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Abstract 

One of the most important issues in healthcare today is the development of bacterial resistance to 

antibiotics which has created a generation of bacteria known as multidrug resistant (MDR) 

bacteria. Due to antibiotics’ inability to treat these MDR bacteria metal and metal oxide 

nanoparticles have been gaining interest as antimicrobial agents. Among those, silver nanoparticles 

have been used extensively as broad spectrum antimicrobial agents.  

Here we describe the production and characterization of silver nanoparticles made from the wood 

biopolymer lignin as a reducing and capping agent with excellent antimicrobial activity against 

MDR bacteria both in vitro and in vivo. We describe and compare the productions of these lignin-

capped silver nanoparticles (L-AgNPs) both through a standard heating procedure and through a 

microwave-assisted synthesis. The L-AgNPs have been radioactively labeled using both iodine-

123 and the novel radioisotope silver-111 to determine their biodistribution by SPECT/CT imaging 

after subcutaneous injection or intratracheal instillation. The particles were then tested for in vitro 

antimicrobial activity by broth dilution against a variety of Gram-positive and Gram-negative 

MDR clinical isolate bacterial strains and ATCC strains. They were also tested for efficacy in an 

in vivo cutaneous infection (abscess) model caused by biofilm-forming MDR bacterial strains.  

The particles were produced using a simple, one-pot synthesis method and characterized by 

ultraviolet-visual spectroscopy, dynamic light scattering, x-ray diffraction, and scanning 

transmission electron microscopy. Characterization of the lignin-capped silver nanoparticles 

shows uniform spherical nanoparticles with a silver core and a lignin coating with a diameter of 

about 50 nm for both synthesis methods, but the microwave method was significantly faster (10 

min vs. 3 days). The particles radioactively labeled with silver-111 were visible on SPECT/CT 

and were labeled with high efficiency, but produced a poor size distribution. The L-AgNPs 

radioactively labeled with iodine-123 and injected subcutaneously remained at the injection site 

up to 48 hours post-injection. The in vitro minimum inhibitory concentration (MIC) of L-AgNPs 

was ≤5 µg/mL for all tested bacterial strains, and a significant decrease in both abscess size and 

bacterial load was observed against in vivo infections caused by MDR strains of S. aureus and P. 

aeruginosa.  
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Lay Summary 

Antibiotics are no longer able to treat all bacterial infections. For this reason, extremely small 

silver particles (nanoparticles) coated with a wood polymer called lignin have been developed to 

kill the bacteria that antibiotics can no longer treat. Two methods have been developed to produce 

these silver nanoparticles: a 3-day method that just uses gentle heating and a 10-min method that 

uses a microwave generator. These silver nanoparticles can be easily and reliably produced, and 

are effective at killing even the most drug-resistant bacteria. When they are applied directly to a 

bacterial infection in a mouse, the infected area decreases in size and overall bacterial count.  

A radioactive tracer has been used to determine that nanoparticles directly injected into the site of 

a bacterial infection remain at that desired location. A new radioactive silver tracer has also been 

developed for this purpose.  
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Chapter 1: Introduction and Literature Review 

1.1 General Introduction 

One of the greatest healthcare challenges the world faces today is the spread of multidrug resistant 

(MDR) bacterial infections otherwise known as “superbugs” [1]. Bacterial infections are common 

in humans, but the development of MDR bacteria has resulted in a disturbing rise in the frequency 

and severity of these infections over the last two decades even in areas where high levels of sanitary 

infrastructure are in place. Infections that were once easily treatable have become increasingly 

more difficult to treat, and result in higher morbidity and mortality. For example, it has been 

suggested that by 2050 MDR bacteria could surpass cancer and kill up to 10 million people per 

year, however, current data reporting on morbidity and mortality due to MDR bacteria is unreliable 

and this estimate is a worst-case scenario [2]. The development of these MDR bacterial strains is 

likely due to the widespread overuse of antibiotics in both clinical and agricultural settings [3]. At 

this time, resistant organisms have been identified for all or nearly all available antibiotics, and the 

development of new antibiotics has slowed to a crawl [4-6]. Due to the inability of antibiotics to 

deal with the rising issue of MDR bacteria, the need for the development of novel, broad spectrum 

antimicrobials has arisen.  

Many different possibilities for novel antimicrobials have been explored, and many more are still 

being investigated. The simplest strategy to combat the rise of MDR bacteria has been to revitalize 

old antibiotics by using them in combination with other antibiotics or with resistance breakers. For 

example, when using a β-lactam antibiotic against a resistant organism a β-lactamase inhibitor is 

added as a resistance breaker to overcome the bacterial resistance mechanism [7]. Similar 

strategies have been used for aminoglycoside-modifying enzyme inhibitors and antibiotic efflux 

pump inhibitors [8,9]. 

There is also increased interest in antimicrobial peptides (AMPs), or host defense peptides (HDPs) 

which have been isolated from a wide variety of natural sources such as bacteria, insects, frogs, 

and mammals [10-12]. These AMPs are naturally produced as part of an immune response, and 

they perform a wide variety of functions for their host including direct antimicrobial action against 
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a wide variety of Gram-negative and Gram-positive bacteria [13]. However, natural AMPs are 

quite often subject to enzymatic degradation and inconvenient optimization so a wide variety of 

synthetic systems have been developed to overcome these challenges [14-16]. 

Another interesting method of combatting MDR bacteria is phage therapy. Recently interest has 

grown in the use of specific viruses called bacteriophages that selectively infect bacteria. 

Bacteriophages are of particular interest for their ability to very specifically target bacterial strains 

and their highly effective antimicrobial activity against MDR bacteria [17,18]. The concept of 

phage therapy was introduced by Félix d’Hérelle in 1917, but unpredictable results, non-double-

blinded studies, and the fact that this therapy actually used viruses contributed to public rejection 

of the therapy [19,20]. On top of this, when penicillin became easily available in the 1950s phage 

therapy was basically abandoned [21]. However, now that antimicrobial resistance is a hot topic 

in research phage therapy is once again being investigated. 

Other areas of investigation include: natural compounds with antimicrobial activity, the use of 

liposomes for targeted delivery of antibiotics, the use of ultrasound waves alone or in addition to 

conventional antibiotics, and the development of RNA-based antisense agents to silence resistance 

genes [22-29]. There are many available options for combatting drug resistance but, perhaps the 

largest and fastest expanding field in the development of novel antimicrobials is nanotechnology. 

The explosion of the nanotechnology field began in 2000 when the US launched the National 

Nanotechnology Initiative (NNI) with $497 million in funding [30]. Since then it has been at the 

forefront of scientific development with the 21st Century Nanotechnology Research and 

Development Act (NRDA) (Public Law 108-153) being signed into law in October of 2005 

allowing for $3.7 billion in federal funding over a 4-year period. Since then the NNI has received 

$1.6, $1.5, and $1.2 billion dollars in funding for 2016 to 2018, respectively [31,32]. 

Nanotechnology includes a wide array of scientific fields ranging from manufacturing and energy 

storage to materials science and healthcare, and has already had many profound effects on our 

economy and society. Of particular interest is the development of nanoparticles (NPs) for drug 

delivery in healthcare. 
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The definition of what constitutes a NP varies slightly depending on the source, but in general they 

are objects with at least one dimension in the size range of about 1 to 100 nm and an average size 

of less than a micrometer [33,34]. There are a wide variety of different physical, chemical, and 

biological synthesis techniques which can be employed to tailor the size and shape of NPs 

depending on exact size or material requirements [35,36]. Many different applications for NPs 

exist, but in this thesis I will be focusing on their biomedical applications for drug delivery systems. 

NPs are ideal drug delivery systems because their size allows them to have extensive interactions 

at the cellular level. Nanocarriers can be used to increase uptake of a conjugated drug into specific 

cells to enhance drug delivery to a specific tissue or cell type. NPs have been successfully used to 

deliver many different drugs including anticancer, antitubercular, anti-HIV, anti-Alzheimer, and 

antibiotic drugs through different conjugation mechanisms [37-42]. NPs of a therapeutic agent of 

interest can also be produced directly to enhance delivery and uptake. Examples for this type of 

NPs include antimicrobial metals and inorganic oxides. Of particular interest in this field are silver, 

copper, titanium dioxide, and zinc oxide [43]. For the purpose of this thesis, I will be mainly 

focusing on the antimicrobial properties of silver nanoparticles (AgNPs). 

It has been known for centuries that metallic silver holds antimicrobial properties, and it has been 

used for the treatment of both chronic wounds and burns [44,45]. The use of silver in wound care 

even shows up in the writings of Hippocrates in 400 B.C.E. [46]. Silver is what’s known as a broad 

spectrum antimicrobial, meaning that it is effective against many different Gram-positive and 

Gram-negative bacterial strains [47]. It also exhibits very low toxicity against mammalian cells, 

making it an excellent candidate for use in combatting MDR bacteria. Recently many products 

have been released to market that incorporate silver ions or AgNPs for their antimicrobial activity 

in a variety of different industries.  

AgNPs can be produced by a variety of chemical, physical, or biological synthesis methods [48]. 

Chemical synthesis methods are the most commonly utilized synthesis methods because a large 

quantity of high quality NPs can be produced in a short amount of time. However, these synthesis 

methods generally employ the use of harsh chemicals. With the recent push towards ‘Green 

Chemistry’ many natural agents have been investigated for the synthesis of AgNPs. In this thesis 
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I will explore the use of the wood biopolymer, lignin, for its ability to act as a reducing and capping 

agent in the synthesis of AgNPs.    

In general, AgNPs show greater antimicrobial activity than silver salts alone likely due to the high 

surface area to volume ratio that is intrinsic of NPs, allowing increased interactions with the surface 

of bacterial cells [49]. Hundreds of papers have been published showing the antimicrobial effects 

of AgNPs, but the majority of these papers deal exclusively with the synthesis and in vitro 

antimicrobial testing of these particles. This leaves a huge gap in the literature surrounding the in 

vivo antimicrobial effects and the biodistribution of AgNPs.  

The goals of this thesis are threefold:  

(1) Investigate the synthesis, characterization, and optimization of AgNPs using the natural 

compound lignin,  

(2) Radioactively tag the AgNPs and determine their biodistribution in vivo, and  

(3) Evaluate the antimicrobial behavior of the AgNPs both in vitro and in vivo.  

The first goal of this project was to develop a synthesis method to produce stable AgNPs using a 

chemical synthesis method with the natural agent lignin using multiple strategies. Lignin is the 

most abundant aromatic polymer in the world and is a waste product of the pulp and paper industry. 

It has shown the capacity to cap and reduce AgNPs [50,51]. As the general procedure for producing 

these AgNPs requires a lengthy synthesis, a microwave-assisted synthesis method was developed 

to reduce processing time.  

The second goal of this project was to evaluate the biodistribution of the AgNPs by radioactively 

tagging the lignin-capped silver nanoparticles (L-AgNPs) using 123I, a common single-photon 

emission computed tomography (SPECT) isotope, and 111Ag, a novel silver isotope which is 

potentially useful for SPECT imaging [52,53]. The biodistribution of the particles was examined 

after subcutaneous (SQ) injection and intratracheal instillation using a SPECT/CT machine. 
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The final goal of this project was to determine the antimicrobial properties of these L-AgNPs 

against both non-resistant and MDR bacteria. This project goes beyond most antimicrobial AgNP 

studies and examines the antimicrobial behavior of the particles against MDR bacteria both in vitro 

and in vivo. The in vitro work was done using a broth dilution method to determine the minimum 

inhibitory concentration (MIC) of the particles, while the in vivo work was done on a biofilm-

forming cutaneous infection (abscess) model. 

1.2 Literature Review 

1.2.1 Metal Nanoparticles 

In the advancement of nanotechnology aimed at developing novel antimicrobials, metal and metal 

oxide nanoparticles (NPs) show some of the most promising results against MDR bacteria [43,54]. 

NPs are generally considered to be particles with at least one dimension measuring around 1 to 

100 nm [33]. When particle size is reduced below a few hundred nm, the particles begin to show 

unique properties which change significantly with size and differ from bulk material properties. 

These changes are likely due to the great increase in surface area to volume ratio that is evident 

when size is decreased below a micrometer, leading to high specific area and largely increased 

number of surface atom interactions with their surroundings [34]. For example, bulk gold appears 

shiny and yellow/gold in color, but gold NPs appear red at sizes less than 100 nm or purple to 

blue/black for larger particles. Colloidal suspensions are also possible with NPs due to enhanced 

surface interactions allowing suspensions to form when the materials should otherwise sink or 

float in a solvent. NPs can be synthesized for a wide variety of metals and metal oxides, and can 

be modified with functional groups allowing for further modifications with endless numbers of 

ligands (functional groups), targeting agents (to direct NP to specific location), drugs, or imaging 

agents (for diagnosis or visualization) for potential applications in many different industries [55]. 

1.2.1.1 Synthesis Methods 

In a very broad sense, metallic NP synthesis methods can be split into two major categories: top-

down and bottom-up. Top-down methods involve breaking down large bulk pieces of the metal 

into NPs using some external force. Examples of top-down methods include: ball milling, grinding, 



6 

 

and laser ablation. Laser ablation is a process in which bulk material surfaces are irradiated with a 

laser to induce plasma breakdown and shock-wave propagation, and has been used to produce NPs 

of gold, silver, copper, titanium, and silicon [56-60]. Ball milling and grinding methods rely on 

the impact and attrition of the grinding media against bulk metals. In most cases top-down methods 

are not used due to their significant energy use requirements, and inability to properly control all 

experimental parameters. These factors lead to poor uniformity of particles and extreme difficulty 

of producing very small particle sizes. However, top-down methods can be very useful if zero 

solvent contamination is necessary [61].   

Bottom-up synthesis methods available for the production of metal NPs can be broadly 

characterized into methods which produce particles through gaseous phase methods or through 

liquid phase methods. The bottom-up synthesis method involves starting with atoms in the gaseous 

or liquid form, then producing oligomeric clusters, and eventually NPs from that atomic state. A 

synthesis method can be chosen based on the specific physical and chemical properties required 

for the desired NPs depending upon their application. 

In gaseous phase methods, the production of NPs is generally achieved through vapor deposition. 

The chemical vapor deposition (CVD) method utilizes a chemical reaction occurring in the gaseous 

phase at various pressures, and generally requires very high heat (>500°C) [62]. This process also 

requires very precise control of reaction parameters to produce NPs, and can be performed using 

a chemical flame, plasma process, laser, or electric furnace to pass hot gas through a reaction 

chamber [61,63]. The physical vapor deposition (PVD) method utilizes the rapid cooling of a gas 

phase material, usually in a vacuum chamber. The solid or liquid source material is first evaporated 

into the gas phase and then quickly cooled into the solid phase to produce NPs. This method is 

generally used to produce coatings for materials through common PVD processes like sputtering 

and evaporation for thin-film deposition.    
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1.2.1.1.1 Liquid Phase Synthesis Methods 

The most studied NP preparation methods, by far, are liquid phase methods because large 

quantities of NPs can be produced for low cost using readily available laboratory equipment. These 

systems can produce very tailored particles through precise control of temperature, pH, mixing 

speed, reaction time, chemical concentration, and other reaction parameters. These methods begin 

with a source of metal ions (generally a metal salt) which is converted into NPs through some 

chemical process. In chemical reduction, the ions are reduced to their zero oxidation state (i.e. 

Mn
+→Mn

0) using a chemical reduction agent [64]. The production of the zero oxidation state of 

the metal or metal oxide presents a nucleation site for NPs to grow by adding metal atoms to the 

surface of the NP being formed to produce oligomeric clusters [65-67]. Eventually the particles 

must be stabilized to prevent aggregation, this can be accomplished through electrostatic repulsion 

or steric hindrance [68]. Other liquid phase methods include photoreduction, electrochemical 

reduction, microwave-assisted synthesis, sedimentation methods (e.g., co-precipitation and sol-

gel), and biological based methods [61,68].  

Chemical reduction is the most utilized synthesis method for the production of metal NPs because 

it is the simplest and most versatile method, it generally requires readily available materials and 

produces very homogeneous results. For example, AgNPs are generally synthesized using a 

reducing agent like sodium borohydride, sodium citrate, Tollens reagent, or N-dimethylformamide 

(DMF) to reduce Ag+ ions (provided from a silver salt) to Ag0 in order to begin nucleation, and 

eventually NP formation [68]. The particles must also be stabilized during production to prevent 

sedimentation and agglomeration. This is accomplished using a molecule which can control the 

growth of the particle, known as a “capping agent” [69]. Many different capping agents such as 

surfactants, polymers, or other ligands can be used to alter the surface chemistry of the produced 

metal NP and to add reactive functional groups, prevent aggregation, or increase the 

biocompatibility of the produced particles. Current synthesis methods prefer the use of 

multifunctional chemical agents that can act both as a reducing and capping agent so that the entire 

process can be completed in one step.  
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1.2.1.1.2 Biological Methods 

Typical chemical methods of NP production utilize harsh or non-environmentally friendly 

chemicals as reducing and capping agents, so the development of natural NP synthesis methods 

has been a large topic of interest. Biological approaches for the synthesis of metal NPs have been 

significantly investigated for their eco-friendly nature and low cost. Many different types of 

biological methods have been utilized for the production of NPs including bacterial strains, fungi, 

algae, and plants [70-75]. These methods can be considered ‘Green Synthesis’ routes based on 

their selections of reducing agent, solvent, and capping agent used to produce the desired NPs [76]. 

Living organisms have shown the capacity to synthesize NPs both intracellularly and 

extracellularly through a variety of different mechanisms. Bacteria have been used extensively to 

produce very stable AgNPs through the reduction of silver ions [77,78]. NP production of gold, 

platinum, palladium, magnetite, titanium, and many other metals and metal oxides can also be 

achieved using bacterial synthesis methods [74,79-83]. Fungi have also been used extensively due 

to their ability to withstand high flow rates and other harsh conditions in bioreactors [74]. Algae 

have been used to produce NPs as well, but with less success than fungi or bacteria [79]. 

Probably the most extensively studied natural production method of metal NPs has been the use 

of plant extracts to reduce and cap NPs. The use of plant extracts is incredibly cost effective and 

generally follows similar procedures as typical chemical reduction methods, but without the use 

of harsh chemicals [73]. These methods are also environmentally friendly, can be easily scaled up, 

and don’t require the use of high temperature, pressure, or toxic chemicals [84]. Green tea and 

black tea extracts have been used as reducing and capping agents for the production of gold and 

AgNPs with impressive results [85,86]. Particles have also been synthesized from extracts of 

flowers, fruits, leaves, and wood extracts with varying success [50,87-92].  

1.2.1.1.3 Microwave-Assisted Synthesis 

Microwave-assisted synthesis of metal NPs is an important topic in NP synthesis discussions due 

to the ability to significantly increase reaction rates. The use of microwaves to expedite chemical 

reactions has been widely explored, and is beginning to be applied to the production of NPs. 
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Microwave radiation is considered to be electromagnetic radiation with a wavelength between 300 

MHz and 300 GHz [93]. The uses of microwaves are broadly grouped into heating and power uses 

and communication uses. The microwave heating effect occurs due to dipolar polarization and 

ionic conduction. When microwave radiation is applied to a NP production system the dipoles 

(solvent molecules) and the ions align with each other in the applied electric field. When the field 

oscillates the dipoles and ions try to align with the electric field and lose energy in the form of heat 

through molecular friction and dielectric loss [94-96].  

There are many advantages to using a microwave-assisted synthesis method over a conventional 

heating method. In general, the reaction kinetics are increased one or two orders of magnitude 

when using a microwave-assisted system, and the initial heating step is significantly faster which 

means less overall energy is used [97]. NPs can thus be produced significantly faster with less 

overall energy usage when using a microwave-assisted synthesis versus a conventional heating 

method. Additionally, microwaves provide much more uniform and rapid heating than 

conventional methods. Conditions can also be easily controlled allowing temperatures over 100°C 

with higher pressures, and many potential temperature profiles can be utilized to produce large 

quantities of very uniform NPs [98].  

1.2.1.2 Stabilization 

When producing particles in the nanoscale range surface properties must be precisely controlled 

to ensure that they do not become significantly larger particles due to agglomeration. NPs possess 

a large surface area to volume ratio which provides a significant reactive area between the surface 

and the surrounding. This is what differentiates NPs from their bulk material counterparts and 

gives them their unique properties, but it also often forces them to agglomerate into larger clusters 

(agglomerates) or larger particles (aggregates) to minimize total surface energy of the system [99]. 

Due to Brownian motion, gravity, and other forces, particles are constantly colliding with each 

other and can agglomerate if steps are not taken to counteract the attractive forces between 

particles. The force that causes these NPs to agglomerate is the attractive van der Waals force 

[100]. This force can be overcome through electrostatic or steric stabilization, or by placing the 

particles into an ionic liquid. 
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Electrostatic stabilization overcomes the attractive van der Waals forces through repulsive 

Coulomb forces between charged particles [101]. When solids are brought into contact with a polar 

solvent they gain a surface electrical charge through preferential adsorption of ions, dissociation 

of surface charged species, substitution of ions, accumulation or depletion of electrons at the 

surface, or physical adsorption of charged species at the particle surface. In order to maintain 

electroneutrality, counter-ions of an opposite charge must accumulate around the formed particle. 

This accumulation of charge causes an unequal distribution in charge between the surface of the 

solid particle and the solvent. The layer of the dispersed phase around the charged particle is known 

as the electrical double layer, and consists of three main parts: the charged surface, the Stern layer, 

and the diffuse layer. These three parts can be seen in Figure 1 in addition to the corresponding 

electrical potential in each part. 

 
Figure 1: Electric double layer charge representation and corresponding electrical potential as function of 
distance from surface, figure included with permission from the copyright holder [102] 

The charged surface consists mainly of charged ions which have been adsorbed on the surface of 

the particle. These ions are generally negative and account for the surface potential. The area 

between the surface of the solid and the diffuse layer is called the Stern layer. The Stern layer is a 

tightly bound layer of solvent and counter-ions where electric potential drops linearly [103]. Past 
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the Stern layer is the diffuse layer which consists of a film of solvent containing counter-ions in 

higher concentration, which diffuse freely, and that decrease in concentration until reaching the 

average concentration in the solvent. As the particle moves through the solvent a layer of the 

solvent attached to the particle moves with it. The boundary of this layer is found in the diffuse 

layer and is called the slipping plane. The electrical potential at the slipping plane relative to a 

point in the bulk fluid is called the zeta potential.  

The zeta potential is widely used as a quantification of charge, but it is not equal to the Stern 

potential or the surface potential [104]. Zeta potential is generally used as a significant measure of 

the stability of NPs because the magnitude of the charge is directly proportional to the electrostatic 

repulsion of like charges. The higher the magnitude of the zeta potential, the more stable the 

colloidal solution will be and the less likely that the particles will interact and aggregate. In general, 

moderate stability is characterized by a zeta potential from ±30 to ±40 mV, good stability from 

±40 to ±60 mV, and excellent stability at more than ±61 mV [105]. 

The other major form of particle stabilization is polymeric (or steric) stabilization. There are two 

main methods of polymeric stabilization: steric stabilization and depletion stabilization. Steric 

stabilization simply works by adsorbing or grafting macromolecules onto the surface of a particle. 

Adsorbing or grafting macromolecules onto the surface of a particle creates a coating which 

provides enough repulsive force to overcome van der Waals attractive forces [106]. Depletion 

stabilization utilizes macromolecules as well, but in this case they are free in solution. It is also 

possible to use a combination of both steric stabilization and depletion stabilization to prevent 

agglomeration. 

1.2.2 Silver Nanoparticles and Ions  

Antimicrobial activity has been demonstrated using NPs of Ag, MgO, TiO2, ZnO, CuO, Au, Fe2O3, 

Al2O3, Bi, and NiO [107-114]. However, the most effective and widely used antimicrobial metal 

NP is silver [43]. Ag NPs have shown excellent antimicrobial behavior against a wide variety of 

Gram-negative and Gram-positive bacterial strains, including MDR strains [115]. Silver has long 

been used as an antimicrobial to purify drinking water and in the treatment of burns and chronic 



12 

 

wounds with high efficiency and low toxicity [47]. There are many commercially available 

products that incorporate silver as an antimicrobial, ranging from toothpaste to textiles and urinary 

catheters to hospital stretchers [49,116-119]. 

Metallic silver, AgNPs, and soluble silver salts are known to continuously release silver ions which 

act as an antimicrobial agent [120]. In bulk silver, this release happens quite slowly due to the low 

surface area to volume ratio, but in NPs this process is expedited and the antimicrobial effect is 

significantly increased. This has led to silver being used as a widespread antimicrobial agent 

against bacteria, fungi, and viruses [45]. Due to widely increased production of AgNPs there has 

been a recent push towards green synthesis routes which utilize naturally derived compounds to 

both reduce and cap AgNPs.
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Table 1: Table of antimicrobial activity of AgNPs produced using natural compounds reported as MIC values 

Organism Particle 
Diameter (nm) 

Functionalization MIC (µg mL-1) Source 

Bacillus subtilis ATCC 6633 6.5 – 43.8 Not reported (Biological) 6.25 [121] 

Escherichia coli 44 – 64   Iresine herbstii leaf extract 6.25 [122] 

Escherichia coli 20 – 30 Acalypha indica leaf extract 10 [123] 

Escherichia coli 6 – 8  Chitosan 10 [124] 

Escherichia coli 20 – 90 Green tea extract >50.0 [125] 

Escherichia coli 8.9 Paederia foetida leaf extract 6.293 [126] 

Escherichia coli ATCC 117 6.5 – 43.8 Not reported (Biological) 6.25 [121] 

Escherichia coli ATCC-39403 28 Withania somnifera leaf extract 1.8±0.20 [127] 

Escherichia coli CCM 3954 44 Glucose 27 [128] 

Escherichia coli CCM 3954 25 Maltose 3.38 [128] 

Escherichia coli CCM 3954 35 Lactose 27 [128] 

Escherichia coli strain (BL 21) 31 - 40 Cinnamon zeylanicum bark extract 50 [129] 

Klebsiella pneumoniae 44 – 64   Iresine herbstii leaf extract 50 [122] 

Pseudomonas aeruginosa 44 Glucose 13.5 [128] 

Pseudomonas aeruginosa 50 Galactose 27 [128] 

Pseudomonas aeruginosa 25 Maltose 3.38 [128] 

Pseudomonas aeruginosa 35 Lactose 13.5 [128] 

Pseudomonas aeruginosa 44 – 64   Iresine herbstii leaf extract 12.5 [122] 
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Organism Particle 
Diameter (nm) 

Functionalization MIC (µg mL-1) Source 

Staphylococcus aureus 44 – 64   Iresine herbstii leaf extract 12.5 [122] 

Staphylococcus aureus 8.9 Paederia foetida leaf extract 4.454 [126] 

Staphylococcus aureus  6 – 8  Chitosan 10 [124] 

Staphylococcus aureus ATCC 6538 6.5 – 43.8 Not reported (Biological) 12.5 [121] 

Staphylococcus aureus ATCC-
25923 

28 Withania somnifera leaf extract 1.2±0.14 [127] 

Staphylococcus aureus CCM 3953 44 Glucose 6.75 [128] 

Staphylococcus aureus CCM 3953 50 Galactose 54 [128] 

Staphylococcus aureus CCM 3953 25 Maltose 6.75 [128] 

Staphylococcus aureus CCM 3953 35 Lactose 6.75 [128] 

Staphylococcus aureus MRSA 44 Glucose 27 [128] 

Staphylococcus aureus MRSA 50 Galactose 54 [128] 

Staphylococcus aureus MRSA 25 Maltose 6.75 [128] 

Staphylococcus aureus MRSA 35 Lactose 27 [128] 

Vibrio cholerae 20 – 30 Acalypha indica leaf extract 10 [123] 
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In Table 1 the minimum inhibitory concentrations (MICs) can be seen for AgNPs produced 

utilizing green synthesis routes. A comprehensive list of the antibacterial activity of a wide range 

of metal and metal oxide NPs produced without utilizing green synthesis routes can be found in 

the review published by Slavin et al. [43]. An overwhelming amount of literature exists showing 

the synthesis and antimicrobial effectivity of AgNPs in vitro against a wide range of both Gram-

positive and Gram-negative bacterial strains. It has also been shown that AgNPs show a synergistic 

effect when combined with antibiotics like penicillin G, amoxicillin, erythromycin, clindamycin, 

vancomycin, and gentamicin [130,131]. AgNP antimicrobial effects are difficult to directly 

compare because exact size and morphology of the particles differ significantly between different 

production mechanisms. Additionally, there is also no real standard for antimicrobial testing 

conditions, bacterial strains, or choice of media which further complicates the issue. However, it 

is clear that AgNPs are very effective as a broad-spectrum antimicrobial agent at low 

concentrations, and can be produced using green synthesis techniques. 

1.2.2.1 Antimicrobial Mechanisms of Action 

The exact mechanism by which AgNPs exert antimicrobial action is currently a much debated 

topic, and it is suggested that there are multiple different mechanisms by which AgNPs are toxic 

to microbes. However, most authors are in agreement that the presence of the positively charge 

silver ion (Ag+) is required for antimicrobial activity [132]. AgNPs are known to continuously 

release silver ions providing a source for antimicrobial activity. The NPs themselves also possess 

a large surface area to volume ratio which provides more surface interactions with microbes, 

allowing for increased transfer of silver ions and direct antimicrobial action. It is also important to 

note that the presence of oxygen is required for antimicrobial action of AgNPs [133].  

One of the primary mechanisms of action of AgNPs against bacteria is the direct disruption of the 

cell membrane and cell wall. AgNPs accumulate and form aggregates around the bacterial 

membrane, and can also anchor directly to the bacterial cell wall. This interaction likely occurs 

due to the positively charged surface of the AgNPs interacting electrostatically with the negatively 

charged membrane of the bacterial cells [134]. This causes direct disruption of the bacterial cell 

membrane causing electron dense ‘pits’ to form which leads to increased permeability and cell 
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death [135]. AgNPs also have a high affinity to sulfur and phosphorus which is highly abundant 

in the proteins on the bacterial membrane. It has been suggested that these interactions increase 

the penetration of AgNPs into the cell making cell membrane disruption the primary mechanism 

of toxicity [136]. Differences have also been shown between interactions with Gram-positive and 

Gram-negative bacterial species. For example, E. coli has shown higher sensitivity to AgNPs than 

S. aureus, which is thought to be due to differences in concentration of peptidoglycans at the 

bacterial cell wall and differences in cell wall thickness [137]. S. aureus has a much thicker cell 

wall and more peptidoglycan than E. coli, which has a cell membrane with a large amount of 

negatively charged lipopolysaccharides (LPS), which likely contribute to the adhesion of AgNPs 

[138]. 

The delivery of silver ions beyond the bacterial cell membrane and cell wall is another primary 

mechanism of action of AgNPs against bacteria. The formation of pits on the bacterial cell wall 

has been hypothesized to facilitate silver ion delivery to the bacterial cell. Ions have also been 

shown to enter through porin channels in the bacterial outer membrane, causing a variety of 

problems for intracellular function [139,140]. Silver ions have been shown to alter transport 

regulation, interact with phosphorus on DNA causing inhibition of replication, and react with 

sulfur-containing enzymes to cause enzyme deactivation [141-144]. Both AgNPs and silver ions 

have been shown to produce significant amounts of reactive oxygen species (ROS) like hydrogen 

peroxide (H2O2), superoxide anion (O2
-), hydroxyl radical (OH·), hypochlorus acid (HOCl), and 

singlet oxygen [145]. These ROS and free radicals are produced both intracellularly and 

extracellularly and are able to disrupt the cell membrane [146]. Cellular toxicity can occur through 

hyperoxidation of lipids, proteins and DNA, reduction of glutathione (GSH), modulation of ROS-

metabolizing enzymes, oxidative DNA base damage, and adenosine triphosphate (ATP) depletion 

through inactivation of essential proteins and enzymes [147-151]. For a more in-depth analysis of 

the mechanisms by which AgNPs exert toxicity against microbes, excellent reviews have been 

published by Dakal et al. and Duran et al. [152,153]. Bacterial drug resistance mechanisms are 

discussed in further detail in Section 1.2.3. 
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1.2.2.2 Silver Nanoparticles In Vivo 

An overwhelming amount of research has been conducted on the in vitro antimicrobial nature of 

AgNPs, but the majority of the in vivo research has been limited to mainly toxicological and 

environmental studies. The few efficacy studies which have been released involve AgNPs which 

are used on implantable medical devices, dental materials, and coatings for wound dressings.  

There are also few biodistribution studies which have been recently released. These studies 

generally use inductively coupled plasma mass spectrometry (ICP-MS) or inductively coupled 

plasma optical emission spectrometry (ICP-OES) to quantify the accumulation of silver in each 

organ after sacrificing animals at specific time points and harvesting all organs individually. These 

methods are effective, but give very little information about how the AgNPs actually move and 

accumulate in vivo over time and do not differentiate between silver particles and silver ions. These 

methods are also extensively time consuming and require high numbers of animals to obtain 

reliable results. One study by Chrastina and Schnitzer investigated this issue by radioactively 

tagging AgNPs capped with poly(N-vinyl-2-pyrrolidone) using the radioisotope 125I for 

biodistribution analysis in mice through single-photon emission computerized tomography 

(SPECT) imaging after intravenous (I.V.) injection [154]. AgNPs capped with 

polyvinylpyrrolidone (PVP) and conjugated with doxorubicin and 125I were also evaluated for their 

theranostic effectivity in a mouse tumor model using a γ-ray scintillation counter after I.V. 

injection [155].  Another study conducted by Ashraf et al. radiolabeled AgNPs using 99mTc, and 

evaluated their biodistribution in rabbits after I.V. injection using SPECT imaging [156]. All three 

studies concluded that the majority of the AgNPs accumulated mainly in the liver and spleen with 

minimal uptake in the thyroid, lungs, and kidneys. However, the research into biodistribution of 

AgNPs through radioactive methods has been limited to intravenous administration despite the 

many other potential routes of administration which are currently being investigated.  

General systemic NP clearance mechanisms occur mainly through renal clearance or clearance 

through the mononuclear phagocyte system (MPS) resulting in clearance through the kidneys, 

liver, or spleen. It is well described that when NPs are administered via I.V. injection that particles 

with diameters below 8 nm are cleared by the kidney, between 10 – 150 nm are cleared by the 
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liver, and larger than 200 nm are rapidly cleared by the spleen [157]. Additionally, the clearance 

through the renal system is a passive process while clearance through the MPS is an active process. 

This means that without any specific stealth or targeting modifications it is expected that I.V. 

administered NPs with diameters from 10 – 200 nm will be quickly cleared through the liver and 

spleen. 

One other interesting method of evaluating the biodistribution of silver-loaded NPs has been the 

use of 111Ag as a radiotracer. Aweda et al. delivered N-heterocyclic silver carbine complex (SCC), 

polyphosphoester-based degradable, and hydrocarbon-based non-degradable shell crosslinked 

knedel-like (SCK) NPs loaded with 111Ag to mice through a nebulizer for direct lung delivery [53]. 

The biodistribution of these NPs was measured by sacrificing the animals and measuring the 

radioactivity of each organ using a γ counter, or by imaging using autoradiography [52,53]. These 

studies show great accumulation of NPs in the lungs at about 10-50 times greater amounts than in 

other organs. By administering particles through a nebulizer Aweda et al. circumvented the issue 

of particles accumulating in the liver and spleen. 

AgNPs coated with PVP have also been labeled with 110mAg and delivered via oral gavage to 

pregnant or lactating female rats to study their accumulation in the placenta, fetus, and breast milk 

[158]. Melnik et al. used a γ-counter to determine that AgNPs can transfer through the placenta 

and enter the breast milk in significant quantities. Particles can also enter the fetus, but only at 

levels of 0.085 – 0.147% of the administered dose. This method is not an ideal labeling strategy 

due to the extremely long half-life of 110mAg of almost 250 days. 

1.2.2.3 Toxicity 

So far the majority of toxicity reports have indicated AgNPs as safe for human use. AgNP toxicity 

is greatly related to properties such as size, surface coating, stability, and chemical composition. 

In particular, the size-dependent toxicity of AgNPs has been shown both in vivo and in vitro where 

smaller particles tend to be more toxic [159,160]. AgNPs tend to accumulate in the spleen, liver, 

lungs, and kidneys [161,162]. They have also been shown to cross over to zebra fish embryos in 

vivo, and to cross the blood brain barrier in rats [163,164]. AgNP exposure generally occurs 
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through one of three major pathways: dermal, oral, or inhalation. AgNPs administered through 

inhalation to Sprague-Dawley rats over 28 days showed no significant health effects or related 

toxicity [165]. Systemic exposure after administration through inhalation has also shown to be 

significantly decreased relative to oral, dermal, or I.V. exposure. 

Oral ingestion is the primary route of entry for silver compounds, and daily intake is estimated at 

20 – 80 µg per day [166]. Oral exposure generally occurs through food products or supplements 

containing AgNPs, or through drinking water treated with silver [119]. In an acute oral toxicity 

study conducted by Kim et al., no death or significant abnormal signs were observed at a dose 

level of 2000 mg/kg [167]. Another acute oral toxicity test conducted by Maneewattanapinyo et 

al. found that oral administration of up to 5000 mg/kg AgNPs did not produce any significant 

toxicological effects [168]. A study by Kim et al. showed that Sprague-Dawley rats orally dosed 

with AgNPs for 28 days showed induction of slight liver toxicity, but no signs of any DNA damage 

and only at administration of more than 300 mg/kg [161]. Another study conducted by Nakkala et 

al. found that Wistar rats fed up to 10 mg/kg AgNPs synthesized using Ficus religiosa for 28 days 

showed slight liver toxicity on day 29, but no significant toxicological issues after a washout period 

of 60 days [169].  

AgNPs are used extensively in wound dressings to promote wound healing and for the treatment 

of burns [170-172]. The main adverse effect of AgNPs is indicated as discoloration of the skin to 

a blue/grey color (argyria), or similar discoloration of the eyes (argyrosis) [173]. AgNP coatings 

for wound dressings have shown some toxicity to keratinocytes and fibroblasts in vitro, but show 

no significant toxicity effects in vivo and are still commercially available [170,174]. AgNPs have 

been shown to translocate to other organs in rats after subcutaneous (SQ) injection, but in 

extremely small amounts relative to the injection site and amount excreted [175].  

1.2.3 Bacterial Drug Resistance 

Bacteria are generally characterized as either Gram-positive or Gram-negative depending on the 

makeup of their cell wall. Gram-positive bacteria have a thick, single layered cell wall around 20 

to 80 nm thick that consists of mostly peptidoglycan which protects the inner plasma membrane. 
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The cell wall contains more non-peptidoglycan accessory polymers like teichoic acids, teichuronic 

acids, and other polysaccharides which are covalent linked to the peptidoglycan [176]. Gram-

negative bacteria have a much more complex cell wall structure than Gram-positive bacteria. The 

Gram-negative bacterial cell is comprised of a small peptidoglycan layer (5 to 10 nm thick) 

surrounded by an outer membrane (7.5 to 10 nm thick) that consists of lipopolysaccharides, 

proteins, and phospholipids [177]. The cytoplasmic cell membrane lies inside the small 

peptidoglycan cell wall, with the area between outer and inner membranes being called the 

periplasmic space. This periplasmic space contains a variety of binding proteins and can hold 

bacterial virulence factors. These differences in cell wall structure are thought to be part of the 

reason that Gram-positive bacteria typically show more resistance to antimicrobial NPs 

[141,178,179]. 

Microbial drug resistance can never be avoided due to the constantly evolving nature of microbes. 

The spread of resistance can be conceptualized broadly as a perfect example of natural selection, 

and the sheer number of bacteria mutating in response to antibiotic pressure can result in resistant 

strains developing quite quickly [180]. When antibiotics are applied to bacteria a significant 

amount of them are quickly killed, but due to genetic variability there will be a few remaining 

microbes that possess mechanisms providing resistance to the specific antibiotic in use. The 

antibiotic will kill off all surrounding bacteria, except for the resistant forms, which are now free 

to proliferate in the void created by the use of the antibiotic. To add to the complexity of the 

situation, bacteria can also obtain resistance from surrounding organisms.  

Bacterial drug resistance can be obtained through two major pathways: (1) mobile transfer of 

resistance genes or (2) mutation of an existing gene or genes. Bacterial resistance genes can be 

transferred between bacteria of different species using mobile genetic elements (MGEs) through 

plasmids, transformation (acquired from naked DNA), transposons, or bacteriophages [181]. 

Mobile gene transfer is the most common form of acquired antimicrobial resistance. Development 

of mutational resistance is often costly to cell homeostasis, and is mostly maintained in direct 

response to the application of the antibiotic.    
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Widespread misuse of antibiotics has led to the propagation of bacterial drug resistance, causing a 

large increase in the occurrence of drug resistant bacterial infections world-wide. This problem 

has arisen over the past two decades with many different terms being used to describe the patterns 

of resistance exhibited by these bacteria. To create a standardized international terminology, a joint 

initiative by the European Centre for Disease Prevention and Control (ECDC) and the Centers for 

Disease Control and Prevention (CDC) was started to classify these patterns of resistance [182]. 

They have defined antimicrobial categories for which resistance is tested and organisms are broken 

down into multidrug-resistant (MDR), extensively drug-resistant (XDR), and pandrug-resistant 

(PDR) bacteria [182]. The antimicrobial categories are different for different organisms, but an 

example of the categories and agents for Pseudomonas aeruginosa can be seen in Table 2. MDR 

bacteria are defined as organisms which are resistant to one or more agent in three or more 

antimicrobial categories, XDR are resistant to one or more agent in all but 2 or fewer categories, 

and PDR are resistant to all antimicrobial agents [182]. 

Table 2: Antimicrobial categories and agents for determination of resistance profile of Pseudomonas 
aeruginosa [182] 

Antimicrobial Category Antimicrobial Agent 
Aminoglycosides Gentamicin 

Tobramycin 
Amikacin 
Netilmicin 

Antipseudomonal carbapenems Imipenem 
Meropenem 
Doripenem 

Antipseudomonal cephalosporins Ceftazidime 
Cefepime 

Antipseudomonal fluoroquinolones Ciprofloxacin 
Levofloxacin 

Antipseudomonal penicillins + β-lactamase 
inhibitors 

Ticarcillin-clavulanic acid 
Piperacillin-tazobactam 

Monobactams Aztreonam 
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Antimicrobial Category Antimicrobial Agent 
Phosphonic acids Fosfomycin 

Polymyxins Colistin 
Polymyxin B 

 
Bacterial resistance to a single class of antimicrobial can develop through multiple different 

biochemical pathways, all of which can be present in a single bacterial strain. For example, 

resistance to β-lactam antibiotics can be achieved through production of β-lactamase enzymes 

which degrade β-lactams, reduction of access to penicillin-binding proteins (PBPs), or production 

of PBPs with very low binding affinity for β-lactams [183]. The use of novel antibiotics on already-

resistant microbes can lead to the development of MDR, providing additive resistance through 

multiple pathways. The most common pathways by which microbes are resistant to antibiotics 

include direct modifications to the antibiotic drug, decreased uptake of antibiotic, increase of 

cellular efflux pump, and modification to antibiotic target site [184]. 

1.2.3.1 Minimum Inhibitory Concentration and Minimum Bactericidal Concentration 

A major concern in the use of AgNPs as an antimicrobial agent is the development of bacterial 

resistance to them. Bacterial resistance to silver ions has been reported in sectors where silver is 

continuously used such as hospital burn units, sewage sludge, and the soil around silver mines 

[185-187]. The plasmid pMG101 has been identified as a silver resistance plasmid which can also 

confer resistance to mercury ions, although this plasmid is only found in soils contaminated with 

heavy metals and not associated with pathogenesis [186]. It is likely that the mechanism of silver 

resistance occurs through upregulated efflux pumps of silver ions and a deficiency of major porin 

channels all leading to the decreased accumulation of silver ions inside the cell [139]. It was also 

found that due to the porin deficiency, the resistant bacteria grew significantly slower in regular 

media and on rigid surfaces which was likely due to the interior colonies being starved for 

nutrients. AgNPs present a much more complex problem for bacteria, however, a few studies have 

suggested that AgNPs are not sufficient for controlling silver-resistant bacteria although these 

results could be due to aggregation of AgNPs [188,189]. For a more in-depth review of the genetic 



23 

 

mechanisms behind bacterial silver resistance, an excellent review has been published by Simon 

Silver [190]. 

The following chapter contains the synthesis and characterization of the lignin-capped silver 

nanoparticles (L-AgNPs). This includes the development of the simple heating and microwave-

assisted synthesis methods, and the results of the characterization of the produced particles. These 

results include the chemical structure of the synthesized particles obtained through UV-Vis, and 

X-ray diffraction (XRD) analysis. Particle size is measured using dynamic light scattering (DLS) 

analysis and stability is determined by measuring zeta potential. The surface chemistry of the 

particles is determined by scanning transmission electron microscopy (STEM). A general 

discussion of AgNP synthesis is included with an emphasis on starting concentrations of agents 

and pH effects. 

Chapter 4 includes the results obtained from the radioactive labeling of the L-AgNPs using 123I or 
111Ag, and the biodistribution experiments conducted using 123I. The labeling efficiency and 

particle characterization of the radioactive tagging experiments is presented for 123I and 111Ag. 

Biodistribution images obtained from SPECT/CT imaging are presented for SQ injection and 

intratracheal instillation of 123I-labeled L-AgNPs. The labeling efficiencies, and biodistribution of 

both administration routes is discussed along with the choice of radiotracer. 

In chapter 5 the antimicrobial activity of the L-AgNPs is evaluated in vitro and in vivo along with 

the determined toxicity. For the in vitro broth dilution tests, results of the MIC testing will be 

presented. In regard to the in vivo abscess model, bacterial load will be presented in addition to 

abscess size measurements. The in vitro antimicrobial effects of the particles are discussed 

including the differences in effect of the particles produced by a simple heating method and those 

produced by the microwave-assisted method. The in vivo activity and toxicity is also discussed. 

Finally, in chapter 6 a brief summary of the work is presented. This includes some general 

conclusions and suggestions for future work. 
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Chapter 2: Synthesis and Characterization of Lignin-Capped Silver 

Nanoparticles 

Lignin is known as a cross-linked, phenolic wood polymer, and exists with one possible structure 

shown in Figure 2 [191]. It is a waste product of the pulp and paper industry and is the most 

abundant aromatic polymer in nature.  Lignin has shown the capacity to reduce silver salts to 

AgNPs and to cap the produced NPs for enhanced stability [192]. This process has also been 

repeated using lignin and CuSO4 to produce lignin-capped Cu2O particles, and to produce 

platinum, palladium, and gold NPs [193-196]. The lignin-capped silver nanoparticles (L-AgNPs) 

have shown excellent antimicrobial properties, even against multidrug resistant (MDR) bacteria 

[197].  

 
Figure 2: One possible chemical structure of lignin, included with permission from [191]  

The reaction of silver salt reduction and capping with lignin requires very precise temperature and 

pH control. At alkaline pH the silver salts can very quickly form Ag2O particles which provide a 
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surface for Ag+ ions to adsorb onto, where they are quickly reduced in an autocatalytic reaction 

which produces very small particles [192,198]. Temperature also has a major impact on the 

reaction kinetics, leading to a much faster reaction time at higher temperatures. 

2.1 Hypothesis and Objectives 

L-AgNPs can be produced using a simple heating method which produces reliable results but 

requires a processing time of 72 hours. I hypothesize that by utilizing a microwave-assisted 

synthesis I can significantly decrease that processing time while maintaining particle size, 

chemical composition, and morphology. The particles produced using these synthesis methods will 

have a silver core surrounded by a coating of lignin, and all particles will be very stable in aqueous 

media.  

This chapter contains the results of the synthesis and characterization of the L-AgNPs. This 

includes the development of the simple heating and microwave-assisted synthesis methods, and 

the characterization of the produced particles. The characterization includes the chemical structure 

of the synthesized particles obtained through UV-Vis and X-ray diffraction (XRD) analysis. 

Particle size is measured using dynamic light scattering (DLS) analysis and stability is determined 

by measuring zeta potential. The surface chemistry of the particles is determined by scanning 

transmission electron microscopy (STEM). A general discussion of AgNP synthesis is included 

with an emphasis on starting concentrations of agents and pH effects. 

2.2 Chemical Synthesis Methods 

2.2.1 Aerobic 72-Hour Heating Ag-Lignin Nanoparticle Synthesis 

L-AgNPs were produced in a similar method to that described by Hu et al., utilizing an aerobic 

72-hour heating synthesis method [50]. For all experiments low sulfonate (~4%) content, alkali 

(kraft) lignin with a molecular weight of 10,000 (#471003, Sigma-Aldrich) was used. First, 30 mL 

of 1% lignin solution was prepared in DI water and the pH was adjusted to 5.5 using 1 M HCl and 

1 M NaOH. Then 20 mL of a 2 mg/mL AgNO3 solution was prepared in DI water. The two 

solutions were separately heated to 68°C for 10 min and then mixed together and stirred at 150 
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rpm in a closed vessel at 68°C for 72 h. Hydrodynamic diameter and zeta potential were measured 

by Dynamic Light Scattering using a Malvern Zetasizer (Westborough, MA, USA). The UV-Vis 

absorbance of the mixture was measured using a Nanodrop ND-1000 (Thermo Scientific, 

Rockford, IL, USA) and checked every 24 h by mixing 20 µL of the solution with 180 µL of DI 

water to follow the reaction. The final product was stored in the fridge in the dark. 

2.2.2 Anaerobic 72-Hour Heating Ag-Lignin Nanoparticle Synthesis 

An anaerobic synthesis method was developed to determine if the absence of air in the system 

would produce more homogeneous L-AgNPs. For this synthesis method 30 mL of 1% lignin 

solution in DI water was prepared and the pH was adjusted to 5.5 using 1 M HCl and 1  M NaOH, 

and 20 mL of a 2 mg/mL AgNO3 solution was prepared in DI water. The two solutions were purged 

of air by bubbling nitrogen through the system, and then separately heated to 60°C for 10 min. The 

solutions were then anaerobically mixed together and the mixture was stirred at 650 rpm in a closed 

vessel at 60°C for 72 h in an oil bath. The UV-Vis absorbance of the mixture was checked by 

mixing 20 µL of the solution with 180 µL of DI water to follow the reaction, and the final product 

was stored in the fridge in the dark.  

2.2.3 Microwave-Assisted Synthesis of Ag-Lignin Nanoparticles (Varying Temperature) 

While the 72-hour heating methods were simple and reliable, they were very time-intensive, so a 

microwave-assisted synthesis method was developed to attempt to decrease the processing time. 

All microwave-assisted synthesis methods were conducted in a Biotage Initiator+ (Biotage Sweden 

AB, Uppsala, Sweden) microwave reactor. For this synthesis method 30 mL of 1% lignin solution 

was prepared in DI water and the pH was adjusted to 5.5 using 1 M HCl and 1 M NaOH, and 20 

mL of a 2 mg/mL AgNO3 solution was prepared in DI water. Rather than using the entire amount 

of stock solutions, 1.5 mL of the lignin solution and 1 mL of the AgNO3 solution were mixed 

together in a 2 – 5 mL microwave vial and sealed. The mixture was then microwaved for 4 or 6 h 

at 60°C and 5 bar, or 10 min at 5 bar and 100°C, 105°C, 110°C, or 120°C. The UV-Vis absorbance 

of the mixture was checked by mixing 20 µL of the solution with 180 µL of DI water, and the final 

product was stored in the fridge in the dark. 
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2.2.4 Microwave-Assisted Synthesis of Ag-Lignin Nanoparticles (Varying Silver 

Concentration) 

After a reliable synthesis method had been developed for the production of L-AgNPs, varying 

silver concentrations were investigated to determine if L-AgNPs could be produced with a greater 

silver content. For this synthesis method stock solutions were again produced by preparing 30 mL 

of 1% lignin solution in DI water with the pH adjusted to 5.5 using 1 M HCl and 1 M NaOH, and 

20 mL each of AgNO3 solutions in DI water were produced at concentrations of 2, 2.5, 5, 10, and 

20 mg/mL AgNO3. The same ratio of 1.5 mL of the lignin solution and 1 mL of the AgNO3 solution 

were mixed together in a 2 – 5 mL microwave vial and sealed. The mixture was then microwaved 

for 10 min at 120°C and 5 bar. The absorbance of the mixture was checked by mixing 20 µL of 

the solution with 180 µL of DI water, and the final product was stored in the fridge in the dark. 

2.3 Results and Discussion 

2.3.1 72-Hour Heating Synthesis 

This synthesis method is related to the method described by Hu et al. and was developed by 

Kristina Ivanova and Petya Stoyanova [50]. 

2.3.1.1 Ultraviolet-Visible Spectroscopy Analysis 

Ultraviolet-visible spectroscopy (UV-Vis) is a common tool for the characterization of synthesized 

AgNPs that can be used to confirm their synthesis and stability [199]. It functions on the principle 

of exciting molecules using light in the ultraviolet and visible range, then recording the absorption 

of light over that range. This method is a very quick and reliable technique that can be used to 

characterize colloidal suspensions.  
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Figure 3: UV-Vis analysis of L-AgNPs produced by 72-hour heating aerobic synthesis, batch 019 showing 
peak around 280 nm due to lignin (black arrow) and peak around 420 nm due to AgNPs (red arrow)  

 
Figure 4: UV-Vis analysis of L-AgNPs produced by 72-hour heating anaerobic synthesis, batch 017 showing 
peak around 280 nm due to lignin (black arrow) and peak around 420 nm due to AgNPs (red arrow) 
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Figure 5: UV-Vis analysis of L-AgNPs produced without pH modification showing peak around 280 nm due 
to lignin (black arrow) and peak around 420 nm due to AgNPs (red arrow) 

 
Figure 6: UV-Vis analysis of 1% lignin in DI water showing peak around 280 nm due to lignin (black arrow)  

The UV-Vis analyses in Figure 3 and Figure 4 clearly show a peak around 420 nm (red arrow) 

which signifies AgNP formation because it is in the range of the characteristic surface plasmon 

resonance of metallic silver due to the oscillation of the free electrons in resonance with the 

frequency of the light wave [200]. Based on the UV-Vis analysis I can conclude that AgNPs can 

be produced using the 72-hour heating synthesis method under either aerobic or anaerobic 

conditions. It is also clear from Figure 5 that decreasing the pH of the lignin solution to 5.5 before 

particle synthesis is not necessary for production of NPs as there is still a visible peak around 420 

nm signifying successful AgNP production. The peak around 280 nm (black arrow) is likely caused 

by the aromatic bonds in the structure of the lignin. The control UV-Vis spectrum of lignin (Figure 

6) shows the presence of the same peak without the addition of AgNO3. Additionally, no peak 
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around 420 nm is observed with lignin alone, which further confirms the synthesis of AgNPs in 

the 72-hour heating synthesis method. 

2.3.1.2 X-Ray Diffraction Analysis 

X-ray diffraction (XRD) analysis is a general crystallography technique that is used to determine 

that atomic and molecular structure of a given sample. It is a very useful technique for determining 

the chemical makeup of a crystal formed by a metal, salt, mineral, or any other molecule. This 

technique determines the structure of a crystal by measuring how it scatters X-ray radiation [201]. 

The produced L-AgNPs were lyophilized overnight to produce a powder for XRD analysis which 

was performed on a Bruker D8-Advance X-ray diffractometer in Bragg-Brentano configuration 

and equipped with a LynxEye silicon strip detector. A copper source was used with a nickel filter, 

the generator was set to 40 kV and 40 mA, and slit sizes were 1.0 mm (divergence), 8.0 mm (anti-

scatter), and 2.5° (soller).  

 
Figure 7: XRD analysis of L-AgNPs produced by 72-hour heating aerobic synthesis, batch 019 (blue line 
corresponds to AgCl and red line corresponds to Ag0) 
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Figure 8: XRD analysis of L-AgNPs produced by 72-hour heating anaerobic synthesis, batch 017 (blue/green 
lines corresponds to AgCl and red line corresponds to Ag0) 

 
Figure 9: XRD analysis of first L-AgNP batch produced by 72-hour heating aerobic synthesis without 
decreasing lignin pH to 5.5 (red line corresponds to Ag0) 
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From the XRD analysis it is clear that the produced particles are crystalline in form and all contain 

crystalline Ag0. The presence of 2-Theta peaks around 28, 32, 46, 55, 57, and 77 degrees matches 

the standard XRD pattern of crystalline AgCl and can be seen in to Figure 7 and Figure 8 (produced 

at lignin pH=5.5), but are absent in Figure 9 (lignin pH not decreased). The particles produced 

with a lower pH using HCl produces some crystalline AgCl salts under both aerobic and anaerobic 

conditions. Without any pH modification only crystalline Ag0 is produced. It appears that 

significantly more AgCl is produced under aerobic conditions, while relative amounts of Ag0 seem 

to be constant under both aerobic and anaerobic conditions. AgCl particles show an UV-Vis peak 

around 250 nm so it is likely that the presence of the lignin (peak at 280 nm) obscured the UV-Vis 

peak for the AgCl particles. 

It is seldom discussed in the literature, but the presence of AgCl NPs in biogenically produced 

AgNPs is quite common, and has been discussed in one review paper published by Durán et al. 

[202]. They state that AgCl NPs can be produced, but when they are irradiated with UV light they 

are converted to Ag0. According to their findings a significant amount of biogenically produced 

AgNPs contain both Ag0 and AgCl according to the XRD analysis, but in the majority of papers 

only the presence of Ag0 is discussed. They also claim that AgCl NPs are not essential for 

antimicrobial behavior, but they can provide an additional source of silver ions to produce 

enhanced antimicrobial effects. The presence of AgCl NPs in the L-AgNPs might thus provide 

synergistic effects and enhance the antimicrobial activity of the particles. Further work and 

additional controls might, however, be necessary in the future to determine the contribution of 

each silver source. For the remainder of this thesis it is assumed that the L-AgNPs contain both 

Ag0 and AgCl. 

2.3.1.3 Dynamic Light Scattering Analysis  

Dynamic light scattering (DLS) analysis is an important technique used to determine the 

hydrodynamic diameter of a particle and is accurate from below a micrometer to around 1 nm. 

This technique is especially powerful in the range of 2 – 500 nm [203]. DLS analysis functions by 

measuring the scattering of laser light by a colloidal suspension as a function of time to determine 

the hydrodynamic diameter of the particles in suspension. Smaller particles move more rapidly 
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due to bombardment of solvent molecules and hence, the scattered light fluctuates more rapidly. 

Hydrodynamic diameter is a measure of how a particle behaves in suspension and is generally 

larger than the diameter of particles measured by electron microscopy, especially when the 

particles are metallic in nature and have a non-metallic coating. For all DLS measurement the 

results are reported as an intensity distribution because it is the naturally weighted distribution 

based on the light scattering. When the intensity distribution is converted to a number or volume 

distribution more weight is attributed towards smaller particle sizes which can discount any of the 

larger particles or aggregates that are observed.  

 
Figure 10: DLS size analysis of L-AgNPs produced by 72-hour heating aerobic synthesis, batch 019 

 
Figure 11: DLS size analysis of L-AgNPs produced by 72-hour heating anaerobic synthesis, batch 017 
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Figure 12: DLS size analysis of first L-AgNP batch produced by 72-hour heating aerobic synthesis without 
decreasing lignin pH to 5.5 before synthesis  

In both the aerobic and anaerobic 72-hour heating synthesis methods it is clear that AgNPs are 

produced as one set of particles with a mean size around 6 nm and another set of particles with a 

mean size of around 50 nm (Figure 10 and Figure 11). This effect is significantly more pronounced 

when particles are produced via an anaerobic synthesis pathway. The synthesis method without 

any pH modification produces particles with a single mean size around 50 nm (Figure 12). The 

DLS size analysis confirms the presence of nano-sized particles, which corroborates the presence 

of AgNPs when combined with the results of the UV-Vis analysis. The particles produced at a 

higher pH tend to be slightly bigger than those at a lower pH. This phenomenon is likely due to 

the pH-related reaction kinetics. Without any pH modification, the 1% lignin solution generally 

has a pH of around 9. At the lower pH of 5.5  the reaction proceeds slower and produces larger 

particles [50]. The smaller particle formation can likely be attributed to the presence of some Ag2O 

which has been described to cause a rapid, auto-catalyzed reduction of silver ions to produce very 

small AgNPs [198]. Additionally, this phenomenon seems to be more apparent in the anaerobic 

synthesis pathway than in the aerobic synthesis. 

2.3.1.4 Zeta Potential Analysis  

The zeta potential is an important parameter for determining the stability of a colloidal solution 

with the magnitude being directly proportional the electrostatic repulsion of like charges. It is 

measured by laser Doppler electrophoresis and phase analysis light scattering by applying an 
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electrical field across a sample and measuring the speed at which particles migrate towards an 

electrode [102]. 

Table 3: Zeta potential analysis for particles produced by aerobic or anaerobic 72-hour synthesis methods 

  Anaerobic 017 Aerobic 019 
Zeta Potential (mV) -43.9 -48.6 

Standard Deviation (mV) 1.01 2.54 
 
Both synthesis methods produced L-AgNPs with good stability as apparent by the highly negative 

zeta potentials (Table 3). Such particles are expected to not aggregate or agglomerate due to their 

highly negative zeta potential.  

2.3.1.5 Scanning Transmission Electron Microscopy (STEM) Analysis  

Scanning transmission electron microscopy (STEM) is a type of transmission electron microscopy 

(TEM) where images are produced from electrons passing through a sample. In STEM, a very 

focused electron beam (0.05 – 2 nm in diameter) scans across the surface of a sample in a raster 

pattern to produce an image. More dense samples absorb more electrons and show up darker on 

the produced image. Metallic samples are easy to see in STEM because they are very dense, but 

organic material is very difficult to visualize so often a negative stain must be used [204]. In our 

work the produced particles were negatively stained with uranyl acetate which should collect 

around the lignin cap and provide contrast in the form of a halo around the metallic silver particles. 
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Figure 13: Negatively stained STEM image of L-AgNP batch 019 produced by 72-hour heating aerobic 
synthesis with pH control (500,000x magnification) showing a halo produced by negative staining of lignin 
(black arrow) 

 
Figure 14: Negatively stained STEM image of first L-AgNP batch produced by 72-hour heating aerobic 
synthesis without pH control (500,000x magnification) showing a halo produced by negative staining of lignin 
(black arrow) 
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Figure 15: Negatively stained STEM image of first L-AgNP batch produced by 72-hour heating aerobic 
synthesis without pH control (250,000x magnification) showing a halo produced by negative staining of lignin 
(black arrow) 

 
Figure 16: Negatively stained STEM image of L-AgNP batch 013 produced by 72-hour heating aerobic 
synthesis (500,000x magnification) showing a halo produced by negative staining of lignin (black arrow) and 
less dense area, potentially AgCl (red arrow) 
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Figure 17: Negatively stained STEM image of L-AgNP batch 017 produced by 72-hour heating anaerobic 
synthesis (500,018x magnification) showing halos produced by negative staining of lignin (black arrow) and 
less dense area, potentially AgCl (red arrow) 

  
Figure 18: STEM image of L-AgNP batch 013 produced by 72-hour heating aerobic synthesis without 
negative staining (350,000x magnification) 
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The presence of very dark, dense objects in all figures indicates the formation of metallic particles 

in the nano-scale range. When combined with the UV-Vis and XRD analysis the NPs produced 

with pH modification can be assumed to contain some amounts of crystalline Ag0 and AgCl, while 

the particles produced without pH modification only contain Ag0. It is difficult to see a difference 

between the images of the particles produced with and without pH modification, but it is possible 

that some of the more lightly shaded particles (red arrows) contain the less dense AgCl while the 

darker particles contain the denser Ag0.  

The approximate diameter of the particles seen in the STEM images is around 20 nm which is 

smaller than the mean size of around 50 nm as determined by DLS analysis. This is expected 

because DLS analysis measures hydrodynamic diameter which is always larger than diameter 

measured by EM.  

Negative staining with uranyl acetate produces a distinctive halo (black arrow) around the metallic 

core of the particle indicating the formation of an organic lignin coating (Figure 13 – Figure 17). 

The absence of this halo in Figure 18 where the particles have not been negatively stained with 

UrAc indicates that the produced halo is due to the negative staining and not some other 

phenomenon. Additionally, it does not appear that there are any morphological differences 

between the particles produced with or without pH modification. The formation of significantly 

smaller particles by Ag2O in the anaerobic synthesis can be visualized in Figure 17 where it appears 

that the particles are agglomerates of smaller particles surrounded by a lignin coating. 

The mechanism by which lignin forms a coating on the AgNPs is likely due to interactions between 

the charged cations on the surface of the AgNPs and the charged hydroxyl groups on lignin as well 

as cation-π binding between the silver ions and the aromatic structures on lignin [205]. The 

sulfonate groups that are added to alkali lignin to increase the solubility in water have also shown 

an affinity for AgNPs, so the ionic interactions between silver ions and the sulfonate groups on 

lignin could provide an additional mechanism for the capping of AgNPs with lignin [50].  
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2.3.1.6 Conclusions 

The production of AgNPs by simple, 72-hour heating synthesis has been characterized with and 

without pH modification and under aerobic or anaerobic conditions. All synthesis methods are 

capable of producing AgNPs in roughly the same size range (mean diameters from 40 to 65 nm), 

however, there are some chemical differences between the particles produced with and without pH 

modification. When the starting pH of the lignin solution was decreased to 5.5 the produced 

particles show some amounts of AgCl formation. The conclusions that can be drawn for the 

remaining work are made considering that L-AgNPs contain both Ag0 and AgCl. The particles 

produced by anaerobic synthesis show formation of very small sized AgNPs (confirmed by DLS) 

and the larger particle sizes are likely due to aggregation of smaller particles surrounded by a lignin 

coating (confirmed by STEM). All particles produced by the 72-hour heating synthesis methods 

seem long-term stable as confirmed by solidly negative zeta potential measurements. The 

mechanism by which lignin caps the produced AgNPs is likely through ionic interactions between 

negatively charged functional lignin groups and the positively charged silver ions on the surface 

of the AgNPs.  

2.3.2 Microwave-Assisted Synthesis  

A microwave-assisted synthesis method has been developed to decrease the processing time of the 

simple 72-hour heating synthesis method while maintaining particle size, morphology, and 

chemical structure. This method decreases processing time by applying elevated temperature and 

pressure in a more even distribution to reaction vial. 



41 

 

2.3.2.1 Ultraviolet-Visible Spectroscopy Analysis  

 
Figure 19: UV-Vis analysis of L-AgNPs produced by microwaved-assisted synthesis for 4 hours at 60°C 
showing peak around 280 nm due to lignin (black arrow)   

 
Figure 20: UV-Vis analysis of L-AgNPs produced by microwaved-assisted synthesis for 6 hours at 60°C 
showing peak around 280 nm due to lignin (black arrow) 
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Figure 21: UV-Vis analysis of L-AgNPs produced by microwaved-assisted synthesis for 10 minutes at 100°C 
showing peak around 280 nm due to lignin (black arrow) and peak around 420 nm due to AgNPs (red arrow) 

 
Figure 22: UV-Vis analysis of L-AgNPs produced by microwaved-assisted synthesis for 10 minutes at 105°C 
showing peak around 280 nm due to lignin (black arrow) and peak around 420 nm due to AgNPs (red arrow) 
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Figure 23: UV-Vis analysis of L-AgNPs produced by microwaved-assisted synthesis for 10 minutes at 110°C 
showing peak around 280 nm due to lignin (black arrow) and peak around 420 nm due to AgNPs (red arrow) 

 
Figure 24: UV-Vis analysis of L-AgNPs produced by microwaved-assisted synthesis for 10 minutes at 120°C 
showing peak around 280 nm due to lignin (black arrow) and peak around 420 nm due to AgNPs (red arrow) 

The analyses in Figure 19 and Figure 20 show a peak around 280 nm (black arrow) but no peak 

around 420 nm indicating the presence of lignin, but no AgNPs.  At 60°C there is an undetectable 

amount of AgNP formation even after 6 hours of processing time. As the temperature is increased 

starting at 100°C (Figure 21) a small shoulder can be seen around 420 nm (red arrow) up to 110°C 

(Figure 23), while at 120°C (Figure 24) a full peak can be seen at 420 nm indicating reliable AgNP 
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formation in just 10 minutes. Particles produced by microwave-assisted synthesis show slight 

AgNP formation in 10 minutes from 100°C to 110°C and definite AgNP formation at 120°C.  

2.3.2.2 X-Ray Diffraction Analysis 

The particles produced by microwave-assisted synthesis for 10 minutes at 120°C were the only 

particles that showed reliable AgNP formation, so they were the only condition selected for XRD 

analysis.  

 
Figure 25: XRD analysis of L-AgNPs produced by microwave-assisted synthesis for 10 minutes at 120°C (blue 
line corresponds to AgCl and red line corresponds to Ag0) 

It is clear from the XRD analysis that the particles produced by microwave-assisted synthesis for 

10 minutes at 120°C are almost identical in chemical structure to the particles produced by aerobic 

or anaerobic 72-hour heating synthesis with pH modification. This means that the microwave-

assisted synthesis method I have developed is capable of producing particles with the same 

chemical properties as the 72-hour heating synthesis while decreasing processing time to 10 

minutes. Again these particles contain some amount of AgCl and Ag0 so for the remaining work 

in this thesis the results pertain to particles containing both AgCl and Ag0. Recent research 
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indicates that the presence of AgCl can provide an additional source of silver ions which can 

augment the antimicrobial effect of the AgNPs [202]. 

2.3.2.3 Dynamic Light Scattering Analysis 

 
Figure 26: DLS size analysis of L-AgNPs produced by microwaved-assisted synthesis for 4 hours at 60°C  

 
Figure 27: DLS size analysis of L-AgNPs produced by microwaved-assisted synthesis for 6 hours at 60°C 
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Figure 28: DLS size analysis of L-AgNPs produced by microwaved-assisted synthesis for 10 minutes at 100°C 

 
Figure 29: DLS size analysis of L-AgNPs produced by microwaved-assisted synthesis for 10 minutes at 105°C 

 
Figure 30: DLS size analysis of L-AgNPs produced by microwaved-assisted synthesis for 10 minutes at 110°C 
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Figure 31: DLS size analysis of L-AgNPs produced by microwaved-assisted synthesis for 10 minutes at 120°C 

DLS analysis on the particles produced by microwave-assisted synthesis with varying temperature 

shows that all methods are capable of producing particles in the nanoscale range (Figure 26 – 

Figure 31). It is likely that at temperatures of 60 to below 100°C reaction kinetics are so slow that 

there are simply not enough AgNPs being produced to show a peak on the UV-Vis analysis (Figure 

19 and Figure 20). At a processing time of 10 minutes and a temperature of 120°C it appears that 

the most reliable particles are obtained, so these conditions were chosen for the experiments where 

varying silver concentrations were examined (Figure 31). 

 
Figure 32: DLS size analysis of L-AgNPs produced by microwaved-assisted synthesis with 2.5 mg/mL AgNO3 

0

5

10

15

0.1 1 10 100 1000 10000

In
te

ns
ity

 (P
er

ce
nt

)

Size (d.nm)

Size Distribution by Intensity

Record 1: Ag-Lignin MW 10 min 120 C Trial 1 Size 1 Record 2: Ag-Lignin MW 10 min 120 C Trial 1 Size 2
Record 3: Ag-Lignin MW 10 min 120 C Trial 1 Size 3

0

2

4

6

8

10

12

0.1 1 10 100 1000 10000

In
te

ns
ity

 (P
er

ce
nt

)

Size (d.nm)

Size Distribution by Intensity

Record 1: Ag-L MW120 10 min 2.5 Ag Trial 1 Immediete Size 1
Record 2: Ag-L MW120 10 min 2.5 Ag Trial 1 Immediete Size 2
Record 3: Ag-L MW120 10 min 2.5 Ag Trial 1 Immediete Size 3



48 

 

 
Figure 33: DLS size analysis of L-AgNPs produced by microwaved-assisted synthesis with 5 mg/mL AgNO3 

 
Figure 34: DLS size analysis of L-AgNPs produced by microwaved-assisted synthesis with 10 mg/mL AgNO3 

 
Figure 35: DLS size analysis of L-AgNPs produced by microwaved-assisted synthesis with 20 mg/mL AgNO3 
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Figure 36: DLS size analysis of L-AgNPs produced by microwaved-assisted synthesis with 20 mg/mL AgNO3 
then microconcentrated with a 10 kDa filter and resuspended in DI water 

Table 4: Comparison of peak sizes for different conditions used to produce Ag-lignin nanoparticles 

Batch Conditions Main Peak (nm) Minor Peak (nm) 
Aerobic 72 h heating (2 mg/mL AgNO3) 62.34 4.26 

Anaerobic 72 h heating (2 mg/mL AgNO3) 53.53 4.796 

2 mg/mL AgNO3 42.03 4519 

2.5 mg/mL AgNO3 69.33 3302 

5 mg/mL AgNO3 49.29 4754 

10 mg/mL AgNO3 38.26 181 

20 mg/mL AgNO3 35.04 - 

20 mg/mL AgNO3 – microconcentrated 
(passed through a 10 kDa 
microconcentrator) 

40.76 - 

 

AgNPs were produced with AgNO3 starting concentrations of 2 to 20 mg/mL. The particles 

seemed to show slightly altered size distributions at different AgNO3 concentrations with a 

significant amount of aggregate formation being seen in Figure 34. The most evenly distributed 

particles were formed by microwave-assisted synthesis at a starting AgNO3 concentration of 20 

mg/mL. A comparison of the mean diameters of the particles produced by varying AgNO3 

concentration can be seen in Table 4. By comparing AgNP diameter sizes it can be determined 

that increasing silver concentration will generally produce smaller particle sizes. Some larger 
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aggregates are also formed by microwave-assisted synthesis, but they can be removed by simple 

filtration of the produced particles through a 0.22 µm syringe filter. It is also clear from Figure 36 

that particles did not pass through a 10 kDa microconcentration filter and were easily resuspended 

in DI water while retaining their size distribution, meaning that they can be cleaned by washing in 

this manner. The supernatant obtained from washing the particles in this manner was also collected 

and analyzed by UV-Vis and DLS but the concentration of particles was below the limit of 

detection for both analytical techniques.  

2.3.2.4  Zeta Potential Analysis 

Table 5: Zeta potential analysis for L-AgNPs produced by microwave-assisted synthesis (MW = microwave) 
at 110°C, 120°C, and particles produced at 120°C using 20 mg/mL AgNO3 

  MW 110°C MW 120°C MW 120°C (20 
mg/mL AgNO3) 

Zeta Potential (mV) -56.9 -48 -47.5 

Standard Deviation (mV) 0.819 1.58 3.26 
 

The microwave-assisted synthesis methods (Table 5) produce particles with “good stability” as 

evident by the highly negative zeta potentials. These particles have similar stability as the ones 

produced by the 72 h heating synthesis methods (Table 3). No aggregation has been observed 

during storage for up to 10 months. 

2.3.2.5 Scanning Transmission Electron Microscopy (STEM) Analysis  

Initially STEM analysis was performed on particles produced by microwaved-assisted synthesis 

at 60°C for 4 and 6 hours. The UV-Vis results for the L-AgNPs produced by microwave-assisted 

synthesis between 100 and 120°C were used to choose only the particles produced at 110°C and 

120°C for further STEM analysis. All particles in these images have been negatively stained using 

uranyl acetate.  
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Figure 37: Negatively stained STEM image of L-AgNPs produced by microwaved-assisted synthesis for 4 
hours at 60°C 

 
Figure 38: Negatively stained STEM image of L-AgNPs produced by microwaved-assisted synthesis for 6 
hours at 60°C 
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Figure 39: Negatively stained STEM image of L-AgNPs produced by microwaved-assisted synthesis for 10 
minutes at 110°C 

 
Figure 40: Negatively stained STEM image of L-AgNPs produced by microwaved-assisted synthesis for 10 
minutes at 120°C 
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STEM images confirmed that L-AgNPs are produced under all described microwave-assisted 

synthesis conditions. The characteristic halo indicating a lignin cap can be seen in all produced 

images. The lignin likely caps these AgNPs through ionic interactions between the charged 

functional groups on the lignin and the silver ions present on the surface of the AgNPs. It is 

interesting that L-AgNP formation is observed for the microwave-assisted synthesis at 60°C for 

both 4 and 6 hours, while the UV-Vis analysis does not show any AgNP formation. Once again, 

this is likely due to the particles being produced in such low amounts (due to drastically reduced 

reaction kinetics) that while they do show up on DLS and STEM they do not show up on the UV-

Vis analysis. DLS and STEM are significantly more sensitive analytical methods than UV-Vis, 

which might explain these findings. The STEM analysis provides additional confirmation that 

microwave-assisted synthesis methods are capable of producing particles with the same chemical 

composition, size distribution, and surface morphology as those produced by the 72-hour heating 

methods while reducing processing time to only 10 minutes.  

2.4 Conclusions 

In conclusion, particles produced by 72-hour heating synthesis with and without pH modification 

and under aerobic and anaerobic conditions have been synthesized and fully characterized. A 

microwave-assisted synthesis method was developed that is capable of producing particles with 

almost identical chemical composition, size distribution, and surface morphology. All methods are 

capable of producing L-AgNPs as determined by UV-Vis, DLS, and STEM. All produced L-

AgNPs are classified under “good stability” based on zeta potential analysis. Particles produced 

with pH modification of the starting lignin solution produce L-AgNPs that also contain some AgCl 

which might be crucial for the antimicrobial activity of these particles. In this thesis, the effects of 

Ag0 and AgCl have to be attributed to both forms of silver, but no clear distinction is possible. For 

this reason, we simple refer to the particles as L-AgNPs in the following chapters. These particles 

have been fully characterized and are ready for antimicrobial testing both in vitro and in vivo, and 

for conjugation with radioactive tracers to determine their biodistribution. 
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Chapter 3: Radioactive Tagging and Biodistribution  

With the rise in use of AgNPs in consumer and therapeutic applications it is imperative to 

understand how they distribute within the body. Currently, the biodistribution of AgNPs is most 

often measured by sacrificing animals at specific time points and determining silver concentration 

in each individual organ by ICP-MS or other ICP methods. These methods, while simple, are 

significantly underpowered because they do not provide any differentiation between AgNPs and 

silver ions, cannot show real-time tracking of AgNP distribution, and are extensively time and 

resource intensive. A simple way to alleviate all these issues is by conjugating AgNPs with a 

radioactive isotope that can be seen on a radioactive imaging camera. For these imaging methods 

to work a radiotracer must be chosen with an appropriate half-life, significant gamma ray emission, 

and it must not alter the chemical structure of the AgNPs. The biodistribution studies were carried 

out in adherence to ACC protocol A16-0150 VECTor/CT Biodistribution and Imaging Studies II. 

3.1 Hypothesis and Objectives 

For the biodistribution of L-AgNPs, I have chosen to conjugate the lignin with the SPECT 

radioisotope 123I. Iodine-123 decays by electron capture to 123Te, and has a half-life of 13.22 hours 

which makes it an ideal isotope for imaging studies up to about 2 days [206]. The gamma ray 

emission occurs at an energy of 159 keV which is ideal for SPECT imaging. Additionally, 123I can 

be easily bound to phenolic aromatics (very abundant in lignin) through a simple iodination 

reaction (the mechanism can be seen in Figure 41). I hypothesize that the L-AgNPs will be 

radioactively labeled through the binding of 123I to a phenolic aromatic, and they will be easily 

imaged on a SPECT/CT imaging machine when administered to a mouse by subcutaneous (SQ) 

injection or by intratracheal instillation. Further, when administered the L-AgNPs will remain 

mostly at the injection site with minimal translocation to the kidneys, spleen, and liver. 

Additionally, any remaining (or released) free Na-123I will distribute systemically and accumulate 

in the thyroid.  
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Figure 41: Electrophilic substitution mechanism for iodination of phenol with the help of iodination beads 

Since the 123I is bound to the lignin, it is also necessary to radioactively tag the silver core to 

determine if the lignin coating separates from the silver core in the body and to ensure that the 

results of the 123I biodistribution study are accurate. To accomplish this I have radioactively tagged 

the silver core using the radioisotope 111Ag. Silver-111 has a half-life of 7.47 days, and decays by 

92% β- emission at 1.037 MeV, 1.3% gamma emission at 245 keV, and 6.7% gamma emission at 

342 keV [52]. To date, 111Ag has only been used for autoradiography and gamma counting, but 

not for imaging, although its gamma emission is in the SPECT imaging range (70 – 360 keV) and 

should allow for SPECT/CT imaging [52,53]. Additionally, the long half-life of 7.47 days is ideal 

for the 72-hour synthesis method because minimal amounts of radiation will be lost over this 

period of time. It is also theoretically possible to do a dual imaging study using 123I and 111Ag 

labeled L-AgNPs because the energy levels of the gamma emission of both isotopes do not overlap 

(Figure 42). I hypothesize that the silver core of the L-AgNPs can be radiolabeled by doping the 

AgNO3 with 111Ag to produce 111AgNO3 for L-AgNP production, and it will be visible when 

imaged using a SPECT/CT machine.    
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Figure 42: Energy level diagrams for 123I (blue) and 111Ag (grey) showing potential for dual imaging study 

111Ag was received from Oak Ridge National Lab (ORNL)in the form of dried silver nitrate 

(AgNO3). The 111Ag is produced as a side reaction of the production of 225Ac by proton irradiation 

of a thorium target along with many other radioisotopes, and is removed through a CL resin 

column. The CL resin column contains a solvent impregnated resin (SIR) carrying an organic 

solution of alkyl phosphine sulfides and alkyl phosphine oxides (manufactured by Triskem) [207]. 

The separation mechanism is explained in depth in a recent paper by Mastren et al., and occurs 

through binding of Ag(I) to a CL resin column which after rinsing can be eluted with 10 M HNO3 

in a two stage process [207]. 

This chapter contains the results of the radioactive labeling of the L-AgNPs using 123I or 111Ag, 

and the biodistribution experiments conducted using 123I. The labeling efficiency and particle 

characterization of the radioactive tagging experiments is presented for 123I and 111Ag. 
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Biodistribution images obtained from SPECT/CT imaging are presented for SQ injection and 

intratracheal instillation of 123I-labeled L-AgNPs. The labeling efficiencies, and biodistribution of 

both administration routes is discussed along with the choice of radiotracer. 

3.2 Radiolabeling and Imaging Methods  

3.2.1 Radiolabeling Ag-Lignin Nanoparticles with 123I 

For this radiolabeling procedure the phenolic aromatics on the lignin are bound to 123I via an 

electrophilic substitution using iodination beads. First 450 µL of PBS was added to a Thermo 

Scientific Pierce® Iodination Bead (#28665, ThermoFisher Scientific, Waltham, MA, USA) along 

with 7 µL of Na123I, and the reaction vial was shaken for 20 min. Then 100 µL of the Ag-Lignin 

NPs and 150 µL of the iodinated PBS was added to each of n=3 vials and each was shaken for 30 

min. Each sample was put into a 10 kDa microconcentration filter with an additional 100 µL of 

clean PBS and ultracentrifuged at 20,817 × g for 10 min. The supernatant was then removed and 

the filters were washed with 350 µL of PBS and ultracentrifuged again at 20,817 × g for 10 min. 

The supernatant was removed again and the filters were inverted followed by ultracentrifugation 

at 2,655 × g for 5 min, and all samples were resuspended in 100 µL of PBS. All sample activities 

were measured in a Biodex Atomlab 500 dose calibrator or a Capintec CRC-55tR. 

3.2.2 Microwave-Assisted Synthesis of Ag-Lignin Nanoparticles with 123I-Labeled Lignin 

The radiolabeling of already produced L-AgNPs caused aggregation of particles so in this 

synthesis method the lignin was first labeled with 123I, then used to produced 123I-labeled L-AgNPs. 

As in the previous synthesis method, 450 µL of PBS and 7 µL of Na123I was added to a Thermo 

Scientific Pierce™ Iodination Bead and shaken for 20 min. Then 500 µL of the Lignin (1%, pH = 

5.5) was added to the iodinated PBS and shaken for 30 min. Next each sample was put into a 2 

kDa microconcentration filter with an additional 100 µL of clean PBS and ultracentrifuged at 

20,817 × g for 20 min. The supernatant was removed and the filters were washed with 350 µL of 

PBS and ultracentrifuged again at 20,817 × g for 20 min. The supernatant was removed and the 

filters were inverted followed by ultracentrifugation at 2,655 × g for 5 min, and all samples were 

resuspended in 500 µL of DI water. The 500 µL of iodinated lignin solution was mixed with 1 mL 
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of lignin solution (1%, pH = 5.5) and 1 mL of 2 mg/mL AgNO3 in a 2 – 5 mL microwave vial and 

microwaved at 120°C for 10 minutes with a pressure setting of 5 bar. The vial was allowed to 

decay for several days in the fridge before the size distribution was measured by DLS. 

3.2.3 Synthesizing Radiolabeled Ag-Lignin Nanoparticles with 111Ag 

The synthesis of the 111Ag-labeled L-AgNPs was conducted by doping the AgNO3 with 111Ag and 

then producing L-AgNPs by aerobic 72-hour heating synthesis. The 111Ag was purified by 

suspending in HNO3 and H2O2 and slowing heating the solution to remove any impurities. For the 
111Ag-labeled L-AgNP synthesis, 500 µL of lignin solution (1%, pH = 9.5) and 333 µL of AgNO3 

solution (2 mg/mL) was added to all of the purified 111Ag activity. The pH of the mixture was 

adjusted to 6 using 6 M NaOH and 6 M HNO3 and the reaction vial was set to shake at 300 rpm in 

a lead-lined fume hood for 72 h at 68°C. A cold synthesis of the reaction was run in parallel using 

the same chemicals, but without any of the radioactive silver. 

3.2.4 Biodistribution of 123I-Labeled Ag-Lignin Nanoparticles Delivered via Intratracheal 

Instillation 

The intratracheal instillation model was utilized to ensure L-AgNP delivery directly to the lungs. 

The method of intratracheal instillation was performed similarly to one described by Ortiz-Muñoz 

and Looney [208]. For this model three 20 g CD-1 female mice were anesthetized with a mixture 

of ketamine (40 mg/kg) and xylazine (2.5 mg/kg) administered by intraperitoneal (IP) injection. 

Then 50 µL of 123I-labeled L-AgNPs were administered directly to the lungs by insulin syringe 

attached to p10 tubing and fed by catheter directly into the trachea. The animals were imaged on 

a VECTor™ SPECT/CT machine (MILabs, The Netherlands). Respiratory rate and body 

temperature were constantly monitored during scanning, and bed temperature and isoflurane flow 

rate were adjusted accordingly. The resulting histology was performed first by fixing the tissue in 

10% neutral buffered formalin (tissue sample fixation for at least 48 h). Then the tissue was 

processed, paraffin embedded, and block sectioning was performed at a thickness of 5 µm. Finally, 

the unstained tissue sections were deparaffinized, rehydrated, H&E stained and coverslipped. 
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All produced SPECT/CT images were processed by centering the 123I photopeak window at 158.5 

keV with a 20% energy window width. SPECT image reconstructions were carried out with a 

pixel-ordered subset expectation maximization (POSEM) algorithm that included resolution 

recovery. For the SPECT images, 16 subsets, 10 iterations and an isotropic 0.4 mm voxel grid were 

used. The images were decay corrected and after CT registration, attenuation correction was 

applied.   CT scans were acquired with a tube setting of 45 kV and 615 µA.  In total 2 frames of 

180 projections over 360 degrees were acquired in step and shoot rotation mode. The acquired 

projection data was reconstructed using SkyScan NRecon software to generate a 3D CT image on 

0.169 mm3 voxel size.  

3.2.5 Biodistribution of 123I-Labeled Ag-Lignin Nanoparticles Delivered via 

Subcutaneous Injection 

Due to difficulties with the intratracheal instillation model, a subcutaneous injection model was 

also investigated to determine the biodistribution of the radiolabeled L-AgNPs. In this model four 

29 g CD-1 female mice were anesthetized using isoflurane. Then 100 µL (~16.65 MBq) of particles 

produced by microwave synthesis with 123I-labeled lignin (as in section 3.2.2) were administered 

by subcutaneous injection right side of the dorsum underneath the thin skeletal muscle (n = 3). The 

final mouse was injected via the same route with 100 µL (~22.2 MBq) of free Na-123I (control 

mouse). The animals were imaged on a MILabs VECTor™ SPECT/CT machine at 10 min, 2 hour, 

and 24 hours post-injection. Respiratory rate and body temperature were constantly monitored 

during scanning, and bed temperature and isoflurane flow rate were adjusted accordingly. The 

animals were sacrificed at 48 hours post-injection and blood was collected by cardiac puncture. 

All tissues of interest (blood, heart, liver, kidneys, lungs, small intestine, brain, bladder, muscle, 

spleen, bone, stomach, feces, pancreas) were collected, cleaned of blood, weighed, and their 

radioactivity was determined by gamma counter (Packard Cobra II auto-gamma counter, Perkin 

Elmer, Waltham, MA, USA). 



60 

 

3.3 Results and Discussion 

3.3.1 Radiolabeling with 123I 

Table 6: Efficiencies of radiolabeling L-AgNPs with 123I via iodine bead reaction  
 

Starting Activity 
(MBq) 

Ending Activity 
(MBq) 

Labeling 
Efficiency 

Trial 1 12.14 8.473 69.79% 

Trial 2 12.10 8.066 66.66% 

Trial 3 12.06 7.326 60.75% 

Average ± S.D. 12.10 ± 0.04 7.955 ± 0.5815 65.73% ± 4.59% 
 

 
Figure 43: DLS size analysis of L-AgNPs radiolabeled with 123I via iodine bead reaction 

L-AgNPs can be successfully and reliably labeled with 123I with a labeling efficiency of 65.73% 

and low standard deviation (Table 6), which will allow for accurate in vivo imaging with a 

SPECT/CT scanner. However, the DLS analysis (Figure 43) shows that after iodination the NPs 

from larger aggregates at around 180 nm in size compared to the roughly 50 nm particles, which 

were synthesized originally. While the produced particles can be labeled with high efficiency, the 

observed aggregation might cause certain changes in biodistribution. 
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Table 7: Efficiency of radiolabeling lignin before microwave synthesis of L-AgNPs 

 Starting Activity 
(MBq) 

Ending Activity 
(MBq) 

Labelling 
Efficiency 

Run 1 9.805 2.753 28.08% 

Run 2 63.94 16.87 26.39% 
Run 3 329.3 98.68 29.97% 

Average ± S.D. - - 28.15 ± 1.79% 
 

 
Figure 44: DLS size analysis of L-AgNPs produced by microwave-assisted synthesis for 10 min at 120°C using 
123I-labeled lignin 

To prevent particle agglomeration an alternate radiolabeling procedure was chosen. Instead of 

radiolabeling the produced L-AgNPs the lignin was first radiolabeled with 123I, then used to 

produce the L-AgNPs through a microwave-assisted synthesis method. Labeling the lignin with 
123I prior to producing particles by microwave irradiation produced particle size distributions 

indistinguishable of the cold microwave synthesis. However, the labeling efficiency of the lignin 

was significantly diminished from 65.73% to 28.15%.  
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Figure 45: UV-Vis analysis of L-AgNPs produced by microwave-assisted synthesis for 10 mins at 120°C using 
123I-labeled lignin 

Figure 45 shows that the microwave synthesis of L-AgNPs using previously radiolabeled lignin 

produces AgNPs with a similar UV-Vis spectrum to that of the particles produced with non-

radiolabeled lignin. The spectrum shows the same characteristic peaks at 280 nm (black arrow) 

and 420 nm (red arrow) indicating presence of lignin aromatic bonds and formation of AgNPs, 

respectively. This demonstrates that the chemical structure is unchanged by the addition of 123I, 

and that AgNP synthesis is possible using this method. These particles were considered to be stable 

as repeated washing with PBS up to 24 hours was not able to release any radioactivity into the 

buffer.  

The issue of low labeling efficiency for labeling the lignin prior to L-AgNP production could be a 

potential problem because less radiation is introduced per dose which at the low gamma ray 

efficiency of the radioisotope makes it more difficult to detect in vivo by SPECT/CT. We 

circumvented this problem by microconcentrating the radiolabeled L-AgNPs with a 10 kDa filter 

and resuspending them in smaller liquid volumes, allowing for more radiation per dose and 

eliminating the issues caused by low labeling efficiency. However, when the particles are 

microconcentrated to allow for higher administered radiation doses then the L-AgNPs 

concentration administered also increases.  

In conclusion, labeling the lignin by an iodination bead reaction, then producing L-AgNPs by 

microwave-assisted synthesis leads to the production of very stable, radioactively tagged particles. 

The size distribution is identical to that of the particles produced by the same method without 
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iodination, and the chemical structure remains unchanged as confirmed by an identical UV-Vis 

curve (Figure 45).  

3.3.2 Biodistribution of L-AgNPs Radiolabeled with 123I and Administered via 

Intratracheal Instillation 

AgNPs are very effective at combatting drug-resistant bacteria when applied locally. In chronic 

lung infection models such as cystic fibrosis, multidrug resistant (MDR) bacteria tend to be 

present, causing the infections to be very difficult to treat with conventional antibiotics. For this 

reason the initial method of deliver for these L-AgNPs was chosen to be intratracheal instillation 

for direct delivery to the lungs and was imaged using SPECT/CT. 

 
Figure 46: SPECT/CT image of first animal to receive 123I-labeled L-AgNPs via intratracheal instillation 
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Figure 47: Histological images of mouse involved in intratracheal instillation model using 123I labeled Ag-
lignin nanoparticles showing damage to upper trachea (red arrow) at 10X (left image) and 20X (right image)  
 

The intratracheal instillation proceeded smoothly for the first animal, and was imaged successfully 

(Figure 46). However, the animal’s breathing slowed significantly during imaging and it was 

deceased by the time of exiting the scanner. The additional two animals that received the 

intratracheal instillation died even before they could be placed in the scanner, and the experiment 

was halted at that time. 

The SPECT/CT image shown in Figure 46 demonstrates that the intratracheal instillation model 

works as expected. All of the radioactive activity that was administered to the animal remains in 

the lungs, which means that the method was successful at depositing all activity in the desired 

location without puncturing the lungs or trachea and without depositing any activity in the 

stomach.  

Histology (Figure 47) was performed on one of the animals which died before it could be scanned, 

revealing significant physical damage to the upper trachea (red arrow). This damage may have led 

to severe laryngeal spasms causing severe hypoxia and acute death. All other inspected organs 

appeared normal, and there was no apparent damage to the lungs. The death of the animals was 

thus likely related to the method of administration and not caused by the particles themselves 

because damage was seen in the upper trachea, where no activity visualized in the SPECT/CT 

image, and not in the lungs where all the particles were delivered. Control experiments were then 

conducted to deliver saline to the lungs with the same intratracheal instillation model, without any 

complications. Further histology should be performed on animals receiving saline in this manner 
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to determine if the inhalation of the L-AgNPs or the administration of the model was the cause of 

the physical damage to the trachea. 

AgNPs have been shown to cause significant decrease in mitochondrial activity in vitro and could 

potentially cause some toxicity in vivo [90]. However, the acute toxicity for AgNPs delivered to 

the lung is significantly higher than the dose used in this model so they should not cause toxicity 

[209]. Additionally, the only well-known mechanism of toxicity of AgNPs is liver toxicity 

resulting from oral or intravenous administration of AgNPs [162]. 

The intratracheal instillation model is quite difficult on small animals like mice. In this case the 

intratracheal model was not explored further due to the difficulties in administration.  

3.3.3 Biodistribution of L-AgNPs Radiolabeled with 123I and Administered via 

Subcutaneous Injection 

Due to the drawbacks of the intratracheal instillation model and difficulties in working with lung 

infection models (explained further in Chapter 4) another method of localized delivery had to be 

chosen. For this purpose subcutaneous (SQ) injection was chosen and the biodistribution was 

visualized using SPECT/CT.  
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Figure 48: SPECT/CT image of mouse 1 10 minutes post-injection of 123I-L-AgNPs 

The subcutaneous (SQ) injection of the 123I labeled L-AgNPs shows that all of the injected activity 

is found at the injection site immediately after injection.  The SPECT/CT image of mouse 1 is 

shown as a representative image for this early imaging time point (Figure 48). 
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Figure 49: SPECT/CT image of mouse 4 (control mouse) 10 minutes post-injection of Na-123I showing injection 
site 

For the control mouse, all of the injected activity remained in the injection site immediately 

following the SQ injection of Na-123I. It is important to perform this control using free Na-123I for 

comparison with the 123I-labeled L-AgNPs to determine if the 123I that has been conjugated to the 

lignin becomes detached from the particles. It is also important to include this control to show how 

the presence of the L-AgNPs alters the biodistribution of an injected substance when it is bound 

to NPs versus contained in a free solution. 
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Figure 50: SPECT/CT image of mouse 1 2 hours post-injection of 123I-L-AgNPs 

At 2 hours post-injection the 123I-labeled L-AgNPs have begun to spread out locally, but are mainly 

contained within the area of injection. No activity has been distributed to the liver, bladder, or 

thyroid meaning that all of the 123I has remained conjugated to the lignin. 
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Figure 51: SPECT/CT image of mouse 4 2 hours post-injection of Na-123I showing accumulation in the liver, 
bladder, and thyroid 

At 2 hours post-injection of Na-123I there was no remaining activity in the injection site. The free 
123I was quickly taken up by the thyroid and liver and excreted through the bladder. This is in stark 

comparison to the 123I-labeled L-AgNPs which are almost exclusively contained within the 

injection area at 2 hours post-injection (Figure 50).  
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Figure 52: SPECT/CT image of mouse 1 24 hours post-injection of 123I-L-AgNPs showing injection site 

At 24 hours post-injection a significant amount of activity was still present in the injection site of 

the mice injected with the 123I-labeled L-AgNPs. 
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Figure 53: SPECT/CT image of mouse 1 24 hours post-injection of 123I-L-AgNPs showing thyroid uptake 

At 24 hours post-injection significant radioactivity was seen in the thyroid of all animals injected 

with the 123I labeled L-AgNPs. This could be due to the biodegradation of the lignin which would 

release free 123I and subsequently accumulate in the thyroid. Biodegradation of lignin has been 

shown with multiple different heme peroxidases, so it is possible that heme peroxidases present in 

neutrophils and macrophages slightly degraded the lignin resulting in the release of free 123I [210]. 

Full biodegradation of lignin is extremely difficult so it is unlikely that the lignin is fully 

biodegraded. Additionally, small amounts of catabolic dehalogenation with uptake in the thyroid 

has been seen in AgNPs conjugated with 125I and administered intravenously [154].  
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Figure 54 SPECT/CT image of mouse 4 24 hours post-injection of Na-123I showing thyroid uptake 

At 24 hours post-injection for the control mouse all of the injected activity was present in the 

thyroid (Figure 54). There was no remaining activity in the injection site or in the liver or bladder.  

From the SPECT/CT images it is clear that when the L-AgNPs are injected SQ they remain in the 

injection site with minimal translocation up to 24 hours. It is also clear that between 2 hours and 

24 hours the lignin begins to be biodegraded or the bonds between the iodine and the lignin begin 

to break which released free 123I as evident by the thyroid uptake seen in Figure 53. This can be 

easily compared to the distribution of the subcutaneously injected Na-123I which shows rapid 

translocation and uptake in the thyroid with no activity remaining in the injection site at 2 hours 

post-injection. 
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Figure 55: Biodistribution of 16.65 MBq of 123I-labeled L-AgNPs in mice 48 h after subcutaneous injection 
given as average activity ± S.D. (n = 3).  

 
Figure 56: Biodistribution of 22.2 MBq of free Na-123I in mice 48 h after subcutaneous injection given as 
average activity ± S.D. (n=1) 
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It is likely that the majority of the injected 123I-labeled L-AgNPs remain in the injection site at 48 

hours post-injection (Figure 55). The results for mouse 3 are slightly skewed because the injection 

was performed partially intramuscularly. This was identified in the SPECT/CT images and 

confirmed by the activity present in the right leg and muscle tissue taken from the right leg area 

(muscle 2). It is worth noting that there is slight uptake in the liver and kidneys at 48 hours post-

injection. This finding could be due to some amount of translocation of L-AgNPs after 

subcutaneous injection. This theory is in agreement with the work published by Tang et al., with 

further confirmation that the silver translocating to other organs could be actual L-AgNPs, not just 

silver ions. Since the SPECT/CT images show that some free 123I is taken up by the thyroid at 24 

hours post-injection it is possible that the activity present in the liver and kidneys is due to 

excretion of free 123I, not the entire 123I-labeled L-AgNPs. Additionally, the 48 hour biodistribution 

of the control mouse that received Na-123I (Figure 56) shows significant amounts of radioactivity 

in the stomach, liver, and kidneys. The liver and kidney activity of the L-AgNP treated mice could 

thus also be due to the presence of free 123I. However, only tracking 123I does not clearly answer if 

the lignin coating separates from the silver and maybe translocates to other areas of the body. 

Further in vivo testing with 111Ag is thus necessary. Additional histological analyses as well as 

ICP-MS should be done in the future to further elucidate the particles’ detailed biodistribution and 

fate. 

While the control mouse initially received about 22.2 MBq of Na-123I, essentially all of it has been 

excreted with a total of only 12.45 kBq (0.06% ID) of activity remaining in the examined organs. 

This amount of activity is very minimal when compared to the amounts remaining in the mice 

treated with 123I-labeled L-AgNPs which indicates that the 123I contained in the L-AgNPs is bound 

to the particles and does not circulate as free Na-123I. The SPECT/CT images of the control mouse 

indicate that the injected activity is either quickly taken up by the thyroid or cleared to the liver 

and excreted through the bladder. The activity remains in the thyroid at 24 hours post-injection. It 

is interesting that in the control mouse at 48 hours post-injection the majority of the remaining 

activity is present in the stomach, liver, and blood while showing very small amounts of activity 

in the thyroid. This could be a potential error due to a small sample size or could only be seen due 

to the very small amounts of activity still present.  
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Iodine was chosen as the primary element for radioactive tagging of lignin because of the abundant 

phenolic aromatic groups present in the structure of lignin, and because iodine can be easily 

conjugated to phenolic aromatics by a simple electrophilic substitution reaction without the 

presence of any catalyst. Other iodine radioisotopes could have been chosen for the labeling of 

these L-AgNPs. For example, 125I has been previously used to label AgNPs with high labeling 

efficiency for SPECT/CT imaging  [154]. However, 125I has a half-life of 59.4 days which is 

significantly longer than that of 123I (13.22 hours) which poses significant issues for disposal of all 

radioactive materials. Additionally, in the study utilizing 125I for the labeling of AgNPs uptake was 

seen in the thyroid after 24 hours so there were no advantages to using 125I instead of 123I for the 

labeling of the L-AgNPs.  

3.3.4 Radiolabeling L-AgNPs with 111Ag 

When the in vivo biodistribution of AgNPs is determined it is generally carried out by methods 

where the NPs themselves are not directly measured. ICP-MS methods do not differentiate 

between AgNPs and silver ions, and the SPECT/CT imaging procedures generally track a 

secondary radioisotope which has been conjugated to the coating of the AgNP. To circumvent this 

problem I have radiolabeled the L-AgNPs using a silver isotope so that the SPECT/CT imaging 

will be directly tracking silver instead of tracking a secondary isotope.  

Table 8: Labeling efficiency of producing L-AgNPs with AgNO3 doped with 111Ag 

Starting Activity 
(MBq) 

Ending Activity 
(MBq) 

Labeling Efficiency 

15.36 7.585 49.38% 
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Figure 57: DLS size analysis of L-AgNPs produced by 72-hour heating aerobic synthesis using 111Ag-doped 
AgNO3 

 
Figure 58: DLS size analysis of L-AgNPs produced by 72-hour heating aerobic cold synthesis parallel to 111Ag 
synthesis (Figure 57) 

While a significantly high radioactive labeling efficiency was achieved, conditions were not equal 

between the hot and cold synthesis methods of the L-AgNPs labeled with 111Ag as evident by their 

drastically different size distributions (Table 8, Figure 57 and Figure 58). Likely due to pH 

differences, the particles produced by the 111Ag-doped synthesis method are almost triple the size 

of those produced by the 72-hour synthesis method. 111Ag was received from the University of 

Missouri Research Reactor Center (MURR) in the form of dried silver nitrate (AgNO3). 
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Unfortunately, the 111Ag that we received contained a significant amount of the solvent 

impregnated resin present from the separation process, and was very difficult to purify. Eventually 

the 111Ag was purified, but it had to be resuspended in 6 M HNO3 and hydrogen peroxide which 

likely altered the pH of the system and caused particles to form which were significantly larger 

than those formed by the usual 72-hour synthesis method. It is also possible that the size 

differences are due to not decreasing the pH of the lignin solution to 5.5 using HCl before 

processing because XRD analysis has already shown that there is some production of AgCl in the 

finished particles. Additionally, the presence of hydrogen peroxide could have caused significant 

problems during synthesis because hydrogen peroxide is known to degrade organic materials like 

aromatics and halogenated compounds, so it is possible that the addition of hydrogen peroxide 

could have degraded the lignin in solution further altering the synthesis conditions [211]. 

3.3.5 SPECT/CT imaging of 111Ag 

 
Figure 59: Energy spectrum of 111Ag (A) and SPECT images of 111Ag taken in high-energy ultra-high 
resolution (HEUHR) collimator (B), ultra-high sensitivity (UHS) collimator (C) 

The energy spectrum of the 111Ag received from MURR (Figure 59A) shows the presences of 
111Ag along with a small amount of 110mAg which is a long-lived silver radioisotope (t1/2 = 249.8 

days) [52]. Due to the presence of this impurity extreme caution was used when handling the 111Ag 

because any contamination would have resulted in the contaminated surface remaining radioactive 

for a very long time.  

Silver-111 was detected reliably on our SPECT/CT machine with both a high-resolution collimator 

(Figure 59B) and a high sensitivity collimator (Figure 59C). This means that there is potential for 

A B C 
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111Ag to be used as a SPECT isotope, despite its low gamma ray abundance of 1.3% at 245 keV 

and 6.7% at 342 keV.  

AgNP formation was observed utilizing the 72-hour aerobic synthesis method with AgNO3 doped 

with 111Ag (although the particles were significantly larger than desired). This means that 111Ag 

can potentially be used to track AgNPs in vivo by SPECT/CT imaging, which has not been shown, 

to date. Of all silver radioisotopes the only one that emits gamma rays in the SPECT range is 111Ag. 

Further studies exploring the in vivo fate of the silver core of the L-AgNPs are planned in the future 

utilizing 111Ag as the radiotracer.  

3.4 Conclusion 

Methods were developed to successfully radioactively label the L-AgNPs with both 123I and 111Ag. 

The radiolabeling of synthesized L-AgNPs with 123I is possible with very high efficiency, but 

causes significant particle aggregation. Therefore, the lignin should be labeled with 123I and then 

L-AgNPs should be synthesized by microwave-assisted synthesis because very stable particles are 

produced although labeling efficiency is slightly lower. 

The particles produced with 111Ag doped AgNO3 were significantly larger than the particles that 

have been produced by the general 72-hour heating synthesis method. This is likely due to issues 

related to pH control and the addition of hydrogen peroxide. Although 111Ag availability is an 

issue, further studies should be explored using the microwave-assisted synthesis method to 

produce 111Ag-labeled L-AgNPs. 

Biodistribution studies were conducted with 123I showing that L-AgNPs can be administered 

directly to the lungs with minimal deposition in the mouth or stomach. Biodistribution studies 

conducted after subcutaneous injection of 123I-labeled L-AgNPs show that the majority of the 

injected dose stays directly in the injection site until 24 hours post-injection when some amount of 

free 123I accumulates in the thyroid. However, further experiments including biodistributions with 
111Ag and histology or ICP-MS of other organs should be performed to confirm that the lignin 

remains conjugated to the silver and to determine if the silver translocates to other organs. At 48 



79 

 

hours post-injection some amount of activity can be seen in the liver, kidneys, and stomach which 

is likely due to the presence and translocation of free 123I.  

To our knowledge, imaging 111Ag by SPECT/CT is a first. There is potential for the use of this 

silver radioisotope to determine the biodistribution of AgNPs in the future. 
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Chapter 4:  Antimicrobial Activity In Vitro and In Vivo  

Extensive literature has been published concerning the antimicrobial activity of AgNPs in vitro, 

but few studies explore the in vivo antimicrobial activity. In this chapter, L-AgNPs were tested 

against multidrug resistant (MDR) bacterial strains both in vitro and in vivo to determine their 

antimicrobial activity. It is important to perform the in vitro antimicrobial tests in physiological 

broth in order to ensure that the results will be accurate for transferring to in vivo models. 

Antimicrobial L-AgNPs would be especially useful for the treatment of MDR lung infections. 

However, an in vivo model for this disease is extremely difficult to perform. For this reason, we 

chose to perform a cutaneous infection (abscess) model instead. The in vivo abscess model was 

performed in adherence to ACC protocol A14-0363 and has been validated as a chronic infection 

model [212]. 

4.1 Hypothesis and Objectives 

I hypothesize that the L-AgNPs will show excellent antimicrobial behavior both in vitro and in 

vivo against MDR and non-MDR bacterial strains, and that they will not be toxic. To examine this 

hypothesis, the following objectives were investigated:  

(1) The in vitro antimicrobial activity was determined by broth dilution tests against clinical isolate 

MDR bacterial strains, and the results are presented as the minimum inhibitory concentration 

(MIC) (concentration at which no bacterial growth is observed). 

(2) The cytotoxicity was determined by MTT assay of human-derived monocyte (THP-1) cells in 

vitro and the biocompatibility was examined in vivo by determining if inflammation or necrotic 

tissue was present after subcutaneous injection.  

(2) The in vivo antimicrobial testing was determined by treatment of a biofilm forming abscess 

after administration of MDR bacteria and L-AgNPs. The results of bacterial load and abscess size 

are presented in this chapter.  
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The in vitro antimicrobial effects of the particles are discussed including the differences in effect 

of the particles produced by the 72-hour heating method and those produced by the microwave-

assisted synthesis method. The in vivo effectivity and toxicity is also discussed.  

4.2 Antimicrobial Testing Methods 

4.2.1 In Vitro Antimicrobial Testing Method 

The in vitro antimicrobial testing is very important to determine how effective the produced 

particles are at killing bacteria before they are used in an in vivo setting. It is also very important 

to use biological media for the in vitro testing so that the results translate better into an in vivo 

setting. For the in vitro antimicrobial testing broth was first added to each well of a 96-well plate 

along with appropriate amounts of NPs. Next 5 µL of bacteria was added to each well and the plate 

was placed in 37°C shaker overnight. The next day the 96-well plate was observed for bacterial 

growth, determined by which wells were turbid or clear. If the well was clear then the 

corresponding NP concentration was determined to be the minimum inhibitory concentration 

(MIC). 

4.2.2 In Vitro Toxicity Testing Method (MTT Assay) 

On the first day 100,000 THP-1 cells were seeded with 40 ng/mL propidium monoazide (PMA) 

into a flat-bottom 96-well plate to a final volume of 100 µL/well, and incubated at 37°C 

supplemented with 5% CO2. On the second day the media was aspirated and replaced to remove PMA 

and leave only adhering cells. The NPs were added (after ultracentrifugation 67,600 × g for 30 min 

and supernatant replacement with 0.6% lignin solution) in varying concentrations to each well in 

triplicates. Three wells were left untreated as a negative control, 1 µL of Tween-20 was placed in 

three wells as a positive control, and the cells were incubated at 37°C overnight. On day three 10 

µL of MTT (5 mg/mL in PBS) was added per well, incubated at 37°C for 4 hours, and formazan 

crystals were dissolved with 100 µL/well of solubilization solution (20% w/v SDS added to a 50% 

DMF solution containing 2.5% acetic acid and 2.5% 1 M HCl). The cells were then incubated at 

37°C overnight and the plate was read at 570 nm. Cell viability can be represented as the OD value 

compared to the untreated negative control. 
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4.2.3 In Vivo Cutaneous Infection (Abscess) Effectivity Model 

The ideal infection model for the L-AgNPs would have been a lung infection model, but this model 

is extremely difficult and there are very few laboratories practicing it currently. For this reason a 

cutaneous infection model caused by MDR bacteria was chosen instead. To begin the experiment 

the fur on the back of each CD-1 female mouse was removed by shaving. Bacteria were grown to 

an OD600 of 1.0 in double yeast tryptone (dYT) broth then washed with sterile PBS and 

resuspended at desired concentration depending on strain (P. aeruginosa or S. aureus). L-AgNPs 

produced by microwave-assisted synthesis with 20 mg/mL AgNO3 (as described in 2.2.4) were 

concentrated to 10 and 100 mg/mL in PBS using a 10 kDa microconcentration filter, and 

resuspended in PBS to avoid any toxicity issues surrounding the pH of the solution. Next 50 µL 

of bacteria were injected subcutaneously into the right side of the dorsum underneath the thin 

skeletal muscle. At 1 hour post-injection saline, 1% lignin in PBS, or L-AgNPs at an appropriate 

concentration in PBS were injected subcutaneously into the infected area. The progression of the 

abscess was monitored daily, and at three days post-injection the mice were euthanized with carbon 

dioxide and then cervically dislocated. Abscess size was measured with calipers without 

considering swelling and inflammation. Skin abscesses (including all accumulated pus) were 

excised and homogenized in sterile PBS using a Mini-Beadbeater-96 cell disrupter (BioSpec 

Products) for 5 min and bacterial counts (in CFU) were determined by serial dilution and plating 

overnight at 37°C. 

4.2.4 In Vivo Cutaneous Toxicity Model 

The L-AgNPs had to be tested for toxicity in the in vivo model without the presence of any bacteria 

before they could be used in the efficacy study. Toxicity was determined as the presence of any 

inflammation or necrotic tissue in the injection site. For the toxicity experiment, the fur on the 

back of each CD-1 female mouse was removed by shaving. L-AgNPs were produced using the 

microwave synthesis method with 20 mg/mL AgNO3 (as described in 2.2.4) and concentrated to 

100, 80, 60, 40, and 20 mg/mL in PBS using a 10 kDa microconcentration filter. Then 50 µL of 
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1% lignin in PBS, or L-AgNPs at an appropriate concentration in PBS were injected 

subcutaneously into the right side of the dorsum underneath the thin skeletal muscle. At three days 

post-injection the mice were euthanized with carbon dioxide and then cervically dislocated. The 

injection site was excised and visually observed for signs of inflammation or necrotic tissue to 

determine toxicity. 

4.3 Results and Discussion  

4.3.1 In Vitro Antimicrobial Testing by Broth Dilution 

In order to determine how effective the L-AgNPs were at treating multidrug resistant (MDR) 

bacteria in vitro antimicrobial testing had to be performed. When performing these tests it is 

important to use biological media instead of water so that the results will be more easily 

transferrable to in vivo testing where the presence of additional salts proteins can alter 

antimicrobial activity. For the in vitro antimicrobial testing several different Gram-positive and 

Gram-negative MDR and ATCC bacterial strains were chosen to determine the antimicrobial 

efficiency of the produced L-AgNPs against a wide range of bacteria. 

Table 9: Results of antimicrobial testing of four sets of L-AgNPs against 5 clinical isolate MDR bacterial 
strains (MW designates microwave-assisted synthesis) 

Bacterial Strain Minimum Inhibitory Concentration (µg/mL) 
MW 110°C MW 120°C Aerobic 019 Anaerobic 017 

 S. aureus 700 2.5 2.5 2.5 2.5 

 P. aeruginosa 205 5.0 2.5 2.5 2.5 

 K. pneumoniae 124 5.0 5.0 2.5 2.5 

 A. baumannii 808 ≤ 1.0 ≤ 1.0 ≤ 1.0 ≤ 1.0 

 E. casseliflavus 1 ≤ 1.0 2.5 ≤ 1.0 ≤ 1.0 
 
The L-AgNPs produced both by 72-hour heating synthesis and by microwave-assisted synthesis 

showed excellent antimicrobial action against all studied clinical isolate MDR bacterial strains 

(Table 9). These strains are particularly dangerous because they have been identified as very drug-

resistant and have been isolated as human pathogens from a clinical setting. The bacterial strains 
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chosen for these test represent an array of very difficult to treat Gram-positive and Gram-negative 

strains.  

Antimicrobial testing was continued only with the L-AgNPs produced by aerobic 72-hour heating 

synthesis because the reported MIC was exactly the same for the particles produced by 72-hour 

heating anaerobic synthesis, and particle production was significantly less complicated with 

aerobic synthesis method. 

Table 10: Results of antimicrobial testing of four sets of L-AgNPs against 4 ATCC bacterial strains (MW 
designates microwave-assisted synthesis) 

Bacterial Strain Minimum Inhibitory Concentration (µg/mL) 
MW 110°C MW 120°C Aerobic 019 

 S. aureus MRSA 2.5 2.5 2.5 

 P. aeruginosa ≤ 1.0 ≤ 1.0 ≤ 1.0 

 A. baumannii ≤ 1.0 ≤ 1.0 ≤ 1.0 

 E. coli 2.5 2.5 2.5 
 
The L-AgNPs showed excellent antimicrobial activity against both Gram-positive and Gram-

negative MDR bacterial strains, so it was necessary to test the particles against some non-resistant 

bacterial strains as well. When tested against a variety of Gram-positive and Gram-negative ATCC 

bacterial strains, the L-AgNPs showed very similar antimicrobial activity as when tested against 

the MDR strains. This similarity shows that the L-AgNPs are capable of antimicrobial action 

regardless of bacterial drug resistance. The L-AgNPs were then tested against the biofilm-forming 

MDR bacterial strains used in the in vivo cutaneous infection (abscess) model to determine the 

required concentration for transferring from the in vitro model to the in vivo model (Table 11). 
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Table 11: Results of in vitro antimicrobial testing by broth dilution of L-AgNPs against bacterial strains used 
in the abscess model 

Bacterial Strain Minimum Inhibitory Concentration (µg/mL) 
MW 110°C MW 120°C Aerobic 019 

 S. aureus LAC 2.5 5.0 2.5 

 P. aeruginosa LESB58 2.5 2.5 2.5 
 
All produced particles show excellent antimicrobial behavior in vitro against all 5 Gram-negative 

and Gram-positive clinical isolate MDR bacterial strains (Table 9). The MIC was exactly the same 

for particles produced by 72-hour heating aerobic or anaerobic synthesis methods when 

administered to the 5 clinical isolate MDR bacterial strains, so antimicrobial testing was only 

continued with the particles produced by aerobic synthesis method. This result is likely due to the 

fact that the anaerobic and aerobic synthesis methods produce L-AgNPs with similar size 

distributions and chemical composition.  

The particles produced by microwave-assisted synthesis showed slightly higher MICs for only the 

K. pneumoniae 124, P. aeruginosa 205 (MW 110°C), and E. casseliflavus 1 (MW 120°C).  In 

general the recorded MICs were almost identical for the L-AgNPs produced by microwave-

assisted synthesis and the particles produced using the 72-hour heating methods when 

administered to the clinical isolate MDR bacterial strains (Table 9). 

All particles showed identical antimicrobial action against the ATCC bacterial strains with MICs 

of 2.5 µg/mL or below (results can be seen in Table 10). The results of this testing are not 

necessarily expected because the L-AgNPs show the same MIC values when administered to S. 

aureus MRSA (Gram-positive) and E. coli (Gram-negative). It is generally expected that Gram-

negative bacteria are more susceptible to AgNPs than Gram-positive bacteria due to differences in 

concentration of peptidoglycans at the bacterial cell wall and differences in cell wall thickness, so 

it is possible that the addition of the lignin cap facilitates the uptake of the L-AgNPs by Gram-

positive bacteria [137]. The MIC values for the L-AgNPs when administered to the MDR bacterial 

strains used in the abscess model (Table 11) were almost identical for the particles produced by 

microwave-assisted synthesis and those produced by 72-hour heating, with only the MW 120°C 
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particles showing a slightly higher MIC when administered to the S. aureus LAC bacterial strain. 

This result is expected because P. aeruginosa LESB58 is a Gram-negative bacterial strain and 

AgNPs generally show greater toxicity to Gram-negative bacterial strains.  

All the tested L-AgNPs show extremely high antimicrobial activity against both Gram-positive 

and Gram-negative bacteria which classifies them as a broad-spectrum antimicrobial agent. 

Additionally, when the MIC values are compared to other AgNPs produced using natural 

compounds (Table 4), it can be determined that the L-AgNPs show superior antimicrobial activity 

to almost any other compound. The mechanism of action of these L-AgNPs likely includes the 

attachment to the bacterial cellular membrane or cell wall which cause electron dense pits to form 

leading to increased permeability and cell death [135]. The increased permeability can allow 

additional silver ions to penetrate and produce radicals which cause significant DNA damage 

[145]. This result could potentially be due to the presence of AgCl NPs as well as AgNPs which 

provides an additional source of silver ions and thereby increasing the antimicrobial effects of 

these particles [202]. The superiority of the L-AgNPs could also be due to the lignin facilitating 

the binding of the L-AgNPs to the bacterial cell wall. Further studies should be conducted 

exploring the in vivo mechanisms by which the L-AgNPs exert toxicity on Gram-negative and 

Gram-positive bacterial strains. 

4.3.2 In Vitro Toxicity  

 
Figure 60: MTT toxicity assay results for particles produced by 72-hour aerobic synthesis and microwave-
assisted synthesis 
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The results of the MTT toxicity assay against THP-1 cells in Figure 60 indicates that the L-AgNPs 

produced by either aerobic 72-hour heating synthesis or by microwave-assisted synthesis start to 

become slightly toxic at a concentration of 10 µg/mL. MTT assay on THP-1 cells is a useful 

approximation of the AgNPs’ effect on the immune system as these cells contain significant 

numbers of macrophages and monocytes. The MTT assay determines the effect of a substance on 

the mitochondrial activity of a specific cell line, and AgNPs are known to inhibit mitochondrial 

function [90]. This is a fairly low concentration for toxicity. However, since the determined MICs 

for these particles are all below 5 µg/mL, this overall toxicity might be acceptable. In order to 

better determine the actual cytotoxicity of these particles more toxicity tests should be performed 

including methylene blue exclusion test and a life/death assay.  

4.3.3 In Vivo Abscess Model Efficacy 

 
Figure 61: Efficacy of L-AgNPs produced by microwave-assisted synthesis using 20 mg/mL AgNO3 (as 
described in 2.2.4) against S. aureus LAC strain in vivo at 10 and 100 mg/mL versus 1% lignin control displayed 
as reduction in abscess size (left) and reduction in bacterial colonization (right).  

Statistical analysis by a two-sample, two-tailed Student’s t-test assuming unequal variance shows 

a significant difference in abscess size between the 1% lignin control and L-AgNPs at both 10 

mg/mL and 100 mg/mL (p<0.05) for the tested S. aureus LAC strain (Figure 61). However, no 

significant difference is observed in the bacterial load. 
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Figure 62: Efficacy of L-AgNPs produced by microwave-assisted synthesis using 20 mg/mL AgNO3 (as 
described in 3.2.4) against P. aeruginosa LESB strain in vivo at 100 mg/mL versus 1% lignin control displayed 
as reduction in abscess size (left) and reduction in bacterial colonization (right) 

Statistical analysis by a two-sample, two-tailed Student’s t-test assuming unequal variance shows 

a significant decrease in abscess size between the 1% lignin control and the L-AgNPs applied at 

10 mg/mL and 100 mg/mL (p<0.001) in the P. aeruginosa LESB strain (Figure 62). A significant 

difference is also seen between the 1% lignin control and the bacterial load in CFU when the L-

AgNPs were applied at 100 mg/mL (p<0.001) but not at 10 mg/mL. 

There is a significant concentration dependent decrease in abscess size (left) and a slight downward 

trend in bacterial load (right) when the L-AgNPs were applied to the abscess model using the MDR 

bacterial strain, S. aureus LAC compared to a 1% lignin control (Figure 61). At a concentration of 

10 mg/mL there is a slight decrease in abscess size, but no significant decrease in bacterial load. 

When the concentration is increased to 100 mg/mL there is a significant decrease in abscess size 

and slight downward trend in bacterial load when compared to a 1% lignin control. When the L-

AgNPs are applied to the P. aeruginosa LESB strain there is a more significant concentration 

dependent decrease in abscess size compared to the S. aureus LAC strain, and a more significant 

decrease in bacterial load at a concentration of 100 mg/mL (Figure 62). However, at a 

concentration of 10 mg/mL there is essentially no change in bacterial load. These are significant 
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findings because this model produces a very resistant biofilm and is extremely difficult to treat. 

While a significant decrease is seen in the bacterial load when the L-AgNPs were applied against 

the P. aeruginosa LESB strain, the log reduction of 0.6 might not be therapeutically significant.  

The high amounts of biofilm formation present in this model severely interfere with antimicrobial 

activity and antimicrobials can be ineffective at doses 100 to 10,000 times greater than their in 

vitro MIC [212]. The presence of biofilm is likely the reason that the L-AgNPs are not very 

effective below 100 mg/mL when the in vitro MIC for this strain is 2.5 µg/mL. Currently, the L-

AgNPs are capable of significantly reducing the size of an abscess produced by S. aureus LAC 

strain or P. aeruginosa MDR strains. However, at a concentration of 10 mg/mL no significant 

reduction in bacterial load was observed when applied to the P. aeruginosa LESB bacterial strain, 

and no significant decrease in bacterial load was observed at any concentration applied to the S. 

aureus LAC strain. This is generally expected since AgNPs are considered to be more effective 

against Gram-negative bacteria than Gram-positive due to the more negatively charged cell 

membrane on Gram-negative bacteria and their thinner cell wall [137]. Since the L-AgNPs remain 

localized in the injection site (as determined by the biodistribution study in 3.3.3) it is likely that 

they are more efficient at treating more localized infections like those produced by the P. 

aeruginosa  LESB strain. 

It has also been identified that AgNPs show an immunological adjuvant effect when applied to 

mice via intraperitoneal or subcutaneous injection. Xu et al., determined that while AgNPs show 

some toxicity in vitro, they have a leukocyte and macrophage recruiting effect in vivo which 

provides an immunological adjuvant effect [213]. This immunological adjuvant effect would likely 

stimulate the immune system to better fight off the bacterial infection and speed up the process by 

which the abscess heals. It is likely that the antimicrobial effect combined with the immunological 

adjuvant effect is responsible for the decreases in bacterial load and abscess size. It is also likely 

that the presence of this immunological adjuvant effect is the reason for the very significant 

concentration dependent decrease in abscess size. 
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4.3.4 In Vivo Abscess Model Toxicity 

   
Figure 63: Toxicity testing of particles produced by microwave-assisted synthesis using 20 mg/mL AgNO3 and 
resuspended in PBS at 20 mg/mL (left) and 100 mg/mL (right) 

When the L-AgNPs were injected subcutaneously, a significant amount of discoloration is visible, 

but no inflammation or necrotic tissue is observed (Figure 63). If significant amounts of 

inflammation were present there would be a significant amount of redness and additional blood 

vessels around the injection site. If necrotic tissue were present there would be a large necrotic 

lesion on the skin resulting from the host shutting off blood flow to the area causing tissue death. 

The absence of any inflammation or necrotic tissue means that while the particles discolor the 

injection site they likely are not toxic. However, more experiments should be performed to 

determine any hidden inflammation, including histology or assays to detect pro-inflammatory 

cytokines. The discoloration is likely due to the dark color of the lignin combined with the potential 

for AgNPs to discolor skin. Although the MTT assay showed slight toxicity to THP1 cells at a 

concentration of 10 µg/mL, there does not appear to be any direct toxicity when the particles are 

injected subcutaneously, even at concentrations up to 100 mg/mL. 

4.4 Conclusion 

The L-AgNPs produced by anaerobic 72-hour heating, aerobic 72-hour heating, and microwave-

assisted synthesis methods all showed excellent antimicrobial activity against a wide variety of 

Gram-positive and Gram-negative bacterial strains in vitro. Compared to other AgNPs produced 

using natural compounds our L-AgNPs show superior antimicrobial activity with MICs ranging 

from 1 to 5 µg/mL compared to most AgNPs showing MICs ranging from 6.25 to 50 µg/mL (Table 
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1). One reason could be the presence of AgCl and Ag0 in these particles, with future AgNPs 

preparations containing distinct and well controlled amounts of each. The L-AgNPs begin to show 

toxicity to human monocyte peripheral blood (THP-1) cells at around 10 µg/mL, which would still 

allow for their therapeutic application, as the MIC values for all produced particles were below 5 

µg/mL.  

When applied in vivo to a very difficult biofilm-forming abscess model only the L-AgNPs 

produced by microwave-assisted synthesis using 20 mg/mL AgNO3 and concentrated to 100 

mg/mL showed significant reductions in both abscess size and bacterial load only against P. 

aeruginosa LESB. It is likely that the reduction in abscess size and bacterial load is due to the 

significant recruitment of local leukocytes and macrophages combined with the antimicrobial 

activity of the L-AgNPs themselves. Additionally, some amount of discoloring was noted, but no 

significant toxicological effects were seen in vivo even at a concentration of 100 mg/mL. 

Significant difference in abscess size were seen with both the S. aureus LAC and P. aeruginosa 

LESB strains at concentrations of 10 mg/mL and 100 mg/mL. 

Significantly more articles are published pertaining to the antimicrobial activity of AgNPs in vitro 

than in vivo. This could be due to the low antimicrobial activity of AgNPs in vivo or due to their 

significant toxicity profile when applied systemically. One possible explanation for this 

phenomenon is that AgNPs require the presence of oxygen for antimicrobial activity [133]. When 

particles are administered subcutaneously they receive significantly less oxygen than those 

administered as an antimicrobial wound dressing. Additionally, when AgNPs are injected IV they 

very quickly accumulate in the liver and spleen and may cause toxicity before significant 

antimicrobial activity is seen [154]. The toxicity profile of AgNPs when applied systemically in 

vivo is likely the reason that the majority of commercially available products containing 

antimicrobial silver is limited to wound dressings. It could also explain why there is a large gap in 

the literature between AgNPs in vitro and AgNPs in vivo. 
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Chapter 5: Conclusion 

Overall, procedures were developed to produce highly stable lignin-capped silver nanoparticles 

(L-AgNPs) by anaerobic or aerobic 72-hour heating with a mean size of around 50 nm and 

excellent antimicrobial activity. A microwave-assisted synthesis method was also developed to 

decrease the processing time from 72-hours to 10 minutes while maintaining particle size, stability, 

chemical composition, and surface morphology. All produced particles were fully characterized 

by a variety of analytical chemistry methods to determine that the end product was indeed L-

AgNPs. 

The produced L-AgNPs were successfully radiolabeled using the two SPECT radioisotopes 123I 

and 111Ag. However, the particles produced with 111Ag differed significantly from those produced 

without utilizing the silver radioisotope. The biodistribution of 123I-labeled L-AgNPs was 

successfully investigated after subcutaneous injection from 10 minutes to 48 hours post-injection, 

and showed that the majority of the injected activity remained directly in the injection site. Further 

experiments should be conducted on this model including histology and ICP-MS to determine if 

the lignin becomes detached from the AgNP in vivo. It was successfully demonstrated that 111Ag 

can be used to radioactively label L-AgNPs, and that it can be visualized by SPECT imaging. This 

research provides evidence for the possible use of 111Ag to be used as a SPECT imaging isotope 

to monitor the biodistribution of AgNPs, and further studies investigating the production of L-

AgNPs labeled with 111Ag using a microwave-assisted synthesis should be conducted. 

All produced L-AgNPs showed excellent antimicrobial activity against a wide variety of clinically 

isolated and ATCC MDR Gram-positive and Gram-negative bacteria in vitro. This is of significant 

relevance because the clinically isolated strains have been identified as drug-resistant human 

pathogens that are very difficult to treat. The produced particles also showed low toxicity both in 

vitro and in vivo. However, more experiments must be performed to determine the viability of cells 

treated with these particles and to determine if any inflammation is observed in vivo. The L-AgNPs 

produced a significant decrease in abscess size in vivo when administered subcutaneously to a 

biofilm-forming abscess produced by MDR bacteria at concentrations of 10 and 100 mg/mL. 

However, they were only effective at reducing the bacterial load for the P. aeruginosa LESB strain 
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at the highest concentration of 100 mg/mL. The L-AgNPs only caused a 0.6 log reduction, which 

means that its effect might be at a subtherapeutic level.  

Our work contributes significantly to the field of antimicrobial AgNPs by going beyond the usual 

synthesis, characterization, and in vitro antimicrobial effects. It further examines the radioactive 

labeling, biodistribution, and in vivo antimicrobial effects of AgNPs in an abscess model. 

Significant information has been gained concerning the ability to determine the biodistribution of 

AgNPs by SPECT/CT imaging using 123I and, in particular, the novel radioisotope 111Ag. The 

limited availability of 111Ag, however, significantly impacted the use of the silver radioisotope in 

this thesis. Additional AgNP synthesis and biodistribution studies utilizing 111Ag as a SPECT 

radioisotope should be performed in the future. There is also significant potential for the further 

development of the intratracheal instillation model to determine both the biodistribution of the L-

AgNPs, and to use them to treat MDR bacterial lung infections.  
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