
ABSTRACT 

RICHTER, ALEXANDER PHILIPP. Towards Environmentally-benign Nanoengineering: 
Antimicrobial Nanoparticles Based on Silver-infused Lignin Cores. (Under the direction of 
Professor Orlin D. Velev and Professor Richard J. Spontak). 
 

Engineered nanomaterials are capable of solving challenges in industries important to 

society such as energy, agriculture, and health care. Antimicrobial silver nanoparticles 

(AgNPs) are the most widely used nanoparticles by number of commercial products in 

commerce today. However, the increased introduction of AgNPs in industrial applications may 

lead to discharge of persistent nanoparticles in the environment and undesired impacts on 

living organisms. This dissertation will present a new class of antimicrobial environmentally-

benign nanoparticles (EbNPs) designed with green chemistry principles, which can serve as 

highly efficient microbicide substitutes of the AgNPs. The EbNP core is made of 

biodegradable lignin, and is infused with an optimal amount of silver ions. 

We report on the fabrication of environmentally benign nanoparticles (EbNPs) using two 

types of lignin precursors with simple, inexpensive, and non-toxic processes, (i) by employing 

a solvent exchange precipitation method at room temperature and (ii) by applying an 

environmentally friendly water-based acid precipitation method. The synthesis of Organosolv 

(High Purity Lignin) nanoparticles via antisolvent flash precipitation method in water resulted 

in particles in the size range of 45 to 250 nm in diameter. We investigate the synthesis 

parameters of Kraft (Indulin AT) lignin nanoparticles by flash precipitation induced by pH 

drop in ethylene glycol. Furthermore, we evaluate the ionic strength and pH stability of both 

lignin nanoparticle suspensions and highlight differences in the systems. After silver ion 

infusion of Indulin AT nanoparticles followed by surface modification, we show that the 

EbNPs exhibit higher antimicrobial activity towards Gram-negative human pathogens 



Escherichia coli and Pseudomonas aeruginosa and Gram-positive human pathogens 

Staphylococcus epidermidis in direct comparison with silver nanoparticles and silver nitrate 

solution, and that the particles are effective against quaternary ammonium resistant Ralstonia 

bacteria. The enhanced antimicrobial action is due to highly-biocidal silver ions released from 

the EbNP matrix at the cell. High-throughput bioactivity screening using mammalian cell and 

zebrafish embryo assays performed in collaboration with the U.S. Environmental Protection 

Agency did not reveal increased safety concerns of the EbNPs, when compared to equivalent 

amount of AgNPs or AgNO3 solution. 

The silver ion functionalized EbNPs exhibit broad spectrum microbicide action and are 

capable of neutralizing common gram-negative human pathogens as well as quaternary amine-

resistant bacteria, while using ten times less silver when compared with conventional AgNPs 

and AgNO3 aqueous solution. We envisage that the overall environmental impact of silver ion 

functionalized EbNPs is likely to be significantly smaller when compared to AgNPs. As more 

general impact, the approach of engineering environmentally-benign lignin-core nanoparticles 

with matching functionality to persistent nanoparticles illustrates how green chemistry 

principles including atom economy, use of renewable feedstocks, and design for degradation 

can be applied to design more sustainable nanomaterials with increased functionality and 

decreased environmental footprint. 
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1.1 Definition of Nanoparticles 

A particle between 1 nm and 100 nm in diameter is typically referred to as a nanoparticle. 

Alternatively defined by its properties, for example, a particle can be termed nanoparticle when 

it is (i) a solid object bigger than atoms or atom clusters, (ii) can move as a unit, but (iii) are 

much smaller than everyday objects typically described by Newton’s laws of motion.1  Since 

nanoparticles are not exclusively defined by their size, but also by their material properties not 

found in bulk samples,2,3,4 several organizations have defined nanoparticles for their respective 

purposes. The most notable ones are from the International Organization for Standardization 

(ISO)5 and American Society of Testing and Materials (ASTM),6 as well as the National 

Institute of Occupational Safety and Health (NIOSH), Scientific Committee on Consumer 

Products (SCCP), British Standards Institution (BSI), and Bundesanstalt für Arbeitsschutz und 

Arbeitsmedizin (BAuA). ISO defines a nanoparticle as an object in the size range from 

approximately 1 nm to 100 nm.5 ISO added a note to its definition recognizing particles with 

diameter > 100 nm as nanoparticles if they exhibit size-dependent material properties not found 

in bulk materials. According to this definition, single atoms or groups of atoms smaller than 1 

nm are excluded from being designated as nano-objects, while particles which exhibit size 

dependent material properties beyond 100 nm may be denoted as nanomaterials. The definition 

of nanoparticles is still in debate.7 ,8 For the context of this PhD thesis, nanoparticles smaller 

than 100 nm in diameter are denoted nanoparticles. 

1.2 Why We Need Sustainable Nanoparticle Technology 

Engineered nanomaterials are capable of solving challenges9 in the fields of environmental 

remediation,10 food and agriculture,11 and health care.12 However, the potential hazards for the 
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environment associated with the use of synthetic inorganic nanoparticles13,14  have limited their 

large scale application.15 The deactivation of waste nanoparticles in solid-waste incineration 

plants,16 or the recovery of persistent nanoparticles in wastewater treatment systems,17 is non-

trivial and often impossible. The potential post-utilization activity of such nanoparticles18 

combined with their persistence,16,19 could lead to long-term environmental toxicity.20,21,22,23 

For example, antimicrobial silver nanoparticles, one of the most widely used nanoparticles in 

commercial products,24 have been recognized as potential environmental hazard,25 and their 

use is beginning to be regulated in many countries.26,27 By applying green chemistry 

principles,28 the engineering of nanoparticles with a biodegradable design could solve or 

mitigate these problems,29 while creating more sustainable functional nanomaterials.30 

Biodegradable nanoparticles prepared from renewable feedstock could be used as 

sustainable delivery system for active ingredients in molecular or atomic form, such as metal 

ions, metal nutrients, agrochemicals, and other useful bioactive components.31 We have 

previously shown that lignin nanoparticles can be synthesized with acid precipitation 

methods.32,33 Later, other groups reported alternative lignin nanoparticle synthesis procedures 

via dialysis in tetrahydrofuran,34 employing compressed CO2 as antisolvent,35 by sonication,36 

and in water-in-oil micro emulsion methods.37,38 In this thesis, we show that the physical 

properties of these particles such as hydrophobicity, surface charge, and stability are tunable 

by (a) the type of lignin precursor, and (b) the nanoparticle synthesis technique. This wide 

tunability of the surface properties of the lignin nanoparticles makes them highly desirable for 

controlled functionalization with actives for various sustainable nanomaterials. 
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We hypothesize that lignin nanoparticles used as biodegradable carrier for antimicrobial 

Ag+ ions can temporarily enhance their broad-spectrum antimicrobial activity, offering an 

environmentally friendly alternative to environmentally-persistent antimicrobial nanoparticles 

with a metallic core. 

1.3 Antimicrobial Silver Nanoparticles 

Silver nanoparticles (AgNPs) possess broad-spectrum antibacterial,39,40,41 antifungal42 and 

antiviral43 activity. They are shown to be effective in killing prokaryotic microorganisms like 

Escherichia coli (E.coli),44 Pseudomonas aeruginosa (P. aeruginosa),45 and antibiotic-

resistant bacterial strains.46 As infection control measures can minimize the spread of drug-

resistant bacteria,47 and therefore the potential for nosocomial infections,48 silver-containing 

products may find increasing utilization in the medical sector to prevent bacterial growth on 

catheters,49 prostheses,50 and dental materials,51 and to reduce the infection potential of burn 

wounds.52 In addition, with the emergent use of antimicrobial nanoparticles in textiles,53 water 

filters,54 and other consumer products,24 the potential for human exposure to silver 

nanoparticles with their associated risks increases. Human skin exposure studies indicate that 

AgNPs can be released from antibacterial fabrics into liquids simulating human sweat.55 

Studies on commercially available wound dressings proved that products containing AgNPs 

exhibit stronger cytotoxic effects toward keratinocytes than do AgNPs free counterparts.56 In-

vitro studies on mammalian fibroblasts have revealed that AgNPs can induce apoptosis.57 

While exposure to silver from consumer products in most applications is considered harmless 

to humans,58 the additional effect from silver in particulate form need to be investigated 

further.59,60,23 
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After their intended use, the waste AgNPs are hard to recover or deactivate in wastewater 

treatment systems.17 While processes such as sulfidation of AgNPs61,62 may over time convert 

the particles to less hazardous form, e.g. Ag2S,63 the long exposure of their core in the 

environment21,22 and prolonged activity after their intended application64 may adversely affect 

multiple ecosystems.20,23  

Several methods for the preparation of antimicrobial silver-based nanoparticle systems 

have been reported. Most procedures employ highly reactive reducing agents such as sodium 

borohydride (NaBH4)65 or hydrazine (N2H4)66 to reduce Ag+ ions to metallic silver. The 

problems mentioned above can be mitigated by using green chemistry principles28 for 

nanoparticle design. So far, these principles have been applied to AgNP synthesis67,68 by using 

safer solvents and auxiliaries,69 which, however, does not solve the problem of persistent 

nanoparticle waste. A possible way to reduce the potential hazards from AgNPs may be by 

replacing them with of degradable antimicrobial nanoparticles. 

1.4 Green Chemistry Principles 

The definition of Green Chemistry is the “design of chemical products and processes to 

reduce or eliminate the use of hazardous substances”.70 Historically, the aim of green chemistry 

principles was to provide synthesis guidelines for reducing hazards in large-scale operations 

in the chemical industry in the framework of environmental responsibility.71 In 2000, Paul 

Anastas and John Warner outlined 12 general synthesis and engineering guidelines,70 which 

later became the 12 green chemistry principles. These principles aim to stimulate the 

continuous replacement of dangerous chemical processes with safer ones, and the substitution 

of environmentally hazardous products with sustainable alternatives.28 Due to the advent of 
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nanotechnology, green chemistry principles have been recently suggested as engineering and 

synthesis guidelines for greener nanomaterials.29,72 These 12 principles as stated in Anastas 

and Eghabili28 and their intended goals are: 

1. Prevention – minimize waste to lessen hazard potential to environment 

2. Atom economy – increase conversion efficiency of materials 

3. Less hazardous chemical synthesis – design synthesis methods with little or no hazard 

to humans and the environment 

4. Designing safer chemicals – aim for functional materials with minimized toxicity 

potential 

5. Safer solvents and auxiliaries – employ safer solvents, separation agents, and others 

whenever possible 

6. Design for energy efficiency – decrease energy loss during reactions 

7. Use of renewable feedstock – utilize feedstocks that are not depleting whenever 

economically viable 

8. Reduce derivatives – reduce unnecessary intermediate derivations/steps to 

minimize/avoid waste 

9. Catalysis (catalytic reagents vs. stoichiometric) – employ catalytic pathways and 

reusable catalysts to reduce waste  

10. Design for degradation – utilize materials that are naturally degradable so that products 

do not persist in environment 

11. Real-time analysis for pollution prevention – take advantage of in-process monitoring 

to recognize and avoid hazardous substance formation early 
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12. Inherently safer chemistry for accident prevention – employ substances that are safer 

to use to minimize potential for accidents. 

In nanomaterial design, each of these principles can result in safer, more economical, and 

environmentally friendly nanoproducts compared to current systems to reduce waste, hazards, 

and potentially unintended environmental implications.30 For environmentally persistent 

nanomaterials such as silver nanoparticles, design for degradation could largely eliminate long-

term environmental concerns associated with the metallic core. The aim of this PhD research 

project was to show how the application of green chemistry principles in nanomaterial design, 

starting with renewable feedstock for biodegradable nanoparticles, can result in the fabrication 

of safer antimicrobial nanomaterials with reduced potential for environmental impact in 

comparison to currently deployed environmentally persistent silver nanoparticles. 

1.5 Dissertation Outline 

The objectives of this study are to develop new strategies to synthesize lignin nanoparticles 

of desirable surface properties and demonstrate their use as nanocarriers for broad spectrum of 

ionic and hydrophobic active ingredients. I report the synthesis of two types of lignin 

nanoparticles using different precursors, namely (a) Indulin AT and (b) High Purity Lignin 

(HPL), using flash precipitation methods. Nanoparticles made of Indulin AT are amphiphilic 

and hence, suitable for functionalization with ionic active ingredients such as antimicrobial 

Ag+ ions.73 The lignin nanoparticles from HPL are highly hydrophobic rendering them an ideal 

carrier for hydrophobic actives, such as organic fungicides in crop-protection applications. 

Chapter 2 provides information on the materials used in this thesis and their properties. It 

also includes a description of theories on nanoparticles formation, nanoparticle stabilization, 
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and ion adsorption isotherms used for this PhD thesis. In addition, methods for antimicrobial 

assays are provided. At the end of the Chapter, the main analytical methods for nanoparticle 

size and shape determination as well as lignin quantification in solution are described. In 

Chapter 3, I present a new synthetic approach for the synthesis of nanoparticles made of HPL. 

In this case, the flash precipitation was induced by addition of antisolvent leading to the 

supersaturation of the dissolved lignin in solution. The surface properties of uncoated, called 

from here on native, and HPL nanoparticles coated with polydiallyldimethylammonium 

chloride (PDAC) are investigated. In Chapter 4, I will present details on the pH induced flash 

precipitation of Indulin AT lignin nanoparticles in ethylene glycol and investigate their growth 

mechanism. The surface charge inversion and stability studies of native and PDAC-coated 

particles were performed with light scattering and zeta potential measurements. In the last 

Subchapter, I compare the surface properties of both types of nanoparticles and highlight their 

differences. In Chapter 5, I will demonstrate the synthesis of silver ion infused Indulin AT 

nanoparticles with antimicrobial functionality to replace silver nanoparticles. I will present 

details on the size control of the particles, the silver ion adsorption and desorption, surface 

functionalization, antimicrobial efficacy testing, and safety evaluation. At the end in Chapter 

6, I will provide a summary and an outlook of the implications of the studies. 
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2 CHAPTER 2 

 

Materials and Methods 
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2.1 Lignin as Biopolymer 

Lignin is the most abundant aromatic polymer in nature.74 It covalently crosslinks the cell 

walls of plants, and plays a vital role in plant health, growth, and development.75 Since lignin 

is of plant origin,76 it is naturally degradable and highly biocompatible.77,78 It has an amorphous 

structure,79 where the polymeric building block units form a three-dimensional network.80 

Microbial decomposition of lignin in the environment81,82 transforms the biopolymer to form 

the bulk component of soil humus or natural compost.83 This biodegradability of lignin makes 

it an ideal precursor for developing environmentally friendly nanoscale metamaterials. 

2.1.1 Properties of Lignin 

When extracted from biomass, the structure of technical lignin varies depending on the 

initial plant source and the method of its isolation.84,85 The most common industrial-scale 

method to extract  lignin is the Kraft pulping process86 from which alkali lignin, such as Indulin 

AT lignin from MeadWestvaco Corp., is recovered. The lignin contains several hydrophilic 

functional groups such as carboxylic, phenolic and aliphatic hydroxyl groups as well as a small 

number of thiol groups (see Table 2.1).87 These functional groups have chelating properties 

towards metallic micronutrients, e.g. Fe, Zn, and Mn. Due to these chelating properties and 

environmentally friendly nature of lignin,88 it has been used for the delivery of micronutrients 

in agronomic and horticultural harvest goods including organic crop production89 to increase 

yields.90 Lignin obtained via the Organosolv process, such as High Purity Lignin (HPL) from 

Lignol Innovations Ltd. is strongly hydrophobic and belongs to the group of sulfur-free 

lignin.74,87 It contains less hydrophilic functional groups than Kraft lignin (see Table 2.1). The 

structure of HPL resembles the one of native lignin more closely than the one of Indulin AT.91 
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2.1.2 Functional Groups of Lignin 

The distribution of functional groups of HPL and Indulin AT lignin per 100 aromatic rings 

is reported in Table 2.1. The functional groups deprotonate according to their pKa values, 

which provide negatively-charged binding sites for cations. Indulin AT lignin from 

MeadWestvaco Corp. contains benzyl alcohol, aliphatic alcohol, carboxylic groups, and thiol 

groups. Indulin AT Kraft lignin contains significant amounts of organically bound sulfur, in 

contrast to HPL, a type of organosolv lignin, which do not contain sulfur.88,92 

 

Table 2.1 Functional groups of High Purity Lignin and Indulin AT lignin and 

approximate pKa values of the corresponding functional groups. Distribution of main 

functional groups and their occurrence per 100 aromatic rings are estimated according to 

literature provided by MeadWestvaco Corp. and Lignol Innovations Ltd. 

Functional 

group 

High Purity Lignin 

(per 100 aromatic rings) 

Indulin AT 

(per 100 aromatic rings) 
pKa (Ref) 

Phenolic OH 73 68 10 (93)  

Aliphatic alcohol 34 51 16-17 (94) 

Thiol n/a 9 10-11 (94) 

Carboxylic acid n/a 16 4.2 (95) 

    

2.2 Materials 

Kraft lignin, Indulin AT lignin powder (lot # MB05) was obtained from MeadWestvaco 

Corp. (MWV), USA. Organosolv lignin, High Purity Lignin (HPL) powder with number 

average molecular weight of 969 Da, was obtained from Lignol Innovations Ltd., CA. Ethylene 

glycol (purity > 99%), nitric acid, HEPES buffer (CAS# 7365-45-9), PBS buffer (CAS# 7778-
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77-0), branched polyethylene imine (BPEI) with a molecular weight of 25000 by LS, 

polydiallyldimethylammonium chloride (PDAC) with a molecular weight of 100,000 – 

200,000 was obtained from Sigma Aldrich, USA. Acetone (purity > 99.5%), Nutrient broth 

(Acros 61187-5000), Luria-Bertani agar (CAS# 9002-18-0), dialysis tubing (article 21-152-

16, nominal MWCO 12000 – 14000 ), 0.5 mL Slide-A-Lyzer MINI Dialysis Devices (product# 

88401, nominal MWCO 10 k), sodium hydroxide, AgNO3 salt (CAS# 7761-88-8), Whatman 

Anotop 25 - 0.02 μm, and 0.45 μm nylon syringe filters were obtained from Fisher Scientific, 

USA. Mettler Toledo Ag+ ion standard 1000 mg/L (51344770), Mettler Toledo silver ion 

selective electrode (ISE, silver/sulphur electrode 51302822), and Mettler Toledo reference 

filling solution C (51344752) were obtained from Mettler Toledo. E. coli BL21 (DE3) was 

obtained from BTEC NC State University, Ralstonia sp. was isolated from PDAC 0.02 solution 

at NC State University, and P. aeruginosa (ATCC 15442) and S. epidermidis (ATTC 12228) 

were obtained from America Type Culture Collection (ATCC), VA. Dialyzed water was 

prepared with a Millipore RiOS™ system combined with a Synergy UV module. 

2.3 Nucleation and Growth Theory 

The bottom-up synthesis approach of nanoparticles uses chemistry on the nanoscale to 

enable precise tuning of the shape and size of particulates.96 In general, the formation of 

polymer nanoparticles is divided into nucleation and growth.97 Nucleation occurs in 

supersaturation regime, which is triggered by reducing the solubility limit for a compound in 

solution to a level at which (i) is not energetically favorable that all initially dissolved polymer 

is kept in molecular form, and (ii) at which stable nuclei with critical radius r 	can be formed 

(see Chapter 2.3.1). This forces the polymer to phase-separate until the residual polymer 
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dissolved in solution is again below the supersaturation threshold at which no additional stable 

nuclei with radius  may be formed. Supersaturation can be achieved by changing solvent 

properties, which adjustment can typically can be done by methods including rapid solvent 

exchange, pH drop, or change in ionic strength. 

While no new stable nuclei are formed below this supersaturation threshold, particle 

growth may occur. Polymer precipitation on the nuclei follows surface energy minimization 

on the particles (see Chapter 2.3.1). This process can occur at any concentration above the 

solubility limit of the polymer. When occurring below the supersaturation threshold required 

for nuclei formation, it decreases the polymer concentration back to its solubility limit over 

time.98 As shown in Figure 2.1, high supersaturation degree results in short supersaturation 

time due to a burst of nuclei formation (rapid nucleation formation rate) quickly reducing the 

dissolved polymer concentration below supersaturation.99 The nucleation formation is 

followed by rapid particle growth depleting the solution from dissolved polymer. Lower degree 

of supersaturation results in a slower nucleation rate and extended supersaturation time. Due 

to the extended period of nuclei formation, particle growth may already occur during the nuclei 

formation process, which consequently increases polydispersity. Below the supersaturation 

threshold, and during longer growth times, smaller particle will dissolve on the expense of 

bigger ones due to Ostwald ripening.100 While this process will initially increase the 

polydispersity further, once the smaller particles are completely dissolved over time, the 

polydispersity in the sample will be decreased. Directing nucleation and growth processes can 

be used for controlling the average nanoparticle size and its distribution. 



 

14 

 

Figure 2.1 Nucleation and growth of biopolymer nanoparticles. Concentration ratio of 

dissolved biopolymer to maximum of dissolved biopolymer in solution as a function of time 

after triggering strong and weak superstation. Strong supersaturation results in a short 

nucleation period and thus, in a distinct separation between nucleation and growth. Weak 

supersaturation may result in mixed nucleation and growth processes occurring in 

supersaturation regime. Smaller particles are formed with higher supersaturation strength 

followed by short particle growth time. 

2.3.1 Mechanism of Nucleation and Growth 

The growth mechanism of nanoparticles is driven by minimization of surface energy. Since 

additional surface energy is required for upholding the interphase area created during phase 

separation, the nucleation process forming stable seeds occurs only in supersaturation regime. 

The surface creation during nuclei formation requires an increase in Gibbs free energy 

(additional energy), while the bulk formation (particle growth) reduces the Gibbs free energy 

per unit volume of the solid phase. At the critical nuclei radius, the free energy required for 

surface creation is smaller than the free energy reduction gained due to phase separation. 
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Further particle growth occurs when the net free energy change ∆  is negative. The net free 

energy change for spherical particles as a function of radius follows the equation101 

 ∆ 	 4 	 ∆  (2.1) 

where  is the surface energy in Jm-2, r is the radius of the particle in m, ∆  is the free energy 

difference of polymer dissolved in molecular form in liquid and phase separated polymer as 

solid in J. The critical radius  is found by setting the derivative of ∆  = 0 followed by 

reforming to the particle radius giving the following equation: 

 	 	  (2.2) 

Once the particle size is above , it is energetically favourable for particle growth to occur 

reducing the amount of dissolved polymer in solution until the solubility limit of the polymer 

is reached in solution. 

2.3.2 Kinetics of Nanoparticle Growth 

Polymer precipitation on particle surfaces in solution is limited by (i) the diffusion of 

monomers to the surface and (ii) the surface reaction for polymer phase separation. Both the 

diffusion and surface reaction limited particle growth are described by the Lifshitz-Slyozov-

Wagner (LSW) theory.102,103,104 The driving force for diffusion-limited transport is based on 

the difference in chemical potentials of monomers in the interface region and the bulk phase.102  

The LSW diffusion-limited growth model has the following basic assumptions102 

- Nanoparticle growth occurs on spherical nuclei/particles 

- Total mass is conserved 

- Formation of new nuclei, after initial nuclei formation, is negligible 
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- The particles formed are stable and do not show any aggregation. 

With these condition, the LSW equation for , the final hydrodynamic diameter of the particle 

in nm, for diffusion-limited growth, simplifies to 

 	  (2.3) 

where, 	is the diameter of the nuclei,  in nm3s-1 is a constant dependent on the diffusion 

coefficient and the temperature, and  is the time in hours. Here, ∝ 	 √ . 

The other limiting mechanism in the growth of nanoparticles is the reaction limited 

precipitation, which is predominant only when the surface reaction of monomers to 

nuclei/particles is much slower than the diffusion of monomers to the surface. For this 

mechanism, the LSW theory provides solutions for each reaction order at the particle surface. 

For example, in the case of a first order reaction, ∝	 √ , which is different from ∝	 √  

observed in the diffusion-limited case. In reality, mixed diffusion and reaction controlled 

nanoparticle growth may govern the growth process increasing the number of parameters and 

complexity of the model.102 

2.4 Adsorption Isotherms 

The accumulation of ions and molecules on a surface can be represented by adsorption 

isotherms. An isotherm relates the equilibrium concentration of ions/molecules adsorbed onto 

a surface to the amount of ions/molecules remaining in the bulk at constant temperature.105 

  Most adsorption isotherm models have been established empirically. The models include 

the Freundlich,106 Langmuir,107 and BET (Brauner, Emmet, and Teller)108 isotherms as well as 
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others.109 Of these models, the Langmuir isotherm is the most commonly used one and further 

described below. There are four main assumptions for the Langmuir adsorption isotherm.109 

1. All adsorption sites on the particle surface are energetically equal 

2. Each site can hold only one ion/molecule 

3. Adsorbed ions/molecules do not interact with adjacent sites 

4. Monolayer adsorption. 

Following these assumptions in an idealized scenario for the Langmuir isotherm, the 

adsorption of ions on particle surface in liquids can be described with the equation 

 	 	 	 		

	
 (2.4) 

where  and c are the respective surface and bulk equilibrium concentrations in mg⋅g-1,  

is the maximum surface loading of adsorbate in mg⋅g-1, and K is the adsorption constant in 

g⋅mg-1 relating to the binding energy of ions on the surface. Larger K values result in stepper 

slopes in the Langmuir model, relating to higher adsorption values at low bulk equilibrium 

concentration. The model can be modified to account for non-ideal cases such as energetically 

unequal binding sites due to surface roughness or other reasons.109 

2.5 Assays for Antimicrobial Activity Testing 

Antimicrobial testing in suspension combined with colony count on agar plates110 was used 

for efficacy evaluation of samples. The schematic in Figure 2.2 describes the wet method 

procedure that was followed for antimicrobial suspension testing. For the E.coli, P. aeruginosa 

and S. epidermidis bacteria, PBS buffer was added in step 2. For Ralstonia sp., dialyzed (DI) 

water/broth was used instead of PBS buffer. E. coli BL21(DE3), P. aeruginosa (ATCC 15442), 
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and S. epidermidis (ATCC 12228) bacteria were grown in nutrient broth. The subsequent 

dilution series was performed with nutrient broth and the bacteria were stored at 4°C before 

exposure to active agents. 

 

Figure 2.2 Schematic on wet method used for antimicrobial testing. The following steps 

were performed: (1) Placement of active agent into centrifugal tubes, (2) Addition of PBS 

buffer/DI water, (3) Addition of bacteria (e.g. E.coli solution), vortexing for 1 min and 30 min, 

plating, and incubation of samples. 

PDAC resistant Ralstonia sp. were stored in freshly prepared PDAC 0.02 wt% solutions 

(for bacteria isolation and analysis procedures see Chapter 5.6.1). AgNO3 testing solutions 

were prepared from a 1000 mg/L Ag+ reference standard. The target concentrations of Ag+ in 

mg/L for antimicrobial testing were reached by diluting the reference standard with Millipore 

water. 200 µL of each active agent was placed into separate low retention centrifuge tubes. 100 

µL of PBS buffer (in Ralstonia test 100 µL of DI water instead of PBS buffer) was added to 

each tube to change the ionic strength, and to adjust the pH value to 7. Finally, 100 µL of 

bacteria E.coli or P. aeruginosa suspensions with approximately 1000 to 4400 CFU/mL in 
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nutrient broth (Ralstonia sp. in PDAC 0.02 wt% solution) was added. The samples containing 

bacteria were vortexed for the entire contact time before plating. After the bacteria were 

exposed to the active agent for 1 min, their survival rate was determined by pipetting 100 l 

of each sample evenly spreader on Luria-Bertani agar plates. The procedure was repeated after 

30 min, and/or 24 h (96 h) of exposure time. After the plating procedure, the Petri dishes were 

sealed and incubated upside down for 48 h at 37 °C. 

The activity of each tested agent was determined by comparing the count of the colony 

forming units (CFU) of a reference plate with the one of a test plate as depicted in Figure 2.3.  

The reduction of CFU on a test plate with antimicrobial agent is time-dependent and 

concentration-dependent. The maximum antimicrobial reduction efficiency of 100% was 

reached when no CFU could be determined on the test plate. The maximal antimicrobial 

reduction efficiency, E, was quantified with the following equation: 

100	 1 	

	
  (2.5) 

 

Figure 2.3 Illustration of difference in amount of colony forming units (CFU) formed on 

reference plate without agent (left) and CFU on test plate with agent (right). 
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2.6 Dynamic Light Scattering 

Light scattering is a process in which light is scattered due to irregularities in the media 

through which the light beam passes. When colloidal particles interact with a light beam, they 

scatter light depending on the ratio of the particles size and the wavelength of the incident 

beam.111 Dynamic light scattering (DLS) exploits this phenomena as non-invasive means to 

determine the average size and polydispersity of particle dispersions. Dynamic Light 

Scattering determines the hydrodynamic diameter of a particle by evaluating the random 

Brownian motion of particles. Large particles move slowly in solution, while smaller particles 

move faster at same media dispersant condition. Since Brownian motion is directly related to 

the size-dependent translational diffusion coefficient of the particles, the hydrodynamic 

diameters of particles,  in m, can be calculated using the Stokes-Einstein equation112 

 	 		
 (2.6) 

wehre η is the dynamic viscosity in Nsm-2,  the Boltzmann’s constant in JK-1, T the absolute 

temperature in °K, and D is the translational diffusion coefficient in m2s-1. At known solvent 

properties and fixed measurement temperature, the diffusion coefficient is the only unknown 

value required to calculate the hydrodynamic diameter of a monodispersed sample. DLS 

determines the translational diffusion coefficient by tracking the interference intensity of 

scattered light of particles moving in solution at a fixed angle as a function of time.113 The 

interference intensity fluctuates over time depending on the diffusion of the particles, which is 

size-dependent. Small particles diffuse more rapidly than big particles. Thus, the number of 

intensity fluctuations recorded in a set time interval will be larger for small particles compared 

to bigger ones. This can be used to calculate the average size of a particle ensemble.114 After 
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the diffusion coefficient is determined from the lag time in the correlation curve, 	is 

determined with equation 2.6. 

Figure 2.4 shows the distinct scattering intensity fluctuation profiles of large and small 

monodisperse particles recorded with DLS as well as the resulting ensemble-averaged time-

correlation function. 

 

Figure 2.4 Dynamic light scattering measurement profiles of large and small particles. a, 

Profile of scattering intensity fluctuation of large particles and resulting correlation function. 

b, Profile of scattering intensity fluctuation of small particles and resulting correlation 

function. The drop in the correlation coefficient of larger particles appears at a later time point 

compared to the drop observed with smaller particles. 

The profile of the correlation curve provides information on (i) the intensity-weighted 

mean hydrodynamic diameter (z-average), corresponding to the representative lag time of the 

drop in correlation coefficient, and (ii) the polydispersity, corresponding to the slope of the 
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drop in correlation coefficient. An ideal monodisperse sample would show a step change in 

the correlation curve. A shorter representative lag time of the correlation drop indicates smaller 

particle diameters, while longer lag times relate to bigger ones. In real samples (see Figure 2.4), 

the negative slope of the correlation drop provides additional information on the size 

distribution in the sample. Less negative slopes relate to bigger deviations from an ideal step 

change and therefore, they stand for broader size distributions. The DLS reporting of intensity-

weighted mean hydrodynamic diameter (z-average) is only applicable for samples that contain 

one distinct size population. 

2.6.1 Dynamic Light Scattering Instrument Settings 

A Zetasizer Nano ZSP (Malvern Instruments Ltd.) was used for nanoparticle size 

measurements. The instrument was fitted with a 633 nm He-Ne laser. The measurements were 

performed at 173° in back-scattering mode. All size measurements reported are z-average 

intensity based hydrodynamic diameters calculated from the respective DLS correlation 

function with cumulates fit analysis. The cumulative fit model assumes for the entire particle 

ensemble a single diameter (z-average) with polydispersity. 

The solvent viscosity values used for DLS calculations are summarized in Table 2.2. Semi-

micro plastic cuvettes were used for the measurements at 25 °C, and glass cuvettes for runs at 

T ≥ 30 °C. Approximately 12 to 18 sub-runs, adjusted automatically by the equipment, were 

performed for each measurement. The intensity-based z-average hydrodynamic diameter is 

reported in all DLS size data of the nanoparticles. 
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Table 2.2 Solvent viscosities and measurement temperatures for DLS measurements. 

Solvent 
Temperature 

[°C] 

Viscosity 

[cP] 

Water 25 0.887 

Ethylene glycol 25 16.11 

Ethylene glycol 35 10.98 

Ethylene glycol 38 9.88 

Ethylene glycol 50 6.73 

Water / 40 vol% 

ethylene glycol 
25 2.56 

Water / 10 vol% 

acetone 
25 1.07 

   

2.7 Zeta Potential 

The net surface charge of a particle suspended in a solution is evaluated on the basis of the 

zeta potential. It governs the outer part of the diffusive double layer (see Figure 2.5), which 

dictates the interaction of the particle with other particles and solid surfaces, ions, and dipolar 

molecules. In electrostatically stabilized particles, it is a primary indicator for colloidal 

stability. 

The zeta potential is the electric potential at the slipping plane of a moving particle.115 

When a particle is suspended in aqueous solution, it has a hydration shell, which extends the 

particle size to the hydrodynamic diameter, . This diameter also marks the boundary of the 

slipping plane between a moving particle and the surrounding solution. Due to the charges on 

the surface of a particle, a diffusive double layer forms at the particle-solution interface. The 
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distribution of charges of a negatively charged particle and the difference in potentials as a 

function of distance from the particle surface are shown in Figure 2.5. 

 

Figure 2.5 Schematic of a negatively charged particle suspended in aqueous solution. The 

surface potential is at the boundary of the solid particle, which is located at the plane where 

the first counterion layer adsorbs. The Stern potential is located at the outer boundary of the 

fixed counterion plane. It is followed by a diffusive layer for ions towards the slipping plane, 

the location of the zeta potential. The potentials decrease with distance from the particle 

surface. 

The double layer consists of (i) a condensed zone of positively charged counter ions, the 

Stern layer,116 and (ii) a diffusive region for charged ions. In the Stern layer, counter ions 

adsorb strongly on the particle surface and are highly restricted. The respective potential at the 

outer boundary of this layer is denoted as Stern potential. The zeta potential is measured at the 

slipping plane and follows ionic concentration dependent decay. 
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The characteristic thickness of the diffusive double layer is given by the Debye length κ-1 

in nm.117,118 The Debye length decreases with increasing ionic strength,119 and is calculated 

with the equation  

  (2.7) 

where ε  is relative permittivity,  is the vacuum permittivity in Fm-1,  is the Boltzmann 

constant in JK-1,  is the Avogadro number in mol-1, T is the temperature in °K, e is the 

elementary charge in C, and I is the ionic strength of the electrolyte in molm-3.120 For 1:1 

electrolytes, the calculation of the Debye length simplifies to 

 	 .
 (2.8) 

where I is the ionic strength of the electrolyte in molL-1.120 The decay of the zeta potential with 

increasing ionic strength follows the Poisson-Boltzmann distribution. Derjaguin and Landau 

as well as Verwey and Overbeek developed a model (DLVO theory) to explain the interaction 

energy between two particles taking into account van der Waals and electrostatic forces.121,122 

Electrophoresis measurements determine the electrokinetic mobility of charged particles, 

which is related to the zeta potential, under application of an electrostatic electric field.115 The 

mobility measurement is performed using Laser Doppler Velocimetry.123 The zeta potential 

can be calculated from the electrophoretic mobility, UE in m2s-1V-1, given by the 

Henry equation124 

 	 	 	 	 	 		
 (2.9) 

wehre ε is the dielectric constant,  the zeta potential in mV, η(T) is the dynamic viscosity in  

Nsm-2, and f(κ r) the Henry’s function, in which κ-1 is the Debye length in nm, and r is the 
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radius of the particle in nm. The ratio of κ-1 to r provides information on the model used for 

zeta potential calculation. For the case κ-1 << r, the Smoluchowski approximation is employed 

for the calculation of the zeta potential.125 Since this was the case for all particle systems 

evaluated in this thesis, all zeta potential values were determined using the Smoluchowski 

approximation processed with the Malvern Zetasizer software v7.0. 

2.7.1 Zeta Potential Instrument Settings 

A dip-cell (Malvern, ZEN1002; 2 mm gap size between the electrodes) combined with a 

13° forward scatter detector was utilized for measuring the zeta potential of nanoparticles. A 

voltage of ≤ 5 V was applied for measurements. The measurement was performed at a 

temperature of 25 °C. The equilibrium time between each run was set at 25 sec. Automatic 

measurement settings were used for all zeta potential measurements. 

2.8 Ultraviolet Visible Spectroscopy 

One main application of ultraviolet-visible (UV-Vis) spectroscopy is to quantify the 

concentrations of an analyte. The distinct wavelength-dependent absorption profile of 

dissolved molecules is used for qualitative and quantitative analysis. Figure 2.6 shows the main 

components of an UV-vis spectrometer. In this thesis, UV-vis studies were performed on lignin 

as analyte in aqueous solution and in ethylene glycol. 
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Figure 2.6 Schematics of a simple UV-vis spectrometer. The input light intensity I0 of an 

incident beam at a target wavelength after the exit slit is reduced when passing through the 

sample. The transmitted light intensity Iout is measured at the photon detector, and the 

absorbance of an analyte, e.g. lignin, is calculated using Beer-Lambert Law. 

2.8.1 Measurement Principle & Procedures 

The absorbance of lignin in a media is dependent on the lignin concentration and the path 

length of the beam126 in media according to Beer-Lambert Law127 following the equation: 

 	 	 		 (2.10) 

where A is the absorbance, I0 the input light intensity, I the output light intensity, ε is the molar 

absorptivity of the media, l the path length of media, and c the concentration of UV-absorbing 

molecule, which is in this thesis lignin.128 

A Jasco V-550 Ultraviolet-visible (UV-Vis) spectrometer was utilized for absorbance 

measurements128 at 285 nm to determine the amount of dissolved lignin. Quartz cuvettes were 
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used for measurements. The UV-Vis calibration curves for dissolved Indulin AT lignin in 

water and ethylene glycol were recorded. The absorbance of Indulin AT lignin at 285 nm as a 

function of dissolved lignin in aqueous solution is plotted in Figure 2.7a. Indulin AT lignin 

was dissolved in aqueous solution at pH > 12, diluted with Millipore water to measureable 

concentrations, and diluted a second time 1 : 1 with 1 M NaOH to adjust the ionic strength and 

pH in all samples to comparable values. A linear fit according to Beer-Lambert’s law resulted 

in the calibration curve for Indulin AT dissolution studies. 

For sample measurements, we adjusted the pH value of dialyzed Indulin AT nanoparticles 

from a native pH of 4.9. The samples were equilibrated for 4 h. In the next step, the particles 

were removed from the nanoparticle suspension by filtration of the solution with 20 nm Anotop 

25 syringe filters. The supernatants of these pH-adjusted samples were captured. Before the 

absorbance measurements, additional amounts of NaOH solution was added to the particle free 

solutions to adjust the pH to 12. The lignin amount dissolved in the supernatants was 

determined with the Indulin AT absorbance calibration curve. The amount of lignin remaining 

in particulate form in aqueous solution at each pH value was calculated by subtracting the 

amount of dissolved lignin from its total amount. The absorbance of Indulin AT at 285 nm as 

a function of dissolved lignin in ethylene glycol is shown in Figure 2.7b. Lignin was dissolved 

in ethylene glycol, filtered with a 0.4 um syringe filter, and diluted with ethylene glycol to 

measureable concentrations. The calibration curve was used to determine the lignin residue 

content in molecular form in ethylene glycol after inducing particle formation with pH drop. 
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Figure 2.7 Indulin AT Ultraviolet-Visible spectroscopy (UV-Vis) calibration curves 

measured at 285 nm. a, Absorbance at 285 nm as a function of dissolved Indulin AT in 

aqueous solution. The absorbance follows the Beer-Lambert law according to A = 166c, where 

A is the absorbance at 285 nm and c the concentration of Indulin AT in aqueous solution. b, 

Absorbance at 285 nm as a function of dissolved Indulin AT in ethylene glycol. The absorbance 

follows the Beer-Lambert law according to A = 185c, where A is the absorbance at 285 nm 

and c the concentration of Indulin AT in ethylene glycol. 

2.9 Mass Spectroscopy Measurements 

The silver content of EbNP samples in silver ion release studies was determined with 

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) and Optical Emission 

Spectroscopy (ICP-OES). In ICP-OES, samples were analyzed using a Perkin Elmer 8000 DV 

ICP-OES. The sample transport system utilized a cyclonic spray chamber equipped with a 

Meinhard nebulizer, with instrument parameters set as follows: plasma 12.0 L Ar(g)/min; 

auxiliary 0.2 L Ar(g)/min; nebulizer 0.55 L Ar(g)/min; power 1500 W; peristaltic pump rate 

1.00 mL/min. Elemental concentrations for Ag were determined by measuring the Ag emission 

line at 328.07 nm. The samples were diluted five times with 2 v/v% Optima HCl solution, so 
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that concentrations would fall within the prepared multi-point calibration curve. Calibration 

curves were made from certified standards (Inorganic Ventures, Christiansburg, VA). 

Calibration curves were verified by preparing a check solution from a different stock standard 

(Spex CertiPrep, Metuchen, NJ). Laboratory check standards were analyzed every 12 samples, 

with instrument re-calibration if check standards were not within 10 % of the initial 

concentration. 

In ICP-MS, selected samples were analyzed using a Perkin Elmer Elan DRCII ICP-MS.  

The sample transport system utilized a baffled cyclonic spray chamber equipped with a 

Meinhard nebulizer. Ag was determined by quantifying Ag isotopes 107 and 109, using 115In 

as an internal standard. Each sample measurement was the average of 3 replicate readings (20 

sweeps each).  Samples were diluted with a 1 % Optima HNO3 / 1 % Optima HCl v/v acid 

solution at 10 to 40 times so that concentrations would fall within the prepared multi-point 

calibration curve.  Multi-point calibration curves were prepared from 10 mg/L stock solutions 

(Inorganic Ventures, Christiansburg, VA). Calibration curves were verified by preparing a test 

solution from a different stock standard (Spex CertiPrep, Metuchen, NJ). Test solutions were 

analyzed after every 12 samples, with instrument re-calibration if the standards were not within 

10% of the initial concentration. 
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2.10 Confocal Microscopy Visualization 

Confocal microscopy is a laser-scanning imaging techniques that allows the visualization 

of 3-D structures by optical sectioning.129,130 A BX-61 microscope (Olympus Corp.) including 

a FLUOVIEW FV300 confocal microscopy system was used for these studies. The setup 

allows optical sectioning of a sample along the z-axis with a depth of the focal plane dependent 

on the confocal pinhole.129 Figure 2.8 shows the principle and main components of laser 

scanning confocal microscopy. 

 

Figure 2.8 Principle of laser scanning confocal microcopy. A laser beam is applied on the 

specimen to excite the sample at the focal point. The laser passes through a pinhole and is 

attenuated by an acousto-optic tunable filter. The direction of the beam is changed towards the 

specimen with a dichroic mirror. The scanning unit controls the focal point of the laser on the 

specimen in x-y direction, the focal plane in z-direction is adjusted with the height setting of 

the sample stage. Fluorescence emission light from the dye tagged specimen passes the 

dichroic filter, barrier filters, and a pinhole towards the photomultiplier. The 3D scan of the 

specimen is reconstructed with Fluoview V4.0a software packages from Olympus Corp. 
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The instrument was fitted with a blue laser from Melles Griot. Dichroic mirrors (DM) at 

570 nm and 630 nm were used as interference filters for E.coli tagged with fluorescein 

isothiocyanate (FITC) and lignin nanoparticles tagged with Nile Red. An oil immersion 

objective, UPlan Fl 100x/1.30 oil Ph3 ∞/0.17 (Olympus Corp.), was used for confocal 

microscopy scans. Image analysis was performed with Image J software.131,132 A point spread 

function (PSF) file in preparation of image deconvolution was performed with Richards & 

Wolf 3D Optical Model.133 The image stack was restored in Image J deconvolution lab with 

Tikhonov-Miller model, and the resulting file was rendered in Image J 3D Viewer.134 

2.11 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) allows the imaging of nanosized objects.135 The 

technique employs an electron beam interacting with a sample as the beam passes through a 

thin specimen. The interaction of electrons passing through a sample are recorded at a detector 

to form an image. A JEOL 2000-FX Intermediate Voltage Scanning TEM at 200.0 kV 

excitation voltage was used for imaging of Indulin AT and HPL nanoparticle samples. For 

sample preparation, 5 µl droplet of dilute nanoparticle solution was pipetted on a copper TEM 

grid. After 30 seconds of contact time, the residual volume of the nanoparticle solution was 

removed by gently blotting with a Kimwipe®. The samples were kept stored in a TEM grid 

box until analysis. 
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3 CHAPTER 3 

 

Organosolv Lignin Nanoparticles as Biodegradable Nanocarriers 
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3.1 Introduction 

Biodegradable lignin nanoparticles could be used as carrier for hydrophilic and 

hydrophobic active ingredients to enhance their functional properties during application. As 

described in Chapter 1.2, such particles may serve as sustainable alternative to 

environmentally-persistent nanosystems, while delivering the same desired action. Since lignin 

is an inexpensive biopolymer, the nanoparticles will likely be suitable for large-scale 

applications in the environment unsuitable for current nanoparticles. The first type of lignin 

nanoparticles synthesized in this thesis were fabricated using hydrophobic Organosolv (High 

Purity Lignin) as precursor. In the following Subchapters, the results for the synthesis of High 

Purity Lignin (HPL) nanoparticles via the antisolvent flash precipitation method in water will 

be presented. The size evolution of the lignin particles was modeled on the basis of mass 

balance equations at steady state condition. The particles in the size range of 45 to 250 nm in 

diameter have tunable surface properties. The surface and colloidal properties of the 

nanoparticles at different pH and dispersion salinities will be characterized in Chapter 3.4. In 

the same Chapter, it will be shown that the surface properties of lignin nanoparticles can be 

further altered by the specific adsorption of the cationic polyelectrolyte, 

polydiallyldimethylammonium chloride (PDAC). The methods for the synthesis of this new 

type of lignin nanoparticle follow green chemistry principles, and the particles can be used as 

nanocarriers for hydrophobic active ingredients for new environmentally-friendly 

nanomaterials. 
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3.2 Synthesis of High Purity Lignin Nanoparticles 

The solubility of highly hydrophobic High Purity Lignin (HPL)84 in acetone, a water-

miscible solvent, combined with its insolubility in water, can be used for controlled 

nanoparticle flash precipitation.136 The schematic in Figure 3.1 shows the stepwise procedure 

for the synthesis of HPL nanoparticles via the antisolvent precipitation process by using 

acetone as solvent and water as antisolvent. The lignin is dissolved in molecular form in 

acetone. The addition of a large amount of antisolvent (water) to the solvent (acetone) reduces 

the bulk solubility of the mixture, which induces supersaturation of HPL lignin, followed by 

nucleation and growth of nanoparticles. 

 

Figure 3.1 Schematics showing High Purity Lignin nanoparticle synthesis. HPL is 

dissolved in acetone, and the particles are precipitated by addition of water. PDAC addition 

post-synthesis results in PDAC-coated HPL nanoparticles with positive surface charge. 

In a typical HPL lignin nanoparticle batch synthesis, 0.25 g of High Purity Lignin was 

dissolved in 50 mL acetone. The stock solution was vortexed for 30 minutes and filtered with 

a 0.45 μm syringe filter. Then 1 mL of the solution was placed into a 20 mL scintillation vial. 

Addition of 9.2 mL of water induced super-saturation of lignin in the solution, and resulted 

into phase separation of lignin in the form of nanoparticles. A syringe pump was used to control 

the rate of antisolvent addition in the range of 1 to 220 mL/min. Further increase in antisolvent 
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addition rate (up to 1100 mL/min) was achieved by direct pipetting. For pH stability studies, 

the target pH of the dispersion was adjusted by adding minimum amounts of 1M HNO3 and 

1M NaOH solution. For salinity studies, residual acetone and excess ions were removed from 

the native lignin nanoparticles via dialysis using distilled water as dialysate. The particle 

suspension, at pH 4.5 after dialysis, was further diluted to 0.05 wt% HPL nanoparticle content. 

The salinity in the samples was adjusted by addition of NaCL(aq). The samples were diluted 

with water to obtain a constant 0.025 wt% HPL before size measurement with DLS (see 

Chapter 0) and zeta potential measurements (see Chapter 2.7). 

The nanoparticles exhibited colloidal stability with no further growth after the addition of 

antisolvent (water). The prolonged stability of the particle suspension was confirmed by its 

high negative zeta potential and constant size after 84 days. The main parameters controlling 

the size of HPL nanoparticles synthesized via the antisolvent flash precipitation method are (i) 

the dilution rate with antisolvent, and (ii) HPL loading in the solvent stock solution, which are 

further investigated in Chapter 3.3. 

3.3 Growth Parameters of HPL Nanoparticles 

The first parameter investigated was the antisolvent dilution rate influencing particle size 

during HPL nanoparticle formation. The antisolvent (water) dilution rate was varied in the 

range 1-1100 mL/min. The size was determined using in-situ DLS measurements. The change 

in particle diameter upon changing the addition rate of water to HPL in acetone is shown in 

Figure 3.2a. We observed a decrease in particle size with increasing antisolvent dilution rate. 

The size of the nanoparticles did not change at dilution rates > 400 mL/min, indicating that 

beyond this threshold value of rapid mixing, the number of nuclei formed remained constant. 
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Figure 3.2. Characterization of High Purity Lignin nanoparticles. a, Size control by 

dilution rate during the flash precipitation - diameter of nanoparticles as a function of water 

dilution rate at constant HPL loading. The diameter of the nanoparticles increases with 

increasing antisolvent addition rate. b, Size control as a function of initial HPL bulk 

concentration at constant antisolvent addition rate of 1100 mL/min. The data points are fitted 

using equation 3.3 of the lignin mass balance model. The diameter of the nanoparticles 

increases with increasing HPL loading. Error bars in a. and b. represent the standard deviation 

of the corresponding experimental values. 

The equilibrium sizes of the nanoparticles are dependent on the initial HPL concentration 

in acetone. We investigated the change in particle size in the HPL concentration range from 

0.1 to 3.2 wt % at a constant antisolvent dilution rate of 1100 mL/min. The samples obtained 

were then further diluted with water to 0.05 wt%, which provided a suitable concentration for 

size measurements with DLS. Figure 3.2b shows a monotonic increase in the nanoparticle size 

with increasing HPL concentration. This increase in particle diameter can be approximated by 

a lignin mass balance model at steady state condition. The basic assumptions of the model are 

(a) a constant number of initial nuclei with diameter  (= 45 nm) , which are formed at the 
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corresponding  (= 0.2 wt %) lignin weight percent, and (b) any further increase in the lignin 

bulk concentration leads to particle growth in purely diffusive fashion. The number of nuclei 

 formed at  (= 0.2 wt %), assuming all lignin forms nuclei with diameter  (= 45 nm) 

is calculated as 

	 			 			 (3.1) 

Where M is the total mass of the sample in g,  is the approximated density for lignin (1 g/cm3). 

The equation for particle growth assuming constant number of nuclei, , at lignin loading, , 

is cacluated as 

	4
	

		 (3.2) 

The formula can be reformed to particle diameter ( ). Based on this simple mass-balance 

model, the particle diameter ( ) at a given bulk lignin concentration ( ) before antisolvent 

addition can be estimated by following equation 

 	  (3.3) 

where  is the diameter of the nuclei formed at  (here 0.2 %). We observed an excellent 

correlation of particle sizes predicted by the mass balance model with the sizes measured in 

experiments up to  = 1.25 wt% of lignin (Figure 3.2b). The observed deviations of the model 

from the experiment at higher lignin concentrations can be attributed to possible variations in 

the relative population of nuclei due to inhomogeneities in the local supersaturation throughout 

the sample upon antisolvent addition. Particles with diameters up to 250 nm can be synthesized 
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by increasing the initial HPL bulk concentration beyond 3.2 wt % (for details see 

Chapter 3.3.1). 

We visualized the HPL nanoparticles with Transmission Electron microscopy (TEM). 

TEM images of as-synthesized HPL nanoparticles shown in Figure 3.3 indicate the presence 

of spheroidal particles with diameters below 80 nm. 

 

Figure 3.3 TEM micrograph of as-synthesized HPL nanoparticles in the size range of 60 

nm to 80 nm. 

3.3.1 HPL Nanoparticle Synthesis at High Lignin Content 

HPL nanoparticles were synthesized with the antisolvent flash precipitation method at 

elevated lignin concentration ranging from 4.0 to 10.0 wt % at a constant antisolvent dilution 

rate of 1100 mL/min. The samples obtained were diluted with water to 0.05 wt% for size 

measurements with DLS. The change in particle size as a function of HPL bulk concentration 

is shown in Figure 3.4. By increasing the lignin content in acetone above 3.2 wt%, HPL 

particles with larger diameters ranging between 150 nm to 250 nm can be synthesized. 

Measurements performed after 84 days confirm their long-term colloidal stability. 
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Figure 3.4 HPL nanoparticle diameter as a function of initial HPL weight percent at 

elevated bulk concentration at constant antisolvent addition rate of 1100 mL/min. The 

samples were measured after synthesis and 84 days. The diameter of the diameter increases 

with increasing HPL loading. 

3.4 Properties of HPL Nanoparticles 

The dispersion stabilities and surface charges of the particles are governed by dispersion 

pH and ionic strength. In this Chapter, we study the response of HPL dispersion upon changing 

the pH and salt concentration. The variation of nanoparticle diameters and zeta potentials of 

the HPL lignin nanoparticles with increasing pH is shown in Figure 3.5a. The nanoparticles of 

diameter 80 nm and a zeta potential of -45 mV, were stable in a broad pH range from 3.2 to 

8.5. At pH < 3.2, the magnitude of the surface charge of the nanoparticles decreased 

significantly, which resulted into their aggregation (Figure 3.5a inset). This aggregation 

highlights the dominant role of surface charge interaction in the particle stabilization. 

However, at pH > 8.5 the particle size decreased to 50 nm, which can be attributed to the onset 

of particle dissolution, where the complete dissolution occurred at pH 12.0. Dissolution of the 
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HPL lignin in basic solution above pH > 11.5 resulted in significantly darker solution compared 

with the nanoparticle dispersions at pH < 8.5 (Figure 3.5a inset). 

The pH stability study indicated that the primary interaction leading to HPL particle 

stabilization is based on electrostatic double layer repulsion. In order to investigate this further, 

we added increasing amounts of NaCl to the nanoparticle dispersions to change the Debye 

length (see Chapter 2.7) of the electrostatic interactions. The size and zeta potential of HPL 

nanoparticles as a function of NaCl added are plotted in Figure 3.5b. The nanoparticles 

exhibited colloidal stability until 70 mM. A two-and-a-half fold increase in particle size at 150 

mM (Debye length < 0.03 nm) indicates particle aggregation as the zeta potential dropped 

below -20 mV due to the screening of charges on the particles’ surfaces. 

 

Figure 3.5 Properties of High Purity Lignin nanoparticles. a, pH stability of HPL 

nanoparticles - diameter and zeta potential as a function of dispersion pH. Aggregation is 

observed for pH < 3.2. The nanoparticles are stable in the pH range of 3.5 to 8. The physical 

appearance of the samples from pH 2.9 to 11.6 are shown `as an inset. b, HPL nanoparticle 

stability at increased ionic strength - diameter and zeta potential as a function of NaCl added. 

The nanoparticles exhibit dispersion stability up to 70 mM. 
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A precise control over the surface charge of these lignin particle is the key to their 

application in environmental and biomedical science. Therefore, we selectively adsorbed 

positively charged polydimethylamonium chloride (PDAC) onto negatively charged binding 

sites on the HPL nanoparticles. The PDAC binding induces a surface charge reversal of the 

particles from negative to positive.137 The data for change in zeta potential as a function of 

amount of PDAC added are plotted in Figure 3.6.  

 

Figure 3.6 Surface charge modification of HPL nanoparticles with PDAC. Diameter and 

zeta potential of nanoparticles are plotted as a function of PDAC added. PDAC to HPL weight 

ratios from 0.01 to 0.03 result in aggregation of nanoparticles. PDAC to HPL weight ratios of 

0.06 or higher result in stable suspensions of PDAC-coated nanoparticles with positive surface 

charges. 

Corresponding size measurements were performed to validate colloidal stabilities after 

PDAC addition. At PDAC to HPL weight ratios of 0.01 to 0.03, multifold particle size 

increases, indicating aggregation, was observed. The point of charge neutrality of PDAC-

coated HPL nanoparticles, indicated by aggregation, was determined at pH 6 at a PDAC to 

HPL wt % ratio of 0.02. Stable suspensions of PDAC-coated nanoparticles with positive zeta 
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potentials above + 20 mV could be achieved at PDAC to HPL wt % ratios of 0.06 or higher. 

Native (uncoated) and PDAC-coated HPL nanoparticles were found to be highly stable in 

aqueous dispersions with no change in the particle size after 36 months (for details see 

Chapter 3.4.1). 

3.4.1 Stability of HPL Nanoparticles  

The sizes of a selected native and PDAC-coated HPL nanoparticles were re-measured after 

three years to investigate their long-term colloidal stability. The samples were stored 

refrigerated at 4 °C for three years. After this time period, the samples remained translucent 

with no observable change in the sample. The samples were gently shaken by hand for five 

seconds, before remeasuring their size using Dynamic Light Scattering (DLS). The resulting 

DLS correlation curve profile gives information on the z-average diameter, corresponding to 

the representative lag time of the correlation drop, and polydispersity, corresponding to the 

slope of the correlation drop. A shorter representative lag time of the correlation drop indicates 

smaller particle diameters, a longer correlation drop transition indicates broader size 

distributions. Figure 3.7a shows the correlation curves of freshly synthesized native HPL 

nanoparticles and the same sample measured after 36 months. The correlation curves are 

superimposable with regards to the representative lag time and slope of the correlation drop 

confirming the same particle diameter and size distribution. The native nanoparticles with 

 = 83 nm, synthesized at 1100 mL/min antisolvent dilution rate as reported in Figure 3.2a, 

resulted in  = 80 nm after 36 months. Figure 3.7b shows the correlation curves of PDAC-

coated HPL nanoparticles measured after particle synthesis and 36 months. The correlation 

curves show the same profile confirming the same particle diameter and size distribution. 
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PDAC-coated nanoparticles with  = 88 nm, synthesized at a PDAC to HPL weight ratio 

of 0.2 as reported in Figure 3.6, resulted in a  = 82 nm after 36 months. The stability of 

the DLS correlation curve profiles of both, native and PDAC-coated HPL nanoparticles, over 

the course of three years confirms long-term colloidal stability. 

 

Figure 3.7 Three-year colloidal stability study of High Purity Lignin nanoparticles. a, 

DLS correlation curves of native nanoparticles measured after synthesis and re-measured after 

36 months. b, DLS correlation curves of PDAC-coated nanoparticles measured after synthesis 

and re-measured after 36 months. The re-measured curves show the same profiles indicating 

the same z-average size and size distribution. 

3.5 Discussion 

The general approach of flash precipitation has been successfully deployed for nanoparticle 

formation from Organosolv lignin. The short supersaturation time in the antisolvent flash 

precipitation resulted in rapid particle growth depleting the solution from dissolved polymer.102 

No additional particle growth of HPL nanoparticles was measured after synthesis. The 
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predominant shape of HPL nanoparticles was spheroidal (TEM, Figure 3.3c). The origin of the 

spheroidal shape of the HPL nanoparticles may be the high hydrophobicity of the Organosolv 

lignin.84 We believe that the hydrophobic lignin, much like oils, would prefer to minimize its 

surface energy by forming spherical structures (akin to droplets) when forced into the 

supersaturation regime during the antisolvent flash precipitation. 

The HPL nanoparticles exhibit pH stability in a broad range. Particle aggregation was 

noticed at strongly acidic conditions, and particle disintegration was observed at strongly basic 

pH, which follows general pH-dependent dissolution properties of lignin.84 While the particles 

dissolve at elevated pH values, this behavior would not interfere with large scale applications 

in the environment, which would typically be found close to ground water pH ranging from 6 

to 8.5. 

The native HPL nanoparticles exhibit only moderate ionic strength stability, with particle 

aggregation > 100 mM NaCl. The relatively low ionic strength at which colloidal 

destabilization was observed indicates a purely electrostatic stabilization mechanism of the 

particles. 

The colloidal stability of both native and PDAC-coated HPL nanoparticles over the course 

of three years was confirmed with DLS size measurements. Because of the high 

hydrophobicity of the HPL nanoparticles, we believe that the particles will be well-suited as 

biodegradable carriers to enhance the activity of hydrophobic bioactive compounds, such as 

antifungal azoles, allylamines, and others. 
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3.6 Conclusions 

We investigated nanoparticles synthesized from Organosolv (HPL) lignin as a new class 

of biodegradable materials with tunable surface properties. The nanoparticles were formed by 

supersaturation, nucleation, and particle growth induced with a flash precipitation method. Our 

studies indicate that HPL particles are only electrostatically stabilized. The particles were 

stable within a broad pH range from 3.5 to 8, covering a wide spectrum of potential 

applications. The HPL particles are strongly hydrophobic, which gives rise to their spheroidal 

shape and makes them suitable for organic active ingredients loading such as antifungal 

agrochemicals. We showed that the coating with PDAC provides further capabilities for 

surface charge modification of targeted nanocarriers. The particle systems exhibited multi-year 

colloidal stability in aqueous solutions. Functionalized with active ingredients, these lignin 

nanocarriers could lead to the next-generation of sustainable nanoparticles. We expect that 

such particles could potentially open new opportunities in diverse fields including wood 

preservation, consumer products, and agriculture in the framework of environmental 

responsibility. 
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4 CHAPTER 4 

 

Engineered Kraft Lignin Nanoparticles as Biodegradable Nanocarriers 
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4.1 Introduction 

Lignin nanoparticles used as carriers for biocide active ingredients may temporarily 

enhance their activity during application. The Organosolv lignin nanoparticles presented in the 

previous Chapter are strongly hydrophobic, which may limit their loading capacity for 

hydrophilic or ionic actives. In order to overcome this limitation, we designed nanoparticles 

with tunable surface properties from Kraft lignin (Indulin AT), which is amphiphilic. In 

aqueous systems, matrixes of Kraft lignin have shown high absorbance capabilities of heavy 

metal ions for environmental remediation purposes.138,139 Cationic metal ions are 

electrostatically attracted to negatively charged binding sites on Kraft lignin (Table 2.1). 

Recently, we reported the synthesis of Indulin AT nanoparticles in ethylene glycol.32 In this 

Chapter, we investigate the synthesis parameters of Kraft (Indulin AT) lignin nanoparticles by 

flash precipitation induced by pH drop in ethylene glycol. Parameters affecting particle growth 

were analyzed, and the size evolution of the lignin particles were modeled on the basis of 

diffusional particle growth kinetics. We compare the surface and colloidal properties of Indulin 

AT with High Purity Lignin at different pH and dispersion salinities. This detailed 

investigation of lignin nanoparticle synthesis and characterization of their properties facilitates 

a fine tuning of their surface chemistries. These Indulin AT nanoparticles can be used as 

carriers for hydrophilic cationic agents to increase their efficacy, reducing dosage requirements 

and environmental impact of products. 

4.2 Synthesis of Indulin AT Lignin Nanoparticles 

 The lignin nanoparticles investigated in this chapter were synthesized from Indulin AT 

lignin. We used the pH-drop induced flash precipitation of Indulin AT biopolymer in ethylene 
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glycol solution to synthesize the nanoparticles.32,73 Figure 4.1 summarizes the particle 

synthesis method, in which a pH drop in ethylene glycol triggers supersaturation of Indulin 

AT, followed by nucleation and particle growth. The parameters directing the particle size are 

(a) the initial lignin concentration, (b) the molarity of the acid added, and (c) the rate of acid 

addition (i.e. rate of pH drop).32 We investigated the particle growth at rapid (in “one go”32) 

acid addition, which relates to instantaneous mixing and pH drop in ethylene glycol. In a 

typical batch synthesis of the nanoparticles, 0.25 g of Indulin AT biopolymer was dissolved in 

50 mL ethylene glycol. The solution was vortexed for 30 minutes, filtered with a 0.45 μm 

syringe filter, and placed into a scintillation vial. The particles were synthesized by adding 1.0 

to 3.0 mL of 0.025 M HNO3 to 5 mL of ethylene glycol containing dissolved lignin, while 

vigorously stirring the sample. The particle growth in ethylene glycol was monitored by 

measuring the hydrodynamic diameter of the particles using Dynamic Light Scattering (DLS). 

The particles were allowed to grow up to the desired size, after which the suspensions were 

diluted with water to cease further increase in particle size. The particles were then 

characterized for their colloidal stability and surface properties. 

 

Figure 4.1 Schematics of the synthesis and growth of Indulin AT lignin nanoparticles. 

The Indulin AT polymer is dissolved in ethylene glycol. Particles are formed after an induced 

pH drop. The temperature-dependent particle growth can be stopped by dilution with water. 
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In addition to the lignin nanoparticles synthesized in ethylene glycol, we investigated the 

properties of the particles synthesized directly in aqueous solution, using a pH drop flash 

precipitation in water as reported previously.32 For this synthesis, 10 mL of Indulin AT 

0.05 wt% dissolved in water at pH 12 were placed into a scintillation vial. Particles were 

precipitated via pH drop by rapid addition of 1 M HNO3 resulting in final pH values between 

1.8 and 2.6. Figure 4.2 shows the nanoparticle size vs. amount of 1 M HNO3 added. 

Nanoparticles with diameters ranging from 30 nm to 190 nm as a function of final pH could 

be synthesized. The particles did not exhibit colloidal stability as indicated by the increases in 

particle diameters re-measured 7 days after synthesis. The particles synthesized with this 

method were not pH-stable and dissolved at pH > 3. 

 

Figure 4.2 Indulin AT lignin nanoparticles synthesized via pH drop method in aqueous 

solution. Nanoparticle diameter as a function of final pH value, or HNO3 added to 10 mL of 

0.05 wt% Indulin AT solution, measured within 5 minutes of nanoparticle synthesis and after 

seven days. Nanoparticles with diameters ranging from 30 to 190 nm were synthesized. 
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4.2.1 Growth Mechanism and Kinetics of Indulin AT Nanoparticles 

Native Indulin AT lignin nanoparticles were synthesized with the pH-drop induced flash 

precipitation in ethylene glycol solution as described in Chapter 4.2. The change in the particle 

size in ethylene glycol after the initial pH drop was monitored using DLS. The increase in 

particle diameter ( ), i.e. growth, as a function of time, t, at T = 25 °C is plotted in Figure 

4.3a. We could analyze the change in particle size on the basis of Lifshitz-Slyozov-Wagner 

(LSW) model102 for diffusive particle growth  (for details see Chapter 2.2). The three basic 

assumption of the model are: (a) the lignin nanoparticle growth occurs in a supersaturated 

medium, (b) the number of nuclei formed during the initial flash precipitation remains constant, 

and (c) the nanoparticles growth is solely regulated by lignin diffusion.140 Under these 

conditions, the particle diameter, at any time, is given by following equation 

 	      (4.1) 

where  = 50 nm, the diameter of the nuclei formed immediately after inducing a pH drop at 

T = 25 °C,  is a free fit parameter, which is dependent on the diffusion coefficient, and t is 

the time in hours. The particle growth according to LSW model, with  = 7000 nm3s-1, is 

shown in Figure 4.3a. Our experiments show a weaker dependence on the time of particle 

growth as predicted by the model, with ∝ 	 / .101 This is in accordance with previous 

reports on the growth of nanocrystals, where similar time-dependence was observed.141 In our 

case, the decrease in the power-law scaling can be attributed to the reduction in the effective 

concentration of dissolved lignin polymer at prolonged time and the partial contribution from 

non-diffusive surface-reaction limited particle growth. 
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Figure 4.3 Methodology for size control of Indulin AT nanoparticles. a, Increase in particle 

diameter after initial pH drop induced with HNO3 addition in ethylene glycol containing 

dissolved lignin as a function of time. The particle size increase shows ∝ 	 /  (solid red 

line) in comparison to the LSW model prediction of ∝ 	 /  (dotted blue line). b, Particle 

diameters as a function of initial HNO3 added. Here, the nanoparticle dispersions were diluted 

with water within 5 min of particle growth in ethylene glycol. The nanoparticles remained 

stable without additional growth when stored in water containing residual amounts of ethylene 

glycol, as confirmed with size measurement results obtained after 84 days. 

In addition to experiments at T = 25 oC, we investigated the particle growth at 35, 38, and 

50 °C (see Figure 4.4a). We find that the particle growth accelerates with increasing 

temperature from 25 to 50 °C. This increase in size can be attributed to the larger rate of 

polymer self-diffusion.142 The time dependent particle growth has also been confirmed by 

measuring the decrease in free lignin content in the supernatant (Figure 4.5). 

The Indulin AT nanoparticle growth is dependent on the properties of the continuous 

dispersing medium. Upon exchanging the dispersion medium (i.e. ethylene glycol) with water, 
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no further increase in the particle diameter was observed (see Figure 4.4b). This property of 

the nanoparticles provides an unprecedented control over their size, where the particle growth 

can be stopped by changing the solvent from ethylene glycol to water, once a desired size is 

acquired. 

The nanoparticle formation is initiated by the addition of a mineral acid to ethylene glycol 

containing dissolved lignin. The amount of acid added, in this case HNO3, determines the 

relative population of nuclei formed and their corresponding growth. The change in 

nanoparticle diameters with increasing amounts of HNO3 added is shown in Figure 4.3b. Here, 

the particles were transferred into water within 5 min of initial growth in ethylene glycol. We 

find that the particle size increases with increasing amounts of HNO3 (see Figure 4.6). 

However, no further particle growth was observed for any dispersions after transferring the 

particles into water. 

4.2.2 Diffusive Indulin AT Nanoparticle Growth 

The growth profile of native Indulin AT lignin nanoparticles, synthesized with the pH-drop 

method in ethylene glycol, is investigated in ethylene glycol and in water/ethylene glycol 

mixtures. The nanoparticle growth properties of Indulin AT lignin nanoparticles reported in 

Figure 4.3a were evaluated at four different temperatures, T = 25, 35, 38, and 50 °C. The 

change in the particle size in ethylene glycol after the initial pH drop was monitored using 

DLS. Figure 4.4a shows the increase in the particle diameter, i.e. growth, as a function of time 

at four different temperature. The particle growth rate increases with temperature. 

The growth kinetics of native Indulin AT lignin nanoparticles, synthesized in ethylene 

glycol (as reported in Figure 4.3a) and transferred into water was evaluated. Before the DLS 
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measurement, the sample was diluted with water resulting in 40 vol % residual ethylene glycol 

content. Figure 4.4b shows the particle size, i.e. occurrence of particle growth, as a function of 

time. In contrast to the particles kept in ethylene glycol (see Figure 4.4a), particle growth 

ceased upon dilution with water. 

 

Figure 4.4 Kinetics of Indulin AT nanoparticle growth. a, Nucleation and diffusive 

nanoparticle growth in ethylene glycol as a function of time - diameter of nanoparticles under 

the condition of constant amount of HNO3 added at t = 0 h during the flash precipitation at 

four different temperatures. The diameters of the nanoparticles increase with increasing time 

and temperature. b, Nanoparticle diameter in water containing 40 vol % ethylene glycol as a 

function of time. The diameters of the nanoparticles remains constant after dilution with water. 

The Indulin AT lignin content in molecular form available for diffusive particle growth as 

a function of time is reported in Figure 4.5.  We removed the particles from the nanoparticle 

suspension by centrifugation of the nanoparticles in ethylene glycol at 13.3 relative centrifugal 

force (RCF) for 30 min (see Table 4.1), followed by filtration of the solution with 20 nm 

Anotop 25 syringe filters at different time points. The filtrate was captured, and the Indulin AT 
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lignin amount was determined with the corresponding Indulin AT absorbance calibration curve 

(see Figure 2.7b in Chapter 2.8). The reported values in Figure 4.5 may be overestimated due 

to residual particles in the filtrate. The Indulin AT content in molecular form decreases over 

time due to diffusive particle growth. The IAT content in the filtrate fluctuated by ± 5 % after 

t = 1 h. 

 

Figure 4.5 Indulin AT in molecular form after particle formation via pH drop in ethylene 

glycol. The lignin content in molecular form decreases from 75 % after 1 h to 65 % after two 

weeks. 

 
Table 4.1 Lignin nanoparticles separated in microcentrifuge tube at a constant 

centrifugation time of 30 min and constant relative centrifugal force of 13.3 at the six 

time points reported in Figure 4.5. The amount of lignin nanoparticles separated by 

centrifugation at chosen settings increases with time, indicating particle growth. 

Centrifuge 

tube    

Growth 

time 

1 hr. 3 hr. 6 hr. 24 hr. 1 wk. 2 wk. 
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 The diameter of native Indulin AT lignin nanoparticles stored in ethylene glycol solution 

for seven days was investigated. Before the DLS measurement, the samples were diluted with 

water to 0.05 wt% Indulin AT content resulting in a 10 vol % residual ethylene glycol content 

in each sample. Figure 4.6 shows the increase in particle diameters, i.e. growth, as a function 

of acid added at the nanoparticle growth time fixed at seven days. The particle growth rate 

increases with pH drop magnitude and with growth time in ethylene glycol. 

 

Figure 4.6 Indulin AT nanoparticle diameter as a function of pH drop after seven days 

growth in ethylene glycol. The diameters of the nanoparticles increase over time in ethylene 

glycol and with increasing amount of HNO3 added. 

4.3 Properties of Indulin AT Nanoparticles 

The Indulin AT lignin nanoparticles as synthesized, hereafter called native nanoparticles, 

were stable in aqueous dispersion because of the electrostatic repulsion induced by their high 

negative surface charge (Figure 4.7a). Native nanoparticles exhibited a negative zeta potential 

at all pH values. Some applications of these nanoparticles, such as targeted nanocarriers for 

microbes, require the particles’ surfaces to be positively charged.73 This charge inversion can 
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be achieved by the adsorption of positively charged electrolyte, e.g., 

polydiallyldimethylammonium chloride (PDAC), onto the surface of the nanoparticles. The 

changes in surface charges, and hence in zeta potentials, upon the PDAC adsorption are shown 

in Figure 4.7a. PDAC-coated nanoparticles had an isoelectric point at pH 11, below which the 

particles exhibited a positive zeta potential. The changes in size of native nanoparticles and 

PDAC-coated nanoparticles as a function of pH are shown in Figure 4.7b. 

Changes in these samples are expressed by size increase for aggregation and by size 

decrease for dissolution. Both native and PDAC-coated particles exhibit stability down to pH 

value 2, and show signs of aggregation at pH < 2. This aggregation of native and the PDAC-

coated Indulin AT nanoparticles at low pH can be explained with the observed zeta potential 

drop below ± 20 mV for each system, indicating decreased electrostatic repulsion between the 

particles. The particle dispersions at pH > 10.5 showed aggregation in PDAC-coated 

nanoparticles due to loss of electrostatic stabilization. The corresponding zeta potential 

decreased below +10 mV, which is close to the charge-neutral point. This behavior of the 

PDAC-coated particles can be attributed to the decreased protonation of the quaternary amine 

groups in PDAC and increased dissociation of the functional groups of Indulin AT, which 

results into charge neutralization of the particles and hence aggregation. 
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Figure 4.7 Surface charge driven properties of Indulin AT nanoparticles. a,  Zeta potential 

of native and PDAC-coated nanoparticles as a function of pH value. Native nanoparticles 

exhibit negative zeta potentials at all pH values, while the PDAC-coated nanoparticles exhibit 

positive zeta potentials up to its isoelectric point at pH 11, above which the particles exhibit a 

negative zeta potential as well. b, Diameter of native and PDAC-coated nanoparticles as a 

function of pH. Native and PDAC-coated nanoparticles aggregate at pH < 2, as indicated by 

increasing diameters. PDAC coated nanoparticles aggregate at pH > 10.5, while native 

nanoparticles show signs of solvation as indicated by decreasing diameters. 
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4.3.1 pH-dependent Stability 

The stability of Indulin AT nanoparticles was further investigated by analyzing the 

percentage of lignin in particulate and dissolved form at different pH values. The relative mass 

distribution of lignin in particulate and dissolved form was determined with UV-Vis 

spectrophotometry (see Figure 2.7a in Chapter 2.8). Figure 4.8a shows the mass percentage of 

Indulin AT in particulate form as a function of pH. Native Indulin AT nanoparticles exhibited 

dissolution with increasing pH value, while the PDAC-coated particles did not show this 

behavior. For native Indulin AT nanoparticles, > 50 % of lignin remained in particulate form 

at pH 8.2. The particles exhibited complete solvation at pH > 10.7 with < 4 % of lignin 

remaining in particulate form, which is in agreement with the known pH dependent solubility 

properties of Indulin AT.32 However, for PDAC-coated Indulin AT nanoparticles at pH > 10.8, 

we find that 90% of lignin remained in particulate/aggregate form (see Figure 4.7b, 

Figure 4.8a). At low pH values, both particle systems aggregated due to reduction in 

electrostatic stabilization of the particles (see Figure 4.8b). At elevated pH values, only the 

native Indulin AT nanoparticles dissolved due to mutual repulsions between individual 

polymer strands forming the particles, while the PDAC-coated Indulin AT nanoparticles 

aggregated due to loss of electrostatic stabilization. Both suspensions, native and PDAC-coated 

nanoparticles, were stable in a broad pH regime ranging from pH 2 to 8.5 for native and pH 2 

to 10.5 for PDAC-coated particles. The polyelectrolyte complex of the cationic PDAC and 

anionic Indulin AT lignin in PDAC-coated Indulin AT nanoparticles prevented the particle 

core dissolution at elevated pH values. 
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Figure 4.8 Indulin AT lignin nanoparticle aggregation and dissolution. a, Fraction of 

lignin of native and PDAC-coated particles remaining in particulate form as a function of pH 

value. b, Schematic representation of the pH dependent physical state of native and PDAC-

coated nanoparticles in pH range from 1 to 13. At pH < 2, aggregation was observed for both 

native and PDAC-coated particles. With increasing pH value, the native nanoparticles dissolve, 

while in contrast the PDAC-coated nanoparticles aggregate. 
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4.3.2 Ionic Strength-dependent Stability 

We investigated the ionic strength-dependent stability of native and PDAC-coated Indulin 

AT nanoparticles. The native nanoparticles were dialyzed with water to remove residual 

ethylene glycol and to minimize the initial ionic strength in each sample. The ionic strength in 

the samples was modified by the addition of 1:1 electrolyte, NaCl. The zeta potentials of native 

nanoparticles at pH ~ 6.1 and PDAC-coated particles at pH ~ 6.7 as a function of NaCl added 

are shown in Figure 4.9a, and the corresponding changes in the particle sizes are reported in 

Figure 4.9b. Addition of salts to colloidal dispersions typically leads to screening of 

electrostatic interactions between the particles.143 The zeta potential of native Indulin AT 

nanoparticles at pH 6 and 300 mM NaCl (Debye length < 0.02 nm; see Chapter 2.7) was -

11.7 mV, but no particle aggregation was observed (Figure 4.9b). 

The long-term stability of the nanoparticles at 300 mM NaCl was confirmed by 

remeasuring the particle diameters after 36 months showing no aggregation or significant 

particle growth (see Figure 4.10a and Figure 4.10b). However, particle aggregation was 

observed upon increasing the dispersion salinity further to 500 mM NaCl. In contrast to native 

Indulin AT nanoparticles, PDAC-coated particles showed signs of aggregation at 50 mM of 

NaCl added, as indicated by the increase in particle size (see Figure 4.10c and Figure 4.10d). 

The zeta potential of PDAC-coated particles with as little as 50 mM of NaCl added was 

determined to be +18.5 mV. This partial aggregation of the nanoparticles can be attributed to 

the screening of charges on the particle surfaces,137 and collapse of the polyelectrolytes on the 

nanoparticles’ surfaces upon increasing the ionic strength.144 
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Figure 4.9 Ionic strength stability of Indulin AT lignin nanoparticles. a, Zeta potential of 

native and PDAC-coated nanoparticles as a function of NaCl added. Both nanoparticle systems 

exhibit colloidal stability at zeta potentials of greater magnitudes of ± 20 mV. The native 

nanoparticles exhibit colloidal stability at 300 mM NaCl added. b, Diameter of native and 

PDAC-coated nanoparticles as a function of NaCl added in final sample. PDAC-coated 

nanoparticles aggregate at lower molarity of NaCl added than uncoated nanoparticles. 

4.3.3 Multi-year Colloidal Stability Testing 

We re-measured the size of native (uncoated) and PDAC-coated Indulin AT nanoparticles 

using Dynamic Light Scattering (DLS) after 36 months to provide insight on their colloidal 

stability over longer periods of time. The original samples are reported in Figure 4.9. Similar 

to HPL nanoparticles, the samples were stored at 4 °C. The samples remained translucent with 
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no signs of aggregation. The DLS correlation curves of freshly dialyzed native Indulin AT 

nanoparticles and the sample measured after 36 months are shown in Figure 4.10a. Both curves 

show the same lag time and slope in the correlation drop confirming that the particle diameter 

and size distribution remained constant. The particle size for native Indulin AT nanoparticles 

was  = 91 nm after synthesis compared to  = 92 nm when the sample was re-measured 

after 36 months. The correlation curves of Indulin AT nanoparticles at elevated salinity (300 

mM NaCl added) is shown in Figure 4.10b. The correlation curves show the same profile 

confirming colloidal stability at high ionic strength. The nanoparticles at 300 mM NaCl added 

showed a size increase from D  = 93 nm to  = 103 nm. 

The correlation curves of PDAC-coated Indulin AT nanoparticles re-measured after 36 

months are shown in Figure 4.10c. The re-measurement of the samples confirms the same 

particle diameter and size distribution. PDAC-coated nanoparticles with  = 98 nm gave 

 = 94 nm after 36 months. Similar to the PDAC-coated Indulin AT nanoparticle sample, the 

sample at 20 mM NaCl added was re-measured after the storage period. The correlation curves 

of both measurements are plotted in Figure 4.10d. The curve obtained after 36 months shows 

the same profile as the original curve. The slight shift towards longer lag time in the correlation 

drop indicates approximately 20% bigger particle diameters. Evaluated in terms of intensity-

based z-average, the PDAC-coated nanoparticles at 20 mM NaCl added showed a size increase 

from  = 106 nm to  = 123 nm. The steadiness of the DLS correlation curve profiles of 

both, native and PDAC-coated Indulin AT nanoparticles, over the course of multiple years 

confirms the formation of ultrastable lignin particles. 
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Figure 4.10 Multi-year colloidal stability study of Indulin AT lignin nanoparticles – 

samples re-measured after 36 months in storage. a, DLS correlation curves of native 

nanoparticles measured after synthesis and re-measured after 36 months. b, DLS correlation 

curves of native nanoparticles at 300 mM NaCl added measured at two time points. c, DLS 

correlation curves of PDAC-coated nanoparticles measured after synthesis and re-measured 

after storage period. d, DLS correlation curves of PDAC-coated nanoparticles at 20 mM NaCl 

added at two time points. The re-measured curves in a., b., and c. show the same profiles as 

the initially measured ones indicating that the z-average size and size distribution remained 

constant. In d., the curves show the same slope in the correlation drop indicating the same 

polydispersity in sample size. The slight increase in the representative lag time of the 

correlation drop indicate a 20 % increase in z-average size. 
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4.4 Discussion 

The general method of flash precipitation has been successfully employed for nanoparticle 

formation from Organosolv and Kraft lignin (Indulin AT). In the latter case, the nanoparticles 

exhibited temperature-dependent diffusive growth in ethylene glycol, but the growth was 

stopped upon dilution with water. The protonation of the lignin molecules after inducing a pH 

drop in ethylene glycol may decrease their net negative charge and reduce the electrostatic 

repulsion between the lignin molecules, which supersaturates lignin in ethylene glycol. An 

increase in the dispersion temperature increases the diffusion coefficient,102 which resulted in 

accelerated particle growth. Besides temperature, additional parameters such as solvent 

polarity or solvent-lignin interactions may also influence the diffusive growth kinetics of the 

particles. When the particles are transferred from ethylene glycol into aqueous solution, the 

net-negative charge on the Indulin AT molecules may increase due to change in solvent 

polarity. The increased net-negative charge may provide an electrostatic repulsive energy 

barrier between the molecules and the particles for further diffusive growth. 

As with HPL, the Indulin AT nanoparticles exhibit pH stability in a broad range.  In the 

acidic pH regime, native Indulin AT nanoparticles showed aggregation at a lower pH value 

compared to HPL. The difference may be attributed to strongly deprotonating functional 

groups, such as thiol and carboxylic groups, present in Indulin AT, but not in HPL (see 

Table 2.1 in Chapter 2.1.2). Based on the percentages of functional groups present in Indulin 

AT and HPL, we infer that Indulin AT provides more sufficient negative charges for 

electrostatic stabilization at low pH than HPL. Both types of nanoparticles dissolve at strongly 

basic pH, which follows general pH-dependent dissolution properties of lignin.84 
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The adsorption of PDAC onto the surface of Indulin AT nanoparticles resulted in charge 

reversal form negative to positive. In addition, the PDAC coating increased the colloidal 

stability against dissolution of particles at elevated pH. PDAC is a high-charge density 

positively charged polyelectrolyte that interacts with polyanions to form polyelectrolyte 

complexes. The stability of these complexes is dependent on the interplay of electrostatic, van 

der Waals, and hydrophobic interactions.144 The increase in the stability of Indulin AT 

nanoparticles with PDAC surface coating can be attributed to two factors:  (i) PDAC coating 

could form an undissolvable shell of polyelectrolyte around the particles restricting the lignin 

dissolution at elevated pH, and (ii) PDAC acts as electrostatic barrier limiting the diffusion of 

hydroxyl ions into the core or lignin molecules out of the core, effectively preventing core 

dissolution. 

In general, charged particles in aqueous dispersions are stabilized by repulsive electrostatic 

double-layer interactions, where the overlap of diffusive ion layers generates strong 

repulsion.145 This repulsion could be readily screened with addition of salt, resulting into 

particle aggregation.120 In our case, native Indulin AT nanoparticles did not show any signs of 

aggregation at elevated dispersion salinities, indicating that the repulsive electrostatic 

interactions alone cannot be the primary stabilization mechanism. We speculate that the native 

Indulin AT nanoparticles may have an additional steric repulsion component, whereas HPL 

nanoparticles have only an electrostatic component contributing to colloidal stability. The 

steric component could stem from branched Indulin AT molecules at the particle surface,146 

maintaining colloidal stability in high salinity environments. 
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4.5 Conclusions 

We investigated lignin nanoparticles using Kraft lignin (Indulin AT) as precursor. The 

nanoparticles were formed by inducing supersaturation, nucleation, and particle growth via pH 

drop in ethylene glycol. The residual solubility of Indulin AT in the bulk resulted in diffusive 

growth kinetics. Our data indicate that Indulin AT particles are electrostatically stabilized with 

an additional steric contribution, while HPL particles are only electrostatically stabilized. Both 

particle systems are stable within a broad pH range from moderate acidic beyond the 

physiological pH, covering a wide application spectrum. While the particles dissolve at 

elevated basic pH values, this behavior would not interfere with large scale applications in the 

environment, which would typically be found at slightly acidic pH. The amphiphilic nature of 

Indulin AT particles renders them suitable for functionalization with cationic actives such as 

antimicrobial Ag+ ions. We demonstrated that the coating with PDAC provides further 

capabilities to modulate pH and ionic strength stability. Both particle systems, Indulin AT and 

HPL, exhibit multi-year colloidal stability in aqueous solutions. Overall, these inexpensive and 

environmentally sustainable lignin nanocarriers provide a platform for sustainable nanoparticle 

technology. The Indulin AT particles may enhance the activity of a broad range of ionic 

biocides such as Ag+ ions, which will be further investigated in the next Chapter. 
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5 CHAPTER 5 

 

Antimicrobial Environmentally-benign Nanoparticles with 

Silver-infused Lignin Cores 
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5.1 Introduction  

The use of Silver nanoparticles (AgNPs) as broad-spectrum antimicrobial agent in 

industrial products, especially in biomedical and health care related applications, has sharply 

increased in recent years.147 While silver nanoparticles have strong antibacterial function, their 

broader use has been a cause for concerns. As described in Chapter 1.3, these particles may 

persist in the environment for longer time periods post-application potentially affecting living 

organisms. In this Chapter, I introduce the design of lignin nanoparticles that are infused with 

Ag+ ions and coated with a cationic polyelectrolyte layer to form a biodegradable and green 

alternative to antimicrobial silver nanoparticles. Studies will be presented on the synthesis of 

the lignin nanoparticles, infusion of the particles with Ag+ ions, desorption of Ag+ ions from 

the particles, and coating of the particles with a cationic polyelectrolyte. Results of confocal 

microscopy optical sectioning will be presented to provide insight how effectively the 

polyelectrolyte layer promotes the adhesion of the particles to bacterial cell membranes. 

Antimicrobial proof-of-concept testing, as described in Chapter 2.5, will quantify the broad 

spectrum bactericidal activity of the particles in comparison to silver nanoparticles and silver 

nitrate solutions. The evaluation of EbNPs depleted from Ag+ ions, simulating a post-

utilization scenario, will provide insight on the time-limited bioactivity of these nanoparticles. 

High-throughput bioactivity screening performed by the U.S. Environmental Protection 

Agency will be presented to compare the toxicity potential of the EbNPs to an equivalent mass 

of metallic silver nanoparticles or silver nitrate solution. 
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5.2 Concept 

Silver nanoparticles (AgNPs) are among the most widely deployed nanosystems used in 

products, as their broad-spectrum antimicrobial properties allow them to combat bacteria 

strains exhibiting antibiotic resistance,148,149 which are reported in human pathogens including 

Escherichia coli (E.coli)150 and Pseudomonas aeruginosa (P. aeruginosa ).151 However, most 

particle synthesis methods use harsh chemicals or are cost-intensive. Furthermore, the waste 

nanoparticles may cause environmental concerns after their intended use because of their 

persistent design (see Chapter 1.3). The problems mentioned above can be mitigated by using 

green chemistry principles28,152 for nanoparticle design. In this Chapter, we demonstrate that 

an environmentally friendly solvent synthesis can be combined with other green chemistry 

principles to make a class of sustainable nanoparticles with short term activity as substitutes 

for antimicrobial metallic AgNPs. Because the antimicrobial action of AgNPs stems from the 

localized emission of Ag+ ions at the microbes' cell walls,153 we postulate that it is not 

necessary for the whole nanoparticle to be made of silver, as its metallic core would remain 

unused and may eventually be released in the environment. Instead, we replaced the AgNPs 

with cores of degradable common biopolymer, which can be easily precipitated into 

nanoparticles of desired size by using environmentally friendly solvents. The biodegradable 

cores are infused with minimal amount of Ag+ ions needed for bactericidal action. They are 

also surface-functionalized to increase affinity towards targeted (bio)substrates. Such 

nanoparticles would rapidly lose their post-utilization activity and biodegrade in the 

environment after disposal (Figure 5.1). 
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Figure 5.1 Schematics of the general life cycle and principle of bactericidal action of the 

environmentally-benign lignin-core nanoparticles (EbNPs) compared to the presently 

used silver nanoparticles (AgNPs). a, General mechanism of antimicrobial action of common 

AgNPs via release of Ag+ ions, which continues post-utilization. b, Antimicrobial action 

mechanism of Ag+ ion-infused EbNPs with cationic polyelectrolyte coating, which facilitates 

electrostatic attraction between the EbNPs and the negatively charged cell walls. In contrast to 

AgNPs, EbNPs are depleted of Ag+ ions during application, minimizing their post-utilization 

activity. c, TEM micrograph of as-synthesized EbNPs in the size range of 40 to 70 nm. d, 

Confocal microscopy image of EbNPs with polyelectrolyte coating adhering to the cell 

membrane of E. coli. 
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The design of antimicrobial nanoparticles requires understanding of their interactions with 

the intended target (microbe) as a way to enhance Ag+ ion antimicrobial efficiency and reduce 

active material loading.154 Nanoparticle interactions with living organisms are dependent on 

multiple parameters155 and subject to intensive ongoing research.156,12 AgNPs are believed to 

interfere with essential bacterial cell functions upon contact,157 although the exact mechanism 

of the antimicrobial effect is still subject to debate.12 While the potency of AgNPs depends on 

a number of nanoparticle-specific158,159,160,161 and bacteria-specific properties,162 their surface 

charge163 is likely to be the primary facilitator of their antimicrobial action.164 Cationic AgNPs 

are electrostatically attracted to negatively-charged bacterial cell membranes. Their adhesion 

to the cell surface increases the local Ag+ ion concentration.63 The Ag+ ions released at the cell 

walls may disrupt their membrane integrity165 and can affect the cells through multiple 

mechanisms,166 ultimately leading to their death.167,168 In order to enhance the adhesion of these 

Ag+ ion nanocarriers to the microbial cell surface, we coated the silver-infused nanoparticle 

cores with a layer of cationic polyelectrolyte. Such engineered nanoparticles could be as 

efficient as their AgNPs analogs, but will have time-limited antimicrobial activity because of 

depletion of the bioactive Ag+ ions. 

5.3 Fabrication of Environmentally-benign Nanoparticles 

We choose Kraft lignin (Indulin AT) as particle core material to create environmentally 

benign lignin core nanoparticles (EbNPs) We described in Chapter 4 how Indulin AT micro- 

and nanoparticles can be synthesized using an pH-drop flash precipitation methods in ethylene 

glycol solution.32  We applied the method to synthesize negatively-charged pH-stable Indulin 

AT lignin nanoparticles of controlled sizes.32 The nanoparticles could be synthesized in a broad 
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size range (Figure 5.2a). The ones used as EbNP precursors after dialysis had a mean 

hydrodynamic diameter of 84 ± 5 nm as measured by Dynamic Light Scattering and a zeta 

potential of -33 ± 1 mV. 

In a typical lignin nanoparticle batch synthesis,32 0.25 g of Indulin AT lignin are dissolved 

in 50 mL ethylene glycol. The solution is vortexed for 30 minutes, filtered with a 0.45 μm 

syringe filter, and placed (5 mL) into a 20 mL scintillation vial. Supersaturation in the solution 

precipitating out negatively charged EbNPs was induced by adding 1.0 to 3.0 mL of 0.025 M 

HNO3, while vigorously stirring the sample with a magnetic bar. In the next step, the sample 

was diluted with Millipore water to obtain 0.20 wt% EbNP dispersion with 40 vol% residue 

content of ethylene glycol. The final sample was further diluted with water to an ethylene 

glycol content of 10 vol% and a pH value of 3.7. The average hydrodynamic diameter of the 

sample with 1.25 mL of 0.025 HNO3 added during synthesis was determined to be 73 nm with 

a polydispersity index of 0.25, the zeta potential was -31 mV. A conductivity of 0.136 mS/cm 

in the sample and an electrophoretic mobility of -1.818 μm cm/Vs was measured with the 

Malvern Zetasizer equipment (see Chapter 2.7 for details). 
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Figure 5.2 Synthesis and characterization of environmentally-benign nanoparticles. a, 

Size control - diameter of EbNPs as a function of HNO3 added during the flash precipitation. 

The particle diameter increases with addition of larger amounts of HNO3. b, Amount of Ag+ 

ions adsorbed on the EbNPs as a function of equilibrium Ag+ ion concentration. The data are 

fitted on the basis of a modified Langmuir adsorption isotherm (see Chapter 5.4). c, Amount 

of Ag+ ions retaining in the EbNPs in Ag+ ion depletion test as a function of time (initial load 

of 3.5 Ag+ mg/g). The particles release more than 95 % of the weakly bound Ag+ within the 

first 24 h. d, Surface charge modification - diameter and zeta potential of EbNPs as a function 

of PDAC added. PDAC / Indulin AT weight ratios between 0.10 and 0.15 result in aggregation 

of EbNPs. PDAC to Indulin AT wt% ratios of 0.20 or higher result in stable suspensions of 

PDAC-coated EbNPs with positive surface charge. Error bars represent the standard deviation 

of corresponding experimental values. 
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The lignin-only EbNP sample for the Ag+ ion infusion was synthesized in 5 mL of ethylene 

glycol (EG) via addition of 1.375 mL of 0.025 M HNO3 followed by dilution with DI water as 

described above. The sample containing 40 vol% EG was dialyzed with DI water for 72 h to 

remove any residual ethylene glycol. The colloidal suspension after dialysis was captured and 

diluted with Millipore water to obtain a final EbNP suspension concentration of 0.1052 wt%. 

The average hydrodynamic diameter of the sample (diluted with Millipore water to EbNP 0.10 

wt%) was determined to be 79 nm ±33 nm in one batch; the mean average of the hydrodynamic 

diameter in four batches was determined to be 84 nm ±5 nm, the zeta potential was -33.4 mV 

±1.3 mV. A conductivity of 0.0655 mS/cm in the sample and an electrophoretic mobility of -

2.62 μm cm/Vs was measured with the Zetasizer equipment. The average hydrodynamic 

diameter of the silver-infused sample (0.10 wt% EbNP containing 10 mg/L Ag+) was 

determined to be 78 nm ±34 nm, the zeta potential was -32 mV ±1 mV. A conductivity of 

0.072 mS/cm in the sample and an electrophoretic mobility of -2.49 μm cm/V s were measured 

with the Zetasizer. 

5.4 Silver Ion Infusion of EbNPs 

In the next step, the lignin nanoparticle cores were infused with Ag+ ions at pH 5.0 by using 

an aqueous solution of AgNO3 as silver source. Indulin AT lignin has several functional 

groups, e.g. carboxylic, thiol, phenolic and aliphatic hydroxyl groups (see Table 2.1 in 

Chapter 2.1.2) that can serve as binding sites for Ag+ ions.138,139 Previous studies indicated that 

the particles may be porous,32,169 which would increase the total available surface area for 

Ag+ ion loading and could potentially increase their degradation rate in the environment after 

disposal.32 
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The interaction of Ag+ ions with the particles was investigated by characterizing the 

adsorption equilibria (Figure 5.2b; see also Figure 5.3 and Table 5.2) and the Ag+ desorption 

kinetics (Figure 5.2c). These data taken together indicate the presence of high and low energy 

binding sites, as not all adsorbed Ag+ ions are released after 48 h (Figure 5.2c). The net binding 

of Ag+ ions onto the EbNPs could be modeled on the basis of a modified Langmuir adsorption 

isotherm 	 	 	/ 1 	 	 , where  and c are the respective surface and bulk 

equilibrium concentrations of Ag+ ions;  is the maximum surface loading for weakly 

bound Ag+ ions, K is the adsorption constant, which relates to the Ag+ binding energy to the 

particles,170 and  is the adsorption of strongly bound Ag+ ions in the high affinity region in 

mg/g of EbNPs. The least square fitting of the experimental data in Figure 5.2b at value of 

 = 1.4 Ag+ mg/g obtained from desorption data resulted in 	= 9.2 Ag+ mg/g and 

K = 0.11 L/mg Ag+ (see Table 5.1). 

 

Table 5.1 Fitting parameters for Ag+ ion adsorption and release equations. 

Parameters for adsorption 

equation (Figure 5.2b; 

Chapter 5.3) 

Standard Error 

Parameters for release 

equation (Figure 5.2c; 

Chapter 5.3) 

Standard Error 

 = 9.17 Ag+ mg/g 0.81   = 3.5 Ag+ mg/g 0.04 

K	= 0.11 L/mg Ag+ 0.03  = 6.2 h 0.233 

 = 1.4 Ag+ mg/g -  = 1.4 Ag+ mg/g - 

R2 = 0.98 - R2 = 0.99 - 
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The Ag+ release profile of nanoparticles infused with 4.9 Ag+ mg/g in pure water is plotted 

in Figure 5.2c (see Table 5.3 for Ag+ ion desorption measurements). The Ag+ ions adsorbed in 

the high affinity region ( 35% of the initial concentration) may not be released readily. 

However the weakly bound Ag+ ions adsorbed in the low affinity region are released during 

application. The experimental release profile can be fitted using an exponential decay curve, 

offset by the strongly bound Ag+ ions in the high affinity region (Figure 5.2c), 

	 	 	 / , where  is the weakly bound silver load, t is the time and  the characteristic 

decay time. The least squares fitting resulted in values of   = 1.4 Ag+ mg/g and  = 6.2 h (see 

Table 5.1 for parameter details). In summary, the data indicate that more than 95 % of the Ag+ 

ions in the low affinity region are released within the first 24 h, which is commensurate with 

their anticipated application time. 

5.4.1 Silver Ion Infusion Measurements 

The lignin-only EbNPs were functionalized with Ag+ ions from aqueous solution of 

AgNO3. Reference solutions in the range of 1.0 mg/L Ag+ (ppm) to 800 mg/L Ag+ were 

prepared from 1000 mg/L Ag+ standard (Mettler Toledo, Ag+ ions standard 1000 mg/L 

51344770), and the corresponding potential in mV was recorded with an silver ion selective 

electrode (ion-selective electrode (ISE), Mettler Toledo, silver/sulphur electrode 51302822, 

reference filling solution C 51344752). The measured values from the Ag+ ion standards 

recorded after 5 min equilibration time were plotted on a semi-logarithmic calibration curve as 

shown in Figure 5.3. Additional AgNO3 standards with 40 mg/L Ag+, 100 mg/L Ag+, 200 mg/L 

Ag+, and 800 mg/L Ag+ were prepared as stock solution for silver infusion of the EbNPs. The 
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EbNPs samples were infused with Ag+ ions by mixing 9.5 mL of previously prepared 0.0526 

wt% native EbNP suspensions with 0.5 mL of Ag+ ion standard solution. The Indulin EbNP 

0.05 wt% suspensions were made with various amounts of infused Ag+ ions. The Ag+ ion 

amounts adsorbed on the EbNPs were determined with an ion-selective electrode and are 

reported in Table 5.2. 

 

Figure 5.3 Ag+ ion concentration measurements. Data of Ag+ ion concentration 

measurements and semi-logarithmic calibration curve in mV vs. Ag+ ion loading in in mg/L. 

Table 5.2 Data for the Ag+ ions adsorbed on particles. Measured values of Ag+ ions in the 

supernatant of EbNP samples determined with an ion-selective electrode (ISE). 

Initial Ag+ ion 

loading [mg/L] 

Ag+ ISE 

[mV] 

Supernatant Ag+ 

[mg/L] 

Ag+ adsorbed 

[mg/g] 

Ag+ adsorbed 

[%] 

2 -113.5 0.6 1.4 69.5 

5 -80.8 2.0 3.0 59.6 

10 -55.7 5.4 4.6 46.1 

20 -33.4 12.9 7.1 35.6 

50 -3.6 41.3 8.7 17.4 
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5.4.2 Silver Ion Release Measurements 

The silver-infused EbNP samples were depleted from Ag+ by dialysis against 13.6 mL 

Millipore water using 0.5 mL Slide-A-Lyzer MINI Dialysis Devices. The dialysis time was 

varied between 5 min and 48 h. The sample EbNPs-Ag+-PDAC (20 mL) for bioactivity testing 

was depleted from Ag+ using dialysis tubing against 380 mL of DI water for 24 h without 

exchanging the dialysis water. The equilibrated samples were collected, and their silver 

contents were measured with Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) and 

Optical Emission Spectroscopy (ICP-OES) as described in Chapter 2.9. 

For the depletion study, Ag+ ion release profiles of silver-infused EbNPs with and without 

PDAC coating into Millipore water were investigated at different time points. For sample 

preparations, the lignin-only EbNPs were functionalized with Ag+ ions from AgNO3 salt in 

aqueous solution. Samples of one set of silver ion infused EbNPs were coated with PDAC. 

The following samples were prepared: Indulin AT EbNP 0.10 wt% suspensions with 10 mg/L 

infused Ag+ ions (EbNPs-Ag+) and Indulin AT EbNP 0.05 wt% suspensions with 5 mg/L 

infused Ag+ ions with PDAC 0.02 wt% (EbNPs-Ag+-PDAC). The samples were separately 

dialyzed in 0.5 mL batches against 13.6 mL dialysis water under constant shaking. The 

dialyzed samples were isolated, diluted four times with 2 v/v% HCl and analyzed for their Ag+ 

content with ICP-OES and ICP-MS as described below. The residual Ag+ amounts in the 

samples are reported in Table 5.3. The cumulative Ag+ release from the samples vs. dialysis 

time is shown in Figure 5.4. While both samples release Ag+, the PDAC coating delayed the 

Ag+ ion release from EbNPs-Ag+-PDAC. The additional PDAC coating did not affect the final 

Ag+ ion release after 48 h. 
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Table 5.3 Residual Ag+ ion contents in EbNP-Ag+ and EbNP-Ag+-PDAC suspensions 

after Ag+ ion depletion via dialysis as determined with ICP-OES/MS. 

Sample 
Initial Ag+ 

loading [mg/L] 

Dialysis 

time [h] 

ICP-OES/MS 

Ag+ [mg/L] 

Total Ag+ in 

sample [μg] 

EbNPs-Ag+ 10.00 0 10.19 5.10 

- 10.00 0.08(5 min) 9.86 4.93 

- 10.00 0.5 9.12 4.56 

- 10.00 1 8.39 4.19 

- 10.00 3 6.53 3.26 

- 10.00 6 4.61 2.31 

- 10.00 12 3.27 1.64 

- 10.00 24 2.39 1.20 

- 10.00 48 2.23 1.12 

Dialysis water/ 

EbNPs-Ag+ 
n/a 48 0.10 1.26 

EbNPs-Ag+-

PDAC 
5.00 0 4.39 2.19 

- 5.00 0.08(5 min) 4.58 2.29 

- 5.00 0.5 4.27 2.13 

- 5.00 1 4.68 2.34 

- 5.00 3 4.46 2.23 

- 5.00 6 4.34 2.17 

- 5.00 12 3.59 1.80 

- 5.00 24 2.32 1.16 

- 5.00 48 1.02 0.51 

Dialysis water/ 

EbNP-Ag+-PDAC 
n/a 48 0.003 0.035 
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Figure 5.4 Cumulative Ag+ ion release profiles from EbNPs-Ag+ and EbNPs-Ag+-PDAC 

samples. Both, EbNPs-Ag+ and EbNPs-Ag+-PDAC samples reached more than 75% Ag+ ion 

release after 48 h dialysis. In comparison to EbNPs-Ag+, the Ag+ ion release from the EbNPs-

Ag+-PDAC sample is delayed. 

5.5 Coating of EbNPs with Cationic Polyelectrolyte 

After Ag+ ion infusion, EbNPs-Ag+ are electrostatically stabilized and have a negative zeta-

potential of -32 mV ± 1 mV. In the last step, the surface charge of the particles was reversed 

by the adsorption of a cationic polyelectrolyte, polydiallyldimethylammonium chloride 

(PDAC), which may also delay slightly the release of Ag+ ions from the particles (Figure 5.4) 

due to formation of electrostatic barrier for their release. 

The EbNP cores were coated with polydiallyldimethylammonium chloride (PDAC) by 

rapidly mixing EbNP suspension with PDAC solution 1:1 by volume. All samples were 

prepared in 10 mL batches. The EbNP suspension (e.g. EbNP 0.05 wt%, 5 mL) was placed 

into a 20 mL scintillation vial. In the next step, the PDAC solution (e.g. PDAC 0.02 wt%, 5 
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mL) was rapidly added at varying wt% to coat the EbNPs. The final Indulin AT concentration 

in the sample was 0.025 wt%. 

Stable EbNPs 0.05 wt% with positive surface potential could be fabricated at weight ratio 

of PDAC/Indulin AT of 0.20 or higher as shown in Figure 5.2d. The transmission electron 

microscopy (TEM) image in Figure 5.1c displays non-spherical nanoclusters with sizes below 

70 nm. The accumulation of these cationic EbNPs on negatively charged E.coli was visualized 

by confocal microscopy (Figure 5.1d). The ionic silver in these PDAC-coated, Ag+-loaded 

EbNPs (EbNPs-Ag+-PDAC) could be readily released via desorption near the cell walls, which 

could explain their strong antimicrobial efficacy reported in the following Chapter. 

5.6 Antimicrobial Activity 

The antimicrobial action of EbNPs-Ag+-PDAC nanoparticles was evaluated within 6 h 

after their preparation. Quantitative antimicrobial tests were performed on gram-negative E. 

coli BL21(DE3), a common testing bacteria related to pathogenic E.coli such as O157:H7, 

which has been genetically modified not to secrete toxin, and P. aeruginosa (ATCC 15442), a 

highly adaptive pathogen used in standardized disinfectant testing in the food industry.171 

Antimicrobial testing on a quaternary amine-resistant Ralstonia sp. was also performed to 

distinguish the antimicrobial effect of Ag+ ions from PDAC controls, and to evaluate the post-

utilization activity of silver-depleted EbNPs. Finally, qualitative antimicrobial tests were 

performed on Staphylococcus epidermidis (S. epidermidis), strain PCI 1200 (ATCC 12228) to 

evaluate the activity of the particles towards gram-positive bacteria. The testing was carried 

out according to a standardized exposure protocol (Figure 2.2 in Chapter 2.5) at three contact 

times, 1 min, 30 min and 24 h. The activity of each sample was determined by counting the 
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colony-forming units (CFU) and comparing the CFUs on test and reference plates (Figure 2.3 

in Chapter 2.5). The maximal antimicrobial reduction efficiency of 100% was reached when 

no CFUs were detectable on the test plate. The EbNP efficiency was compared against 

positively charged branched polyethyleneimine-coated AgNPs (BPEI-AgNPs) and AgNO3 

solutions. BPEI-AgNPs have a surface charge similar to the functionalized EbNPs and are 

known for their excellent antimicrobial activity compared to other common AgNPs.164,172 The 

BPEI-AgNPs were synthesized via photoreduction of AgNO3 solution173 and had a 

hydrodynamic diameter of 20 ± 10 nm. Six different samples of BPEI-AgNPs and AgNO3 

solutions with Ag+ ion equivalent concentrations ranging from 5 to 100 Ag+ mg/L (ppm) were 

investigated. 

The CFU reduction efficiencies of the samples in E. coli tests are compared as a function 

of the silver content by mass in Figure 5.5a and Figure 5.5b (see also Figure 5.6 and Table 

5.4). The EbNPs-Ag+-PDAC exhibited strong antimicrobial activity after 1 min exposure, 

while the corresponding nanoparticle-free supernatant showed no observable effect. The 

supernatant showed partial CFU reduction after 30 minutes, which can be explained by residual 

amounts of unbound PDAC or silver. The conventional BPEI-AgNPs and AgNO3 solutions 

were less effective after 1 min, but after 30 min contact time reached 100% microbicide 

efficiency at 50 mg/L Ag+ equivalent. EbNPs-Ag+ without PDAC coating did not result in 

significant CFU reduction (5%), which may be attributed to their negative surface charge 

decreasing the particle adhesion to the bacteria. However, EbNPs-PDAC without silver also 

showed strong CFU growth suppression, which may be attributed to the antimicrobial effect 
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of the quaternary amine coating (note also that PDAC control reached 100% bacteria reduction 

after 30 min). 

The antimicrobial efficiencies data on P. aeruginosa after 30 min are compared in Figure 

5.5c. The EbNPs-Ag+-PDAC sample resulted in strong CFU reduction at 5 mg/L Ag+ 

equivalent (this sample reached 100% reduction after 24 h, see Figure 5.7). Interestingly, 

BPEI-AgNPs did not exhibit observable antimicrobial activity even at 100 mg/L Ag+ 

equivalent. AgNO3 solutions were inactive up to 40 mg/L Ag+ equivalent and exhibited low 

CFU reduction at 60 mg/L Ag+. The control PDAC solutions at 0.02 wt% did not exhibit 

observable CFU reduction after 30 min contact time, and the PDAC solutions at 0.04 wt%, 

double the amount used in EbNPs-Ag+-PDAC sample, exhibited strong CFU reduction. 

However, again the EbNPs-Ag+-PDAC performed best in terms of antimicrobial efficiency, 

demonstrating higher efficiency than AgNO3 solution containing 12 times more Ag+, and 

BPEI-AgNPs containing 20 times higher Ag equivalent. These EbNPs were also 100% 

effective against the gram-positive bacteria S. epidermidis (see Table 5.6). 

The CFU reduction data on PDAC-resistant Ralstonia sp. after 30 min contact time are 

compared in Figure 5.5d. The EbNPs-Ag+-PDAC, AgNO3 solutions, and BPEI-AgNPs all 

resulted in 99%+ CFU reduction at  5 mg/L Ag+ equivalent. The EbNPs-Ag+ without PDAC 

coating reached moderate CFU reduction at 10 mg/L Ag+ after 30 minutes. PDAC solution at 

0.04 wt% did not show any CFU reduction even after 24 h of contact (see Figure 5.8 and Table 

5.5). Similarly, lignin-only EbNP controls did not result in any observable CFU reduction in 

all tests; on the contrary, they promoted CFU growth to some extent (see Figure 5.9). 
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In summary, comparing all active agents tested in terms of broad-spectrum antimicrobial 

efficiency, we establish that EbNPs-Ag+-PDAC proved most effective against four types of 

gram-positive and gram-negative bacteria. These EbNP particles also outperformed the 

common AgNPs and AgNO3 solutions on E. coli and P. aeruginosa while using at least 

ten times lower Ag+ equivalent concentrations. The EbNPs-Ag+-PDAC also outperformed 

PDAC on Ralstonia sp. The high activity of EbNPs-Ag+-PDAC likely stems from the 

combination of the antimicrobial properties of Ag+ ions and the PDAC coating, especially on 

cells that are sensitive to quaternary amines. However, for bacteria resistant to charged amines, 

such as the Ralstonia sp., the effect of EbNPs-Ag+-PDAC is a direct result of the bactericidal 

activity of Ag+ ions. 

Finally, the post-utilization activity of EbNPs-Ag+-PDAC depleted from Ag+ ion was 

evaluated on PDAC-resistant Ralstonia sp. We simulated the post-application depletion 

process of silver from EbNPs-Ag+-PDAC, which were originally infused with 5 mg/L Ag+ 

ions, by dialysis in DI water for 24 h. This led to Ag+ ion desorption similar to the one that 

would occur if the particles were disposed in environmental water. The residual 

Ag+ ion content in these dialyzed samples was determined to be 0.90 mg/L Ag+ ions using 

Inductively-Coupled Plasma Optical Emission Spectroscopy (ICP-OES), which translates to 

18 % of Ag+ remaining bound on the particles and is in good correspondence with the release 

kinetics studies described above. The silver-depleted EbNPs-Ag+-PDAC sample exhibited 

moderate CFU reduction of 66 % on Ralstonia sp. at 24 h contact time, but showed bacterial 

film formation due to excessive cell multiplication at 96 h, while the non-silver-depleted 

EbNPs-Ag+-PDAC control had 100% CFU reduction at 24 h (see Figure 5.9). This result 
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indicates that EbNPs-Ag+-PDAC nanoparticles would lose their antimicrobial activity due to 

Ag+ ion depletion when exposed to the environment. The lignin cores depleted from 

Ag+ ions would in turn be degraded by the microbial flora present in the environment. 

 

Figure 5.5 Quantification of Colony Forming Unit reduction efficiency as a function of 

mg/L Ag+ equivalent of EbNPs and control samples on E. coli, P. aeruginosa, and 

Ralstonia sp. a,  E. coli test – 1 min contact time. The fully functionalized sample is EbNPs-

Ag+-PDAC. It is compared to a number of controls, including the centrifuged supernatant 

solution from the sample (“snat”), EbNPs without Ag+, PDAC polyelectrolyte solution, 

AgNO3 solution and BPEI-coated AgNPs. EbNPs-Ag+-PDAC achieved the highest CFU 

reduction of all samples with the smallest amount of silver. b, E. coli test – 30 min contact 
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time. Note that in addition to Ag+ ion-releasing EbNPs and AgNPs, the cationic polyelectrolyte 

PDAC is highly efficient. c, P. aeruginosa test – 30 min contact time. EbNPs-Ag+-PDAC and 

PDAC turn out to be much more efficient than common AgNPs and AgNO3 solution. 

d, PDAC-resistant Ralstonia test – 30 min contact time. For these bacteria EbNPs-Ag+-PDAC, 

BPEI-AgNPs and AgNO3 solutions outperformed PDAC samples. Note that EbNPs-Ag+-

PDAC is the only sample that is consistently efficient at very low Ag+ loading. The 

experiments were repeated three times, while the data shown are representatives of one 

experiment. The deviation in measured values below 99 % CFU reduction efficiency is ± 10 

% (range error). 

5.6.1 Analysis of PDAC-resistant Ralstonia sp. 

The PDAC-resistant bacterium was isolated from PDAC 0.02 wt% solution on site. The 

contaminated PDAC 0.02 wt% solution was previously prepared from commercially available 

PDAC 20 wt% by dilution with Millipore water. No growth nutrients, salts, or other additives 

were added. The cell count in the solution was determined at 1600 CFU/mL by plating 100 µl 

of PDAC 0.02 wt% solution on a Luria-Bertani agar plate. The PDAC solution containing the 

bacteria was diluted ten times in freshly prepared PDAC 0.02 wt% solution, plated on Luria-

Bertani agar, and duplicate isolated colonies were selected for 16S rRNA gene sequencing 

analysis. The selected colonies were grown overnight in Tryptic Soy Broth (TSB) in duplicate, 

and genomic DNA was extracted using the Qiagen Blood & Cell Culture Mini Kit (Qiagen, 

Venlo, Netherlands). Selected duplicate colonies were also used for colony PCR, where 

colonies were picked, suspended in 10 µl of nuclease-free H2O, and heated at 95 oC for 5 

minutes. Purified and heated colony solutions were used as template for 50 µl PCR reactions 

containing 1X Promega Colorless Go Taq Buffer (Promega, Madison, WI), 200 nM Forward 

Primer, 200 nM Reverse Primer, 200 nM Promega PCR Nucleotide Mix, and 2 U of Promega 
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Go Taq Polymerase. Multiple sets of forward and reverse primer pairs were used: 8F (5’ 

AGAGTTTGATCCTGGCTCAG 3’)-1492R (5’ GGTTACCTTGTTACGACTT 3’);174 DG74 

(5’ AGGAGGTGATCCAACCGCA 3’)-RW01 (5’ AACTGGAGGAAGGTGGGGAT 3’);175 

and 16s2F (5’ CCTACGGRSGCAGCAG 3’)-16s4R (5’ GGACTACCMGGGNTATCT 

AATCCKG 3’).176 PCR Reactions were cycled on a Bio-Rad T100 Thermocycler for an initial 

95 oC step of 5 min, followed by 35 cycles of 95 oC for 30 s, 49 oC for 30 s, and 72 oC for 1 

min; and a final single cycle of 72 oC for 5 min. PCR products were cleaned with QIAquick 

PCR purification kit (Qiagen) and specific outcomes confirmed using gel electrophoresis with 

2 % agarose gels. Purified PCR product was then diluted and sequenced with the primers by 

Genewiz (Genewiz Inc., South Plainfield, NJ). Sequences from duplicate colonies and different 

primer pairs were then queried in an NCBI BLAST nucleotide database. The gene sequencing 

analysis confirmed the PDAC-resistant bacterial culture as Ralstonia species. 
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5.6.2 Antimicrobial Activity Against Gram-negative Bacteria 

Figure 5.6 and corresponding Table 5.4 show the CFU reduction efficiencies of active 

agents on E.coli. EbNPs-Ag+-PDAC (containing PDAC 0.02 wt%) at 2.5 mg/L Ag+ exhibited 

the strongest antimicrobial action towards E.coli after 1 min of contact time and outperformed 

both BPEI AgNPs and AgNO3 solution in terms of antimicrobial efficiency by silver 

equivalent. 

 

Figure 5.6 Qualitative microbial testing on E. coli. a, 1 minute contact time - EbNPs-Ag+-

PDAC reached 95% CFU reduction at 2.5 mg/L Ag+ outperforming BPEI-AgNPs at 54 mg/L 

Ag+ and AgNO3 solution at 40 mg/L Ag+. b, 30 minutes contact time - EbNPs-Ag+-PDAC 

reached 100% CFU reduction at 2.5 mg/L Ag+. EbNP-PDAC reached 100% CFU reduction 

outperforming silver-based antimicrobials. 
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Table 5.4 Result table of quantitative E. coli test as depicted in Figure 5.6. The CFU 

reduction efficiency of EbNP-Ag+-PDAC samples, BPEI AgNP samples, and AgNO3 samples 

are reported for the contacts times 1 min and 30 mins. 

Quantitative Escherichia coli test; Indulin AT EbNP samples  

1min 
contact time 

EbNPs 
0.05  Ag+ 

5 mg/L  

EbNPs 
0.025  Ag+ 

2.5 mg/L 
PDAC0.01

EbNPs 
0.05  
PDAC0.02 

snat.EbNPs 
0.025Ag+ 

2.5mg/L 
PDAC0.01  

CFU reduction 
efficiency 

no 
observable 
effect 

95.2% 12.4% 
no 
observable 
effect  

30 min 
contact time 

EbNPs 
0.05  Ag+ 

5 mg/L  

EbNPs 
0.025 Ag+ 

2.5 mg/L 
PDAC0.01

EbNPs 0.05  
PDAC0.02 

snat.EbNPs 
0.025  Ag+ 

2.5 mg/L 
PDAC0.01  

CFU reduction 
efficiency 

4.8% 100.00% 100.00% 89.5% 
 

Quantitative Escherichia coli test; AgNPs 

1 min 
contact time 

BPEI 
AgNPs54 
mg/L 

BPEI 
AgNPs 
20 mg/L 

BPEI 
AgNPs 
10 mg/L 

BPEI 
AgNPs 
5 mg/L 

BPEI 
AgNPs 
2.5 mg/L 

CFU reduction 
efficiency 

84.8% 
no 
observable 
effect 

no 
observable 
effect 

no 
observable 
effect 

no 
observable 
effect 

30 min 
contact time 

BPEI 
AgNPs  
54 mg/L 

BPEI 
AgNPs  
20 mg/L 

BPEI 
AgNPs  
10 mg/L 

BPEI 
AgNPs  
5 mg/L 

BPEI 
AgNPs 
2.5 mg/L 

CFU reduction 
efficiency 

100.00% 91.4% 
no 
observable 
effect 

no 
observable 
effect 

no 
observable 
effect 

Quantitative Escherichia coli test; AgNO3 
1 min 
contact time 

AgNO3 
40 mg/L 

AgNO3 
20 mg/L 

AgNO3 
10 mg/L 

AgNO3 
5 mg/L 

AgNO3 
2.5 mg/L 

CFU reduction 
efficiency 

53.3% 
no 
observable 
effect 

no 
observable 
effect 

no 
observable 
effect 

no 
observable 
effect 

30 min 
vortex time 

AgNO3 
40 mg/L 

AgNO3 
20 mg/L 

AgNO3 
10 mg/L 

AgNO3 
5 mg/L 

AgNO3 
2.5 mg/L 

CFU reduction 
efficiency 

96.2% 
no 
observable 
effect 

no 
observable 
effect 

no 
observable 
effect 

no 
observable 
effect 
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Figure 5.7 shows the CFU reduction efficiency of active agents on P. aeruginosa after 24 h 

incubation time (continuation of results in Figure 5.5c). The sample Ag+-EbNPs-PDAC 

reached 100% CFU reduction after 24 h confirming their bactericidal activity. 

 

Figure 5.7 Continuation of the antimicrobial test on Pseudomonas aeruginosa after 24 h 

contact time. The complete CFU reduction of 100% in the samples EbNPs-Ag+-PDAC, PDAC 

0.04 wt%, AgNO3 (aq.) solution and BPEI AgNPs confirms the bactericidal activity of the 

agents. 

Figure 5.8 shows the CFU reduction efficiency of active agents on Ralstonia sp. after 1 

min (low antimicrobial effects at samples with Ag+ ions equivalency of 20 mg/L and below), 

and 24 h incubation time (continuation of results in Figure 5.5d). While the samples containing 

silver reached 100% CFU reduction, none of the PDAC samples resulted in a reduction of CFU 

after 24 h. The data from the antimicrobial tests on agar plates of Ralstonia sp. for the contact 

times of 24 h are reported in Table 5.5. The sample treated with PDAC 0.02 wt% resulted in 

bacteria multiplication as shown with bacterial film formation on ager plate. The CFU count 

in the sample treated with 0.04 wt% PDAC increased by more than 30% after 24 h. 
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Figure 5.8 Continuation of the antimicrobial test on PDAC resistant bacteria Ralstonia 

sp. a, 1 min. incubation time – BPEI-AgNPs reached 90% CFU reduction at 60 mg/L Ag+, 

AgNO3 (aq) solution reached 100 CFU reduction at 60 mg/L Ag+, EbNPs-Ag+-PDAC at 5 

mg/L Ag+ showed no CFU reduction.  b, 24 h incubation time - BPEI-AgNPs, AgNO3 solution, 

EbNPs-Ag+, and EbNPs-Ag+-PDAC reached 100% CFU reduction, while PDAC controls at 

elevated concentration were inactive. Silver-containing samples outperformed PDAC 

solutions. 
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Table 5.5 Results of quantitative Ralstonia sp. test plating after 24 h as depicted in Figure 

5.8b. The images show the front side of Luria-Bertani agar plates in the first column and the 

back side of the plates in the second column. The following plates are shown in top row from 

left to right with the CFU count in brackets: reference (CFU uncountable, bacteria film 

formation due to multiplication of cells after 24 h; CFU count was previously 301 after 1 min 

contact time), PDAC 0.02 wt% (CFU uncountable, bacterial film formation due to 

multiplication of cells), AgNPs 60 mg/L Ag+ (0 CFU), and EbNPs-Ag+ 10 mg/L Ag+ (0 CFU). 

Plates in bottom row from left to right and CFU count in brackets: PDAC 0.04 wt% (438 CFU), 

AgNO3 (0 CFU), and EbNPs-Ag+-PDAC 5 mg/L Ag+ (0 CFU). 

Front side of plates reporting CFU count  Back side of plates 

 

5.6.3 Antimicrobial Activity Against Gram-positive Bacteria 

The results of the antimicrobial activity of EbNP samples towards the gram-positive 

bacteria Staphylococcus epidermidis (S. epidermidis), strain PCI 1200 (ATCC 12228) after 1 

min and 30 min contact time are reported in Table 5.6. It compares the CFU counts on agar 

plates of the samples S. epidermidis reference, EbNPs-Ag+-PDAC (5 mg/L Ag+), and lignin-

only EbNPs. Overall, the EbNPs-Ag+-PDAC exhibited 100% CFU reduction of gram-positive 

S. epidermidis bacteria after 1 min. and 30 min. contact, while the lignin-only EbNPs did not 

show CFU reduction after 30 minutes. 
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Table 5.6 Results of qualitative S. epidermidis test plating after 1 min and 30 min. The 

images in the table show the front side of agar plates in the first column and the back side of 

the plates showing CFUs in the second column. The first row reports three references plates 

with an average CFU count of 139. The second row reports the antimicrobial activity of 

EbNPs-Ag+-PDAC 5 mg/L Ag+ after 1 min contact time (0 CFU) and 30 min contact time (0 

CFU). The third row reports the antimicrobial activity of EbNPs 0.10 wt % after 1 min contact 

time (121 CFU) and 30 min contact time (170 CFU). Overall, the EbNPs-Ag+-PDAC reached 

100 % CFU reduction after 1 min and 30 min contact time, while the lignin-only nanoparticles 

(EbNPs) did not show CFU reductions after 30 minutes. 

Front side of plates reporting CFU count  Back side of plates 

Reference plates 

 

EbNPs-Ag+-PDAC (100 % CFU reduction) 
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Table 5.6 Continued.  

Front side of plates reporting CFU count  Back side of plates 

Lignin-only EbNPs (inactive) 

 

 

    

 

5.6.4 EbNPs-Ag+-PDAC Depleted from Silver 

The bactericidal activity of lignin-only EbNPs, EbNPs-Ag+-PDAC, and silver-depleted 

EbNPs-Ag+-PDAC was tested on Ralstonia sp. Figure 5.9 shows the results of the bactericidal 

test for contact times of 1 min (top row), 24 h (second row), and 96 h (third row). Control with 

LB broth (not depicted) showed a CFU count of 335 after 1 min of contact and a CFU count 

of 1756 after 24 h. The lignin-only EbNP reference resulted in CFU count increase, the EbNPs-

Ag+-PDAC sample (5 mg/L Ag+ equivalent) resulted in 100% CFU reduction, and the sample 

EbNPs-Ag+-PDAC depleted from silver (0.89 mg/L Ag+ equivalent) displayed a CFU 

reduction of 66% after 24h. We explain the observed antimicrobial activity in the silver-

depleted EbNPs-Ag+-PDAC with residual silver in the sample after the depletion process. At 

96 h, the silver-depleted EbNPs-Ag+-PDAC revealed strong bacterial growth (CFU count was 
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impossible due to excessive bacteria multiplication). The data confirm that EbNPs-Ag+-PDAC 

loose activity once they are depleted from silver. 

 

Figure 5.9 Activity of silver-depleted EbNPs-Ag+-PDAC on Ralstonia sp. at 24 h and 96 

h. The image shows the back side of the test plates. CFU count after 1 min contact time of 

bacteria with agents in top row from left to right: lignin-only EbNPs 0.10 wt% reference (301 

CFU), EbNPs-Ag+-PDAC (205 CFU), silver-depleted EbNPs-Ag+-PDAC (251 CFU). CFU 

count after 24 h contact time of bacteria with agents in the second row from left to right: lignin-

only EbNPs 0.10 wt% reference (847 CFU), EbNPs-Ag+-PDAC (0 CFU), silver-depleted 

EbNPs-Ag+-PDAC (103 CFU). CFU count after 96 h contact time of bacteria with agent in the 

third row: silver-depleted EbNPs-Ag+-PDAC (CFU count not possible due to excessive 

bacteria multiplication). 

  

Lignin-only EbNP reference at 24 h 
- 0% CFU reduction 
 

EbNPs-Ag+-PDAC at 24 h 
- 100% CFU reduction 
 

Silver-depleted EbNPs-Ag+-PDAC at 
96 h 
- 0% CFU reduction, bacteria film

1 min 

24 h 

96 h 
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5.7 Safety Evaluation of EbNPs 

The biological activity and potential toxicity hazards of the particles were investigated in 

a comprehensive testing by the U.S. EPA’s ToxCast program177 protocols for 156 biological 

endpoints. The aggregate assay targets are divided into ten biological functional groups (see 

Figure 5.12), namely zebrafish development toxicity, acute inflammation, cell cytotoxicity, 

cell proliferation, cellular stress modulation, chronic inflammation, immune response, nuclear 

receptor activation, tissue remodeling modulation, and vascular biology modulation. The 

testing results are summarized in the bioactivity “heat map” in Figure 5.10. The data indicate 

that EbNPs and EbNPs-Ag+-PDAC had response profiles more similar to each other than to 

AgNPs or AgNO3(aq). When evaluated on a total mass basis at Lowest Effective Concentration 

(LEC) > 0.1 μg/mL, they also affected fewer biological endpoints in all biological functional 

groups than AgNPs or AgNO3 (aq) (see Figure 5.12). At LEC < 0.1 μg/mL the results show 

the same trend, although some endpoints (e.g. in immune response) were affected at lower Ag+ 

ion concentration by EbNPs-Ag+-PDAC than by AgNPs. When evaluated by equivalent 

Ag+ ion concentration, EbNPs-Ag+-PDAC appeared to affect zebrafish embryos at lower silver 

content than AgNPs (see Figure 5.13). 
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Figure 5.10 Heat map of the bioactivity of EbNPs-Ag+-PDAC, EbNPs, AgNO3 (aq) and 

AgNPs, based on ToxCast mammalian cell and zebrafish embryo screening assays. The 

heat map reports on activities in assays (see Figure 5.11 for detailed assay labeling) at either 

the Lowest Effective Concentration (LEC), concentration at 50% of maximum activity (AC50), 

or Benchmark Dose (BMD). The color coding relates to the sample mass concentrations where 

significant changes are registered as follows: blue and red colors both indicate measureable 

deviations in the assays from neutral activities, which are shown in yellow and arbitrarily set 

on 100,000. Deeper red indicate increases starting at lower concentrations than light red, 

deeper blue indicate decreases starting at lower concentrations than light blue. The heat map 

shows that based on total sample mass concentrations, AgNPs and AgNO3(aq) had very similar 

profiles, and affected more assays (blue and red) than EbNPs and EbNPs-Ag+-PDAC. 
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Figure 5.11 Details on the labeling of the U.S. EPA High-Throughput Screening assays 

in bioactivity heat map reported in Figure 5.10. The assay dendrogram illustrates the various 

hierarchical relationships among the assays, and the labels establish the correlation of the 

assays with their location (D1, D2, D3, and D4) in the toxicity heat map. The tests were 

performed on standard screening assays178 used in the U.S. EPA ToxCast™ program for High-

Throughput Screening.179 Detailed information on the assays is available through the U.S. EPA 

ToxCast™ program. 
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5.7.1 U.S. EPA Testing on Biological Functional Groups 

EbNPs-Ag+-PDAC, EbNPs, AgNO3, and AgNPs of 15 nm diameter (ENPRA NM300)180 

were screened for 156 endpoints in five cell-based platforms used in ToxCast, the U.S. EPA’s 

chemical testing and prioritization program.177 The bioactivity assays used human primary cell 

(co)culture and cell lines, rat primary hepatocytes, and developing zebrafish embryos with a 

diverse range of toxicity early responses and phenotype endpoints. The “ToxDonuts” plots in 

Figure 5.12 show toxicity information categorized into ten selected aggregate biological 

functional groups on the samples lignin-only EbNPs, EbNPs-Ag+-PDAC, AgNPs, AgNO3 

(aq), Ag micron-sized particles, and gold nanoparticles particles. The ToxDonuts allow the 

evaluation of the potential toxicity impacts in each biological functional group at different 

lowest effective concentrations (LEC) of a sample, and the comparison of potential toxicity 

impacts of different samples with one another. Gold (Au) nanoparticles, included as relatively 

inert nanomaterial controls, and Ag microparticles as material control affected very few assays 

(Figure 5.12f and Figure 5.12g). This indicates that nanosized particles (AuNP), or the ones 

containing non-nanosized Ag alone, do not exhibit broad or high bioactivity. 
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Figure 5.12 “ToxDonuts” quantifying activities of six samples by total mass in ten 

biological functional groups. a, Example graph explaining ToxDonut graph properties 

reported in b. to g. The ToxDonut is divided into ten slices, each of which represents aggregate 

biological functional groups. The width of each slice corresponds to the total number of assays 

mapped to this biological functional group. If a biological endpoint in an assay reports a 

measurable change from neutral, a fixed width of color is added to the corresponding slice. 

Depending on the activity, the width of color will be added to aggregate increases (dark green) 

or decreases (light green) of activity. If all assays in a slice report a change, the respective slice 

would be filled to 100%.  The slices can simultaneously report on increase and/or decrease of 

aggregate activities in respective biological functional groups. The plot shows the lowest 

effective concentration (LEC) increasing logarithmically from the outer circle to the inner 

circle. b, Lignin-only EbNP sample shows low activities in all biological parameters below 

LEC 1. c, EbNP-Ag+-PDAC sample has low activities in all aggregate biological functional 

groups below LEC 1, and lower activities in comparison to AgNPs and AgNO3 (aq) solutions. 

d, AgNPs exhibited stronger activities in all biological functional groups between LEC 0.1 and 

100. e, AgNO3 (aq) exhibited the strongest activities of all samples in all biological functional 

groups above LEC 0.1. f, Ag micron-sized particles showed low activities in LEC up to 100, 

indicating that material properties alone may not be primarily responsible for enhancing cell 

toxicity g, Gold nanoparticles showed low activities in LEC up to 100, indicating that 

nanoscale size of inorganic nanomaterials alone may not be primarily responsible for 

enhancing cell toxicity in reported parameters. Overall, EbNP-Ag+-PDAC exhibited lower 

activities in all ten aggregate biological functional groups between LEC 0.1 and 100 compared 

to AgNPs. 
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Figure 5.13 EbNP-Ag+-PDAC ToxDonuts quantifying activities by Ag mass basis in ten 

biological functional groups. Effects of EbNPs-Ag+-PDAC on aggregate biological 

functional groups expressed on Ag mass basis. EbNPs-Ag+-PDAC appeared to affect zebrafish 

embryos at lower Ag concentrations than AgNPs, when the activity contribution of PDAC is 

reported in Ag activity. Note that since PDAC has activity towards biological functional groups 

by its own, the effect on biological functional groups expressed by Ag mass in EbNPs-Ag+-

PDAC may be lower when the contribution of PDAC in the EbNPs-Ag+-PDAC system was 

subtracted from the overall effect. 
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5.8 Discussion 

Overall, the EbNPs-Ag+-PDAC exhibit broad spectrum biocidal action and are capable of 

neutralizing common gram-negative and gram-positive human pathogens as well as quaternary 

amine-resistant bacteria, while using ten times less silver when compared with conventional 

BPEI-AgNPs and AgNO3 aqueous solution. The PDAC coating, which boosts their adhesion 

to microbial cell membranes, may have some antibacterial activity on its own; however, both 

EbNP controls without PDAC or without Ag+ ion loading demonstrated much lower 

antimicrobial efficiencies, indicating that both agents act synergistically. 

The bioactivity screening results show that the lignin-only EbNPs without Ag+ loading and 

the EbNPs-Ag+-PDAC interfered with fewer biological pathways than the AgNO3(aq) and 

AgNPs. Thus, it could be expected that the EbNPs-Ag+-PDAC would also have a much smaller 

environmental impact in terms of amount of silver released, as they would contain much less 

silver by mass than the common AgNPs in antimicrobial application scenarios relating to 

higher silver "atom economy".28 Their impact is likely to be minimized further as the EbNPs, 

unlike the persistent AgNPs, can rapidly lose their activity due to Ag+ ion depletion in the 

environment or wastewater, followed by natural pathways for the neutralization of the minimal 

amount of ionic silver.181 The EbNPs surface modifier, PDAC, commonly used as a primary 

organic coagulant in waste water treatment,182 is also expected to be readily neutralized once 

it interacts with naturally occurring biopolymers.183 The lignin NPs depleted of Ag+ and PDAC 

would biodegrade similarly to lignin from plant biomass.81,82 The EbNPs are also likely be 

more readily degraded and removed than common AgNPs in waste water treatment systems or 

in waste incineration plants. 
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5.9 Conclusions 

We report a class of antimicrobial nanoparticles with biodegradable cores (from Indulin 

AT lignin), loaded with Ag+ ions and coated with cationic polyelectrolyte PDAC. The EbNPs-

Ag+-PDAC reduce the amount of silver mass by more than 90 % to deactivate common gram-

negative and gram-positive human pathogens, in comparison to BPEI-AgNPs and AgNO3 

aqueous solution. The array of high-throughput screening tests on mammalian cells and 

zebrafish embryos indicate that the EbNPs have decreased impact on the majority of biological 

endpoints, when compared with AgNPs and AgNO3 by total mass. In addition, the EbNPs-

Ag+-PDAC showed time-limited antimicrobial action since they can lose their residual 

Ag+ ions by post-utilization dilution in water. We expect that the overall environmental impact 

of EbNPs-Ag+-PDAC is likely to be significantly lower when compared to AgNPs, however, 

more research and long-term testing in real-world conditions (such as in water containing salts, 

surfactants and pollutants) would be needed to fully validate these claims. In more general 

plan, these environmentally-benign nanoengineering results illustrate how green chemistry 

principles including atom economy, use of renewable feedstocks, and design for degradation 

can be applied to design more sustainable nanomaterials with increased activity and decreased 

environmental footprint. 
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6 CHAPTER 6 

 

Conclusions and Outlook 
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6.1 Summary 

Degradable biopolymer nanoparticles with matching functionality to metallic nanoparticles 

could provide an environmentally sustainable solution to current and future large-scale biocide 

applications in the environment. We developed a new class of antimicrobial nanoparticles with 

increased efficiency and potentially improved nanoparticle post-utilization safety. We choose 

different types of lignin precursors as matrix material as well as various synthesis routes to 

generate environmentally-benign nanoparticles (EbNPs) with distinct hydrophobicity, size, 

surface charge, pH change response, and ionic strength stability covering a broad spectrum of 

application scenarios. We showed that environmentally-benign nanoparticles infused with 

Ag+ ions can enhance the antimicrobial activity of silver, while exhibiting locally confined and 

temporarily limited bioactivity. Other than silver nanoparticles, their environmentally 

persistent analogous, the EbNPs are biodegradable due to employment of the natural feedstock 

lignin as core material. 

First, we developed synthesis methods for lignin nanoparticles for use as biodegradable 

carrier for hydrophobic actives. For this type of particle, we chose High Purity Lignin, a type 

of Organosolv lignin, as nanoparticle material precursor. The nanoparticles were synthesized 

in controlled size between 45 and 250 nm using solvent-antisolvent flash precipitation 

methods. The particle growth was modeled using lignin mass balance equations at steady state 

condition. We showed that the surface charge of the particles can be customized by targeted 

adsorption of cationic polyelectrolyte. The particles are stable over a broad pH regime. Ionic 

strength studies reveal that the particles are electrostatically stabilized. 
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While High Purity Lignin nanoparticles can be used as carriers for hydrophobic actives, 

they may not be as suitable for functionalization with ionic or hydrophilic actives. To overcome 

this limitation, we investigated in detail the synthesis methods using amphiphilic Kraft lignin 

(Indulin AT), a material with high affinity to cationic or hydrophilic compounds, as 

nanoparticle core material. We showed that the particle growth is diffusion-limited and can be 

modeled with Lifshitz-Slyozov-Wagner (LSW) theory. Additionally, we demonstrated that the 

growth is dependent on the solvent, temperature, and synthesis route chosen. While the 

particles grow in ethylene glycol, the growth ceases upon dilution with water. Different from 

High Purity Lignin nanoparticles, the Indulin AT nanoparticles are electrostatically stabilized 

with an additional steric contribution. Both particle systems, High Purity Lignin and Indulin 

AT, exhibit multi-year colloidal stability. 

With the amphiphilic Indulin AT nanoparticles, we investigated the design of degradable 

nanoparticles using silver ions as active ingredient to match the functionality of antimicrobial 

silver nanoparticles. The silver ion infusion of Indulin AT nanoparticles followed the Langmuir 

adsorption model. Release studies of silver ions from the nanoparticles revealed that ion 

desorption can be triggered by reducing the silver ion content in the environment of the 

particles. Surface-charge reversal with adsorption of cationic polyelectrolyte, 

polydimethylamonium chloride, resulted in stable nanoparticles capable of targeting 

negatively-charged bacteria cell-membranes. Antimicrobial proof-of-concept testing on four 

bacteria species, three gram-negative and one gram-positive bacterium, confirm that the EbNPs 

require only a tenth of silver loading by mass in comparison to silver nanoparticles or silver 

nitrate solutions to achieve the same or higher antimicrobial activity. The particles also proved 
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highly effective against a quaternary amine resistant bacterium. Comprehensive biotoxicity 

evaluation of the particles, following standard protocols of the ToxCast program of the U. S. 

Environmental Protection Agency, confirm that it is not expected that EbNPs would have 

additional safety concerns than the current silver nanoparticles towards ten major toxicity 

endpoints tested. This evaluation combined with the reduction of silver mass required during 

application may significantly reduce the environmental impact of nanosilver based 

antimicrobials.  

In summary, we engineered two types of distinct lignin nanocarriers for hydrophobic and 

hydrophilic antimicrobial active ingredients using green chemistry principles. We showed that 

the particles can enhance the desired antimicrobial function of Ag+ ions, providing a more 

environmentally-sustainable alternative to current silver nanoparticle systems. The concept of 

replacing inorganic and metal nanomaterials with nanostructures made of biodegradable 

polymer may be applied to a broad range of nanomanufactured products including, but not 

limited to, antimicrobial textiles, preservatives in consumer products increasing shelf life, 

antibiofouling paints reducing fuel cost of ships, and hospital disinfectants countering the 

spread of multi-drug resistant bacteria as well as healthcare-associated infections. 
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6.2 Outlook 

The research and development of nanomaterials with improved performance combined 

with minimized unwanted risks in life cycle assessment is a relatively new research concept.73 

Due to the continuous introduction of products containing potentially environmental-persistent 

nanoparticles,24,184,185 the fabrication of safer nanomaterials with a degradable design29,30,73 is 

of utmost importance to enable safer products while avoiding undesired or unknown risks for 

the environmental and towards human health.70 A comprehensive standardized safety 

evaluation of new nanoparticles before introduction into products could elucidate potential 

safety concerns. The design of functional but environmentally sustainable nanoparticles is of 

interdisciplinary nature requiring expertise in chemical engineering, modeling, chemistry, 

biology, toxicology, as well as other disciplines. Potential directions in this field will be guided 

by the application of green chemistry principles for nanomaterial design.29,30,70 

From an economic perspective, the environmentally-benign nanoparticle prototypes 

demonstrate powerful antimicrobial capabilities and outperform silver nanoparticles in terms 

of efficiency, safety and cost. The simple synthesis methods are suitable for scale-up to 

continuous processes, allowing potential production in the tonnage range. This approach is not 

limited only to bactericidal silver substitutes as it can also be applied to the development of 

new biopolymer particles with antiviral, antifungal, and other advanced functionalities. Such 

particles are expected to find applications in many products targeted to the consumer, 

healthcare, agriculture and construction markets. Functionalized  EbNPs could (i) replace 

currently used persistent antimicrobial silver nanoparticles (ii) introduce new products in mid-

tier markets such as antifungal treatments and the paint industry, and (iii) in the future address  
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the safety-sensitive  multibillion  dollar  crop-protection industry, which is presently not 

accessible to environmentally persistent nanoparticles. Other types of EbNPs may replace a 

wide range of inorganic nanoparticles in industrial and consumer products in the future. 

Overall, our results demonstrate that nanoparticles with biodegradable cores may have 

higher antimicrobial activity and smaller environmental impact than metallic silver 

nanoparticles. More research and long-term testing in a range of environmental conditions 

(such as in water containing salts, surfactants, and pollutants) would be needed to fully validate 

these claims. In more general plan, these environmentally-benign nanoengineering results73 

illustrate how green chemistry principles including atom economy, use of renewable 

feedstocks, and design for degradation can be applied to actualize more sustainable 

nanomaterials with increased activity and decreased environmental footprint. 
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