 5. The graph for ‘No inhibitor’ 
stopped after 2.5 hours because there were too numerous to count (TNTC) so we don’t 
have an accurate quantitation but there was an increase in number of bacteria. 
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We performed similar experiments to study cooperativity of (-) AgNPs and kanamycin. 

The results showed evidence of cooperativity between (-) AgNPs and kanamycin as shown 

in Figure 12. The viable bacterial obtained is shown in Figure 12 B. 
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Figure 12. Evaluation for cooperativity between kanamycin and (-) AgNPs. Experiments 
were performed as in Fig. 11. The concentrations used were kanamycin = 7.5µg/mL and 
AgNPs = 100µM. The 0 h time point represents absorbance immediately after the 
addition of treatments. Error bars represent standard deviation of triplicate experiments. 
A-Inhibition of growth. The samples were analyzed as in Fig. 4. * with respective colors 
represents significant difference from the combination of kanamycin and (-) AgNPs (p < 
0.05). B-Killing of E. coli. The samples were analyzed for viable bacteria as in Fig. 6. 
The graph for ‘No inhibitor’ stopped after 2.5 hours because there were too numerous to 
count (TNTC) so we don’t have an accurate quantitation clearly there was an increase in 
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combination of kanamycin and (-) AgNPs from all individual treatments (p < 0.05). 
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TESTING MODES OF ACTION OF (-) AgNPs’ ANTIBACTERIAL ACTIVITY 
 

Cell membrane Damage and Permeability 
 

As discussed in the introduction many silver compounds damage cell wall/cell 

membrane, so we hypothesized that there would be damage to the cell wall or cell 

membrane and a change in permeability due to action of these novel (-) AgNPs. If so, 
 

we should observe release of plasmid DNA that was analyzed by agarose gel 

electrophoresis. In order to differentiate any chromosomal DNA from plasmid, samples 

were digested with PstI restriction enzyme. The plasmid used has a single PstI site and 

thus would linearize to a size of 7198 base pairs. This experiment was repeated three 

times and a representative result obtained is shown in Figure 13. The sample treated with 

ampicillin released plasmid of approx. 7000 base pairs and larger chromosomal DNA as 

can be seen by comparing the untreated one with the sample digested with PstI. 

Kanamycin which was used as negative control, showed no evidence of DNA release. 

The treatment with (-) AgNPs showed a very faint band of plasmid from sample treated 

with ampicillin. We looked at this time point as we saw clear release of DNA with 

ampicillin by 5 hours. Since ampicillin inhibits synthesis of peptidoglycan, it takes time 

to lyse the cells. If the nanoparticles were primarily working to damage the cell wall, we 

would predict the DNA released would be faster from the (-) AgNPs than ampicillin. 

However, the result shows less DNA released in the same time, which is not consistent 

with the cell lysis as a major mechanism of these AgNPs. 
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Figure 13. Analysis of DNA release. Top10 E. coli with pLZ12-rofA plasmid were 
incubated for 5 hours in separate tubes with each indicated treatments and DNA was 
precipitated from the 1/10th of total supernatant after bacteria were pelleted out and 
digested with 10 units of PstI overnight before running on a 0.8% agarose gel using Tris 
Borate EDTA buffer at constant current of 80 milli amperes for 60 minutes. A 
representative gel picture from one of three separate experiments is shown where lanes of 
the gel contain the following: 1) 1 Kb plus DNA ladder, 2) ampicillin treatment 
(Digested), 3) ampicillin treatment (Undigested), 4) kanamycin treatment (Digested), 
5) (-) AgNPs treatment (Digested). Relative absorbance of plasmid DNA of (-) AgNPs 
(Digested) = 2.37, ampicillin (Digested) = 31.08 or ampicillin (Undigested) = 2.32 when 
referenced to plasmid DNA band, not chromosomal DNA, released by kanamycin 
(Digested) =1, using software Image lab 6.0.1. 
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Protein Synthesis Inhibition 
 

As discussed in Introduction, destruction of ribosomal activity is documented as a 

mechanism for cell damage induced by some AgNPs (50). We evaluated protein 

synthesis inhibition by using bacteria containing a plasmid that will express a His-tagged 

protein. The results obtained are shown in Figure 14, which is a representative blot from 

one of three separate experiments. At 0 hour, the protein was below the limit of detection 

in all groups. At 5 hours, chloramphenicol inhibited the protein synthesis although this 

was incomplete in the presence of inducer- isopropyl β–D-1-thiogalactopyranoside 

(IPTG). With (-) AgNPs there was detectable protein expression, but, based on the 

quantification result, protein synthesis inhibition by (-) AgNPs is not complete under the 

conditions used. This suggests that protein synthesis might not be the only mechanism 

involved by these (-) AgNPs to show an antibacterial activity. 



46  

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 14. Immunoblot analysis for the protein synthesis inhibition by (-) AgNPs. Fresh 
overnight culture of BL21 E. coli strain with pET30a (+)-FtsZ plasmid carrying a His- 
tagged protein under the lac operon promoter were diluted 1:100 in fresh LB with the 
indicated treatments with and without inducer IPTG. The samples were lysed by 
sonication and then lysates were subjected to western blot with mouse anti-His antibody 
at 0 hour without incubation and 5 hours incubation. Rel. Abs. represents Relative 
absorbance and Chl. represents Chloramphenicol. 
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CHAPTER IV 

DISCUSSION 

This study was performed to test the antibacterial spectrum of two novel photo- 

chemically synthesized AgNPs: positively charged (+) AgNPs made with chitosan and 

negatively charged (-) AgNPs made with PAA. The study showed that the antibacterial 

activity of (+) AgNPs made with chitosan were no more effective than chitosan alone and 

less than AgNO3 at least against E. coli in LB. This was unexpected because chitosan 

itself has antibacterial activity and nanoparticles made with chitosan are also reported to 

be very effective (32, 75).On the other hand, we found that the novel, photo chemically 

synthesized, (-) AgNPs made with PAA exhibited antibacterial properties against both 

Gram-negative and Gram-positive bacteria. Most of the studies have shown that 

negatively charged AgNPs were least effective than positive and neutral AgNPs (76). 

However, there has been variability in the findings with negatively charged. This 

supports that we are still not at the point where we can predict the antibacterial activity of 

novel AgNPs. 

In the presence of 250 µM (-) AgNPs made with low MW PAA, the growth of 
 

E. coli was completely inhibited for at least 5 hours. In addition, viable colony count 

revealed that there was continual decreased in the number of viable bacteria for up to 12 

hours. This supports that these novel (-) AgNPs are bactericidal like other nanoparticles 

which have been reported (55-57). 
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As expected the antibacterial activity of (-) AgNPs was dependent on the 

concentration of AgNPs since many other studies also reported the same idea (36, 55). 

The mechanism of inhibitory action of AgNPs are debated: is most of the 

antimicrobial activity due to the AgNPs themselves, or is it mainly due to the activity 

of Ag+ released from the nanoparticles (7, 58)? Unlike AgNPs, the mechanism of Ag+ on 
 

microorganism is well known. The obvious question is how AgNPs act as biocidal 

agents. There are studies that have reported that an electrostatic attraction between the 

negatively charged bacterial cell wall and positively charged nanoparticles is crucial for 

the nanoparticles activity as microbicidal materials (66, 68). In our study, we found (-) 

AgNPs made with PAA had a lower MIC than (+) AgNPs made with chitosan. Our 

results showed that the cell wall of tested E. coli were damaged which were recognized 

by release of plasmid in gel electrophoresis. We found that a small amount of DNA was 

released by the action of (-) AgNPs by 5 hour post-treatment. The amount of DNA 

released was more like the amount after treatment with protein synthesis inhibitor 

kanamycin where eventually cells were dying rather than the greater amount of DNA 

released by cell wall synthesis inhibitor ampicillin where the major mechanism of killing 

is lysis. A study done by Sondi and Salopek-Sondi (36) also described cell wall lysis as a 

proposed mechanism by negatively charged AgNPs against E. coli. While our results 

showed some lysis of cell by (-) AgNPs but it does not support the cell lysis as major 

mechanisms. 

The results obtained from the western blots using His-tagged FtsZ under the lac 

operon promoter provided evidence of some protein synthesis inhibition, which could be 
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another possible mechanism of these (-) AgNPs. Similar results were obtained in the 

study performed by Kwakye-Awuah et al. (50). We found that protein synthesis 

inhibition by AgNPs could be a part of the mechanisms of antibacterial activity of (-) 

AgNPs. We did not directly assess the ribosomal activity so the decrease in protein could 

be due to transcriptional inhibition or DNA damage. Many studies have supported the 

existence of several mutually supportive interactions as possible mechanisms and our 

study also supports the same idea (7, 53, 54). Future investigations should be directed for 

the better understanding of interaction between these (-) AgNPs and bacterial 

components to elucidate on additional modes of action of these (-) AgNPs. 

Differences in inhibition of bacteria with varying characteristics could also help 

address mechanisms of the (-) AgNPs. We used Gram-negative: E. coli and 

P. aeruginosa and Gram-positive: S. epidermidis and B. megaterium. We chose these 

organisms because most of them were used in one or more of the other nanoparticles 

studies and they vary in their metabolism. For instances E. coli and S. epidermidis are 

facultative anaerobes and P. aeruginosa and B. megaterium are obligate aerobes (77). 

Various studies have found that AgNPs often work on multiple types of bacteria but 
 

they may vary in their efficacy on Gram-negative and Gram-positive bacteria (13, 42, 
 

46, 78, 79). Our results showed the MICs for Gram-negative bacteria- E. coli and 
 

P. aeruginosa were similar. But Gram-positive bacteria- S. epidermidis is more sensitive 

to (-) AgNPs. The inhibition at 100 µM for the four bacteria has several interesting 

implications. Although the two Gram-negative bacteria had very similar results, the two 

Gram-positive were very different with S. epidermidis being completely inhibited at 
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100 µM. While the B. megaterium showed very little impairment. This is suggesting that 

there are some differences in sensitivity to these (-) AgNPs of the different bacteria and it 

is not related to Gram’s characteristics. Although our data are not conclusive by any 

means, these differences in sensitivity among tested bacteria could be due to the 

differences in size or number of bacteria. It could then support the idea that to have 

antibacterial activity, there may require certain number of nanoparticles to volume of 

bacteria. 

Indirectly, the antibacterial activity of (-) AgNPs against P. aeruginosa also 

addressed some other possible mechanisms of AgNPs: damaging electron transport 

system and generation of toxic reactive oxygen species. P. aeruginosa is an obligate 

aerobe while E. coli is a facultative anaerobe. If there is damage to the cell membrane 

where the ETC cytochromes are, leading to energy production damage, facultative 

anaerobes can switch to fermentation but obligate aerobes cannot. So, if a part of these 

nanoparticles function were damaging the ability to generate or maintain proton motive 

force (pmf), then P. aeruginosa would be more sensitive than E. coli. However, our 

results showed that P. aeruginosa and E. coli have similar MICs. So, it does not support 

damaging of electron transport system as a major mechanism. 

E. coli and P. aeruginosa also vary in their sensitivity to toxic reactive oxygen 

species like peroxide with E. coli being more sensitive than P. aeruginosa (77). If a major 

mechanism of these (-) AgNPs would be generation of toxic oxygen species we would 

expect E. coli would be more sensitive than P. aeruginosa to (-) AgNPs. But again, the 
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similar MICs for E. coli and P. aeruginosa argue against that this being a major 

mechanism. 

We found that the antimicrobial activity of these novel (-) AgNPs was decreased 
 

by varying the concentration of NaCl and glucose. The reduction of NaCl or the addition 

of glucose decreased the activity of (-) AgNPs. There was no significant difference 

between 0.75% and 1% NaCl but 0.5% and lower concentration of NaCl significantly 

decreased the antibacterial activity. Our findings revealed the evidence that these (-) 

AgNPs could work at the range of physiological environment which is blood saline level 

having 0.9% wt/vol of NaCl (80). This information may also give us useful information 

for understanding antibacterial activity of silver nanoparticles in environment like fresh 

water bodies or sewer system depending on how they are used in future. E.g. salinity of 

fresh water is <0.05% while the salinity of waste water (brackish) is usually 

0.05% - 3% (81). So, these AgNPs basically would be inactive in fresh water bodies if 

ever get mixed and would be activated in waste water up to having salinity at least 1%. 

Meanwhile, the combination of reducing NaCl and addition of glucose also decreased the 

antibacterial activity. This suggests that the antibacterial activity of (-) AgNPs is probably 

not osmolarity based, because if it were totally osmolarity based there would be at least 

some counteraction. 

The evaluation of the antibacterial activity of (-) AgNPs made with high 

molecular weight PAA and low molecular weight PAA, showed that the MIC of AgNPs 

made with high molecular weight PAA was approximately 4 times lower than the MIC of 

AgNPs made with low molecular weight of PAA. This result is unlike the studies by 
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Teimouri et al (71) and Jing et al (82) in which AgNPs made with low molecular weight 

chitosan were no more effective than those with high MW chitosan. It indicates that more 

investigation is needed into the importance of relative molecular weight of other 

materials in nanoparticles development. 

In exploring alternative approaches to combat antibiotic resistance, the 

combination of AgNPs and existing antibiotics to obtain synergistic activity has been 

viewed as a great possibility. We evaluated for cooperativity of the (-) AgNPs with a 

β-lactam antibiotic ampicillin, and a protein synthesis inhibitor kanamycin. These 

antibiotics were chosen since they have different mechanisms of action and many studies 

have used antibiotics having similar mechanisms, so we can do comparison. We found no 

cooperativity of the (-) AgNPs with ampicillin. The findings are in contrast with a study 

performed by Ping et al (53) in which they showed synergistic activity of AgNPs with 

amoxicillin against E. coli. However, the combination of (-) AgNPs and kanamycin 

showed evidence of cooperativity. This finding is in agreement with the study done by 

Shahverdi et al (43) where they showed cooperativity of AgNPs and protein synthesis 

inhibitors erythromycin, and clindamycin against E. coli and S. aureus. 

This work also helps to explore another possible mechanism of AgNPs, which is 

the increase in permeability of cell membrane. If (-) AgNPs increased permeability of cell 

membrane we would expect cooperativity with both antibiotics because they should enter 

inside the cell to act in. But our results provided the evidence of cooperativity only with 

kanamycin. Hence, this does not support an increase in permeability. So, the strong 
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cooperativity with kanamycin is encouraging for the possible future development of these 

(-) AgNPs into a useful therapeutic. 

Putting all this information together to analyze possible mechanisms of these 

novel (-) AgNPs we came up with the hypothesized model shown in Figure 15. Our 

findings support a model where multiple mechanisms of activity work in combination to 

control bacterial growth for these novel (-) AgNPs. There are some role of damaging of 

cell wall and membrane, and protein synthesis inhibition. But other possible mechanisms 

were not found major in our studies since the methods we used were indirect and we 

cannot say whether there are smaller changes or not and these remain to be elucidated. 

 

Figure 15. A model of possible mechanism of these (-) AgNPs. The novel (-) AgNPs are 
bactericidal which cause cell death by combinatorial mechanisms such as some role of 
damaging of cell wall and membrane, and protein synthesis inhibition. Legends used: 
√= clear evidence; SM = we studied and found some role. Other highlighted possible 
mechanisms were not found major in our studies since the methods we used were not 
direct and we cannot say if there are smaller changes or not and these remain to be 
elucidated. 
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Conclusion 
 

Our studies showed that the novel, photo chemically synthesized (-) AgNPs made 

with low MW PAA have antibacterial activity but (+) AgNPs made with chitosan were 

not effective beyond that of chitosan alone. With the help of four different 

microorganisms we could address the similarities and differences in antibacterial activity 

among these organisms. The MIC for P. aeruginosa was close to the MIC for E. coli. 

S. epidermidis were found to be more sensitive than E. coli, P. aeruginosa and 
 

B. megaterium. We found media or environment could play major differences in 

antibacterial activity such as absence of NaCl and 0.25% glucose which decreased the 

antibacterial activity, which some other studies might have similar results or some others 

might have not studied yet. We highlight a model of AgNPs where multiple mechanisms 

of activity work in combination to control bacterial growth, which could be used against 

multiple drug resistant microorganisms. Our study tried to fill the gap where very limited 

number of bacteria were being tested for antibacterial activity of AgNPs. In the long 

term, the knowledge gained from these studies could be utilized to help in the field of 

AgNPs particularly in development of nanoparticles possibly having increased efficacy, 

longevity, and/or decreased toxicity that could lead to clinical and therapeutic 

interventions. 
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