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Abstract

Silver nanoparticles (AgNPs) have unique chemical and physical properties which make them attractive

in a range of applications. However, current productions methods are often hindered by challenges with

poor particle stability, the use of hazardous chemicals under harsh conditions, and challenges with scale-

up. Bacteria have been proposed as an alternative production route. However, the underlying biological

mechanisms remain to be fully understood.

The aim of this project was to develop an environmentally friendly and scalable method for the produc-

tion of stable AgNPs through the use of bacteria. This project also aimed to improve the understanding of

bacterial AgNP production and to gain control over the shapes of AgNPs produced by bacteria.

The reaction conditions under which AgNPs were produced by Morganella psychrotolerans were inves-

tigated. The conditions examined had little effect on the properties particles being produced, however, the

amount of production was affected by Ag+, H+, and Na+ concentrations. Moreover, it was observed that

light exposure during synthesis was beneficial to production yields. To investigate this further, M. psychro-

tolerans was illuminated with LED light for 48 h during AgNP production. The amount of particles produced

was considerably higher when samples were exposed to light compared to those in the dark. Moreover,

shorter wavelengths of light were determined to be responsible for this increased. It was also discovered

that sterile growth media was capable of photo-reducing Ag+ and contributed to the enhanced production.

Following this, laser light was used to increase the rate of production further. Spherical AgNPs were

produced on the time-scale of seconds rather than hours when reactions were conducted in the dark. This

process was thought to be photo-catalytic rather than a thermal process.

The foundations of larger scale production were laid when the process of photo-enhanced AgNP bio-

production was translated from batch to flow production. Through the development of a series of flow

reactor prototypes, a larger scale reactor was designed, constructed, and operated. The product was a

highly concentrated solution of Ag nanospheres.

The cause of biogenic AgNPs’ superior stability was probed with proteomic analysis of the corona. The

corona appears to be comprised of proteins which are abundant in the supernatant of cultures and can

bind sufficient strongly to remain bound to the particle throughout the sample preparation. There does

not appear to be an apparent functional connection between the bound proteins. Further investigation is

warranted to identify difference in supernatant proteins which were bound to AgNPs and those which were

not bound to the particles.

This project has increased the knowledge surrounding bacterial AgNPs and flow reactor technology

developed in this project will likely be useful in increasing the scale of bacterially stabilised AgNPs.
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Chapter 1

Introduction

1.1 Overview of Project

This interdisciplinary project brought together a wide range of techniques and methodologies from the

fields of microbiology, materials science, chemistry, physics, molecular biology, and engineering to gain an

understanding of and begin to exploit bacterial silver nanoparticle production.

Nanoparticles often have very different physical and chemical properties when compared to their

macroscopic and bulk counterparts.1,2 These unique properties make them highly attractive in a range

of current and potential applications. In recent years, these materials have gained considerable interest

in both research and commercial use; this growth is forecast to continue considerably.3 However, current

nanoparticle production routes suffer from their dependence on hazardous chemicals, often under harsh

conditions, poor particle stability, and challenges with scale-up.4 The biosynthesis of metallic nanoparticles,

including nanoprisms, has been described in a range of organisms including plants, fungi, and bacteria.4,5

Whilst the biological processes for many of these remain poorly understood, they hold great potential for a

more environmentally friendly, greener, and up-scalable source of silver nanoparticles.

1.2 Aims and Objectives

The primary aim of this project was to develop an environmentally friendly and scalable method for the

production of stable AgNPs through the use of bacteria. The secondary aims were to control the geometries

of the AgNPs produced to synthesise non-spherical morphologies, and to gain an understanding of the

biological mechanisms underpinning bacterial AgNP synthesis. To achieve this the following objectives

were set:
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• to optimise the reaction conditions for producing AgNPs in bacteria

• to develop a scalable production method through which the foundations of large-scale production can

be laid

• to investigate the composition of the biomolecular coating of biogenic AgNPs

1.3 Organisation of Thesis

This thesis begins with a review of the published literature on the topics of the optical properties of AgNPs,

current production methods and their limitations, the biosynthesis of AgNPs and the effects different reac-

tion conditions have on production, methods used for the characterisation of AgNPs, and finally, potential

applications of AgNPs (Chapter 2). This is followed by the results of this thesis and consists of 4 main

themes, illustrated in Figure 1.1 and outlined below:

• Reaction conditions and AgNP biosynthesis (Chapter 3) – This investigates the extent to which the

conditions under which AgNPs are produced in a biological system can impact the product, for in-

stance the amount of AgNPs produced and their geometries.

Figure 1.1: Outline of thesis narrative.
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• Photo-assisted production of AgNPs (Chapter 4 & 5) – In two manuscripts, light has been used to

enhance the production of AgNPs through accelerating the reaction and increasing yields. Different

wavelengths of light and light sources were investigated to begin to gain an understanding of the

mechanism involved.

• Translation from batch to flow synthesis (Chapter 6) – This work reports the design journey of mi-

croreactors developed to take what was learned about the photo-catalysed reactions and implement

it in a continuous flow reactor, a key step on the path to large scale production.

• AgNP corona and its composition (Chapter 7) – By gaining an understanding of the material coating

the nanoparticles, it was hoped that some degree of control may be had over the crystal growth and

ultimately the geometries of the particles. To this end, analysis of the surface corona was performed,

and proteomic analysis used to identify key proteins. Finally, a summary of the key outcomes of this

project is given along with discussion on remaining gaps in the knowledge and proposed future work.
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Chapter 2

Literature Review

This Literature review is split into three main concerns. First, the optical properties of nanoparticles are

explored; this section also examines current production methods and their limitations. Second, the biolog-

ical aspect of this project is explored. Specifically, the ability of bacteria to produce nanoparticles and the

proposed biological mechanisms are reviewed. In addition, the impacts of reaction conditions on biogenic

nanoparticle formation are discussed. This is followed by a brief summary of the methods used in the

characterisation of AgNPs and potential considerations for larger scale production. Finally, the potential

applications of nanoparticles are explored. The current limitations of the thermal properties of windows and

infrared signature management in military vehicles are reviewed, and the potential of AgNPs to overcome

some of these challenges is debated.

Section 2.2 has been published in a review articles titles Bacteria and nanosilver: the quest for optimal

production by Mabey et al.6

2.1 Nanoparticles

Nanomaterials are widely defined as any material with at least one dimension of less than 100 nm.

Nanoparticles are a subgroup of nanomaterials and typically have all three dimensions (height, width,

and depth) of less than 100 nm.7 They can be made from any substance, though inorganic and metallic

compositions are most common. Metallic nanoparticles can be produced in a wide variety of shapes and

sizes and have been studied for many years.8 To date, production has conventionally been achieved via

chemical and physical processes.7

The main appeal of nanoparticles is that they have very distinct properties compared to bulk materials

of the same composition.9 This is especially evident in the way they interact with light. For example, AgNPs
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in a liquid suspension appear as very vivid colours, as shown in Figure 2.1, while bulk silver is “silver” in

colour. These properties make AgNPs attractive in a range of applications and as such have been the

subject of increasing interest in recent years.

Figure 2.1: Suspensions of chemically produced citrate-stabilised Ag nanoprisms with different optical
properties in water. Adapted and reprinted with Permission from Haber and Sokolov (2017).10 Copyright
2017 American Chemical Society.

2.1.1 Localised Surface Plasmon Resonance

The electromagnetic spectrum includes all wavelengths of electromagnetic radiation from low energy and

long wave radio waves (λ > 10−3 m) to short wave and high energy γ-rays (λ < 10−12 m). Between the

wavelengths of 400 nm and 10 µm is the thermal radiation region. This includes visible light (400 nm to

700 nm) and the near infrared (NIR) which extends from 700 nm to 2,500 nm), summarised in Figure 2.2.

The phenomenon responsible for the unique optical properties of nanoparticles is localised surface

plasmon resonance (LSPR). Localised surface plasmons are the collective oscillation of the free electrons

in an electrically conductive nanoparticle.1 As shown in Figure 2.3, the movement of these electrons is

caused by their interaction with the alternating electric field of incident light. As the electron cloud is

displaced relative to the positive ion lattice of the metal, coulombic forces act to restore the system to

its equilibrium position and cause oscillations.11,12 When the frequency of incident radiation is equal to

the natural frequency of the electron oscillations the system will resonate, known as localised surface

plasmon resonance (LSPR). The resonating electrons form a standing wave which causes an accumulation

of polarisation charges at the surface of the particle leading to formation of a dipole.12 The strong electric

fields created result in strong absorbance at the resonant frequency.

Nanoparticles are considerably smaller than the wavelengths of visible light (400 nm ≥ λ ≤ 700 nm),

and because the electric field of incident light can only penetrate <50 nm into a material, LSPR can only

make a significant contribution to the electromagnetic properties at the nanoscale.1 This explains why
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Figure 2.2: Schematic of a section of the electromagnetic spectrum showing the visible region in relation
to ultraviolet and infrared. The infrared region is split into three regions: near, mid and far IR. Near infrared
is found directly adjacent to the visible region and extends to 2500 nm.

Figure 2.3: A schematic representation of localised surface plasmon resonance. As the incident electric
field passes the particle, the electrons are displaced. The electric attraction between the electrons and
the positive ion lattice of the metal acts to restore the electron cloud. Image based on figure published by
Willets and Duyne13.
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nanoparticles have very different optical properties from their bulk macroscopic counterparts.1,2 The effect

is especially noticeable in noble metals, including Au and Ag, as the LSPR frequencies are situated in

the visible and NIR regions of the electromagnetic spectrum. The strong absorbance associated with the

LSPR causes the vivid colours in colloidal solution. As shown in Figure 2.4, mathematical modelling can

be used to determine the characteristics of plasmon resonances in nanoparticles. Here, the scattering and

absorption profiles of AgNPs were reviewed by Lu et al.1 Image A of this Figure shows a characteristic

peak with high relative absorption in the region of 400-420 nm, which is associated with the primary dipole

surface plasmon resonance.1,14,15 This peak is suggestive of small spherical nanoparticles and is widely

used to indicate the presence of AgNPs in a solution and the absorption of blue light results in a colloid of

Ag nanospheres appearing yellow.1

In contrast to the symmetry of nanospheres, morphologically anisotropic particles typically have more

complex absorbance spectra with additional peaks and features. Sharp corners found in particles such

as triangular nanoprisms cause intense electric fields to form as a result of the accumulation of surface

charges appearing of additional peaks.1 Triangular nanoprisms, like the example shown in image E of

Figure 2.4, tend to give much lower intensity peaks at 400 nm and instead have absorption maxima at

approximately 335 nm, 470 nm, and 670 nm corresponding to in- and out-of-plane quadrupoles, and in-

plane dipoles, respectively.1,16 The red-shifted absorbance maximum results in the blue appearance of Ag

nanoprisms in suspension.

The exact resonance frequency is determined by a number of factors. In the case of Ag, like all nanopar-

ticles, optical properties are heavily geometry-dependent. As the particle size increases, the resonance

frequency is red-shifted, whereas less spherical particles typically have broader bandwidths and present

multiple absorption peaks.1 This is demonstrated in Figure 2.4 where cubic (B), tetrahedral (C), and oc-

tahedral (D) particles have distinct extinction profiles. Likewise, the aspect ratio of rod-shaped particles

can markedly shift the absorbance maxima (F). The composition of the nanoparticles also impacts the

resonance frequency by altering the restoring coulombic forces and electron density in the particle.11 Fur-

thermore, the dielectric environment changes the conditions on the electrons at the surface of the nanopar-

ticle.1 As a result of the strong link between the physical dimensions and environment of a nanoparticle and

how they interact with light, specific regions of the electromagnetic spectrum can be selectively absorbed

by producing specifically shaped nanoparticles.
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Figure 2.4: Predicted scattering (blue), absorption (red), and extinction (black) spectra of different spherical
(A), cubic (B), tetrahedral (C), and octahedral (D) AgNPs, as well as triangular prisms (E). Extinction spectra
for rectangular nanorods with different aspect ratios (F). Reproduced from Lu et al.1
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2.1.2 Production of AgNPs

A range of techniques for the production of nanoparticles have been developed including chemical reduc-

tion, physical methods, such as laser ablation17 and evaporation-condensation techniques,7 electro and

photochemical processes,18,19 and more recently, biosynthesis routes.7,20 Chemical reduction routes are

the most commonly used methods for producing AgNPs and rely on reducing Ag+ to zero valent Ag0

through the addition of an electron, as shown in Equation 2.1.

Ag+ + e− ⇀↽ Ag0 + 799mV (Eq. 2.1)

The reduction reaction requires three main reagents: a Ag+ source, a reducing agent, and a stabilising

or capping agent. The Ag+ are almost exclusively supplied as silver nitrate (AgNO3) due to its superior

solubility in water compared to other Ag salts. The reducing agents can be varied to affect the parameters

of the reaction; this is done to change the final geometries of the particles produced. Commonly used

reducing agents include sodium borohydride, trisodium citrate, and alcohols.7,21 The strength of the reduc-

ing agent changes the rate of the reaction and the final product. Polymers such as poly(vinyl pyrrolidone)

(PVP) and poly(vinyl alcohol) (PVA), along with citrate, are used to stabilise the particles. This stabilisation

acts to reduce agglomeration of the particles and can be used to control the growth and shape of the crys-

tal.7 Following the reduction of Ag+ nucleation occurs with the formation of small clusters of atoms. The

newly formed seed crystals then undergo growth as free Ag0 atoms preferentially bind to the nucleated

cluster leading to the formation of nanoparticles.7

Chemical reduction processes can produce highly monodispersed AgNPs, examples are shown in

Figure 2.5. However, to reach the full potential of AgNPs a number of caveats with production methods

must be overcome.4,7

Many physical and chemical production methods to date are hindered by poor particle stability. Ag

nanospheres stored at room temperature can undergo dramatic morphological changes with the formation

of prisms and rods over 1 year with changes in the optical properties for the particles being observed in

the first month post-synthesis.22 Moreover, laser ablation generated AgNPs suffer from oxidation during

long-term storage (up to 405 days). This was associated with changes in the colour of the nanoparti-

cle suspension and a loss of function (antimicrobial activity).23 While capping agents such as PVP and

citrate have been used to mitigate these effects, large biological molecules, such as proteins, offer supe-

rior stability against particle agglomeration due to steric repulsion.24 The ability to maintain colloidally and

morphologically stable AgNPs is vital in many applications and increasing the stability opens additional
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applications and conditions for use.

Chemical production methods typically employ reducing agents and capping ligands. These are often

hazardous and carry environmental safety concerns. Sodium borohydride, ethylene glycol, and amino

boranes are among the used reagents and solvents.10,25–27 The production of organic solvent waste has

been a driving factor in the development of green production routes with estimates of up to 98% of waste

being solvents in one production method.28,29 While efforts are being made to find alternative greener and

more environmentally-friendly reagents and reduce waste,29,30 biological routes have been suggested as

the reducing and capping agents are supplied from biological sources.

Figure 2.5: Examples of monodispersed spherical (A), cubic (B), and triangular (C) AgNPs. Scale bars: 20
nm (A), 200 nm (B and C). (A) Reproduced from Lin et al. Copyright 2004 American Chemical Society.35

(B) Reproduced from Xia et al. Copyright 2008 Wiley.36 (C) Adapted from Zhang et al. Copyright 2010
American Chemical Society.37

Many physical production routes require energy-demanding specialist equipment, such as lasers and

magnetron sputtering systems.31–34 These are often accompanied by high capital and maintenance costs

which limits their accessibility. While the particles produced can be highly monodispersed and have no

ligands on the surface (desirable for surface functionalisation), the costs can be prohibitively high for some

applications and research.

While research continues into methods to improve these production processes, biological production

has been proposed as an alternative and may offer a scalable and greener process.7

2.2 Biosynthesis of AgNPs

The biosynthesis of metallic nanoparticles has been described in a range of organisms spanning plants,

fungi, and bacteria, often through metal-toxicity resistance mechanisms.38–41 Whilst the processes for many

of these remain poorly understood, they hold great potential for more environmentally friendly and up-
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scalable production of AgNP than chemical synthesis.

A number of review articles have been authored which give useful overviews of bacteriogenic metallic

nanoparticle synthesis.4,7,9,39,42 However, to date, no in-depth summary of findings has been published

relating to the reaction conditions under which AgNPs are synthesised and the impact that these conditions

have on the products. Therefore, this review of the literature aims to bring together such results and discuss

how biosynthetic reaction parameters can be used to optimise AgNP production with a focus on shape and

size control. It begins by reviewing the proposed mechanisms for AgNP biosynthesis in bacteria, which is

then followed by examining reaction parameters which have been varied in the quest for optimising AgNP

production.

2.2.1 Silver Toxicity, Resistance, and Nanoparticle Synthesis

Following the discovery of biogenic metallic nanoparticles by Klaus et al. in 1999,43 the possibility of

controllable biosynthesis has been an ultimate yet elusive goal of the field. However, the mechanistic

understanding of the underpinning biology remains limited. Especially for AgNP production, there is a

relative paucity of detailed investigations. Despite this, efforts continue to identify the pathways involved in

the reduction of soluble Ag+ and accumulation of zero valent Ag0.

Silver Toxicity to Cells

To understand how bacteria produce nanoparticles, it is first prudent to understand why bacteria make

nanoparticles. It has long been known that silver is either toxic to bacteria or bacteriostatic.44 This toxicity

stems from the high affinity with which Ag+ binds to a range of biological macromolecules, particularly

those with electron rich sulphur hydryl (including thiol) and amine groups. This results in the side chains of

cysteine residues in proteins often being targeted by Ag+ which disrupts disulphide bonds leading to the

denaturation of the tertiary structure of proteins, and thus their functions.45 Additionally, Ag+ ions complex

with the heterocyclic amines in DNA bases, causing disruption to the transcription and replication of ge-

netic material.46 This activity results in substantial inhibition of major biological processes including DNA,

RNA, protein, and peptidoglycan syntheses at levels comparable with commonly used antibiotics.47 More-

over, complete cell lysis is not induced by Ag+, but membrane disruption has been evidenced.47,48 These

effects, compounded with damage to the cell membrane, have been demonstrated to have detrimental

outcomes for the bacterium. Furthermore, high concentrations of Ag+ are thought to induce apoptosis

in bacterial cells, as demonstrated by the shrinking of cells sizes and fragmentation of DNA, a behaviour

more commonly attributed to eukaryotes.49,50
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This induction of cell “suicide” is hypothesised to result from the increase in the concentration of reactive

oxygen species in the cell, attributed to Ag+ interfering with NADPH dehydrogenase II activity.50

The toxicity of Ag+ exhibits stress on bacteria which has stimulated the evolution and prevalence of

resistant mechanisms. A bacterium capable of detoxifying or removing Ag+ holds a potential survival

advantage in environments where Ag+ is present. The processes that allow Ag+ resistance are believed

to be important for AgNP bioproduction.51,52

Resistance of Cells

Reflecting the toxicity of Ag+ to bacteria, two mechanistically different resistance systems have evolved

and are concurrently represented in resistant organisms:

The first mechanism is an efflux system. This functions to sequester Ag+ ions from the intracellular

environment and eject them via a P-type ATPase (SilP) and an efflux transporter (SilCBA).53,54 Homol-

ogous to the Cus copper-efflux system, which acts to sequester and remove Cu+ from the intracellular

environment,54–56, sil genes have been found in Ag-resistant organisms from both environmental and clini-

cal settings.53,57 These sil genes were identified from their sequence homology with known Cus genes, and

their functions inferred.54,58 While both systems have a Ag+ and Cu+ sequestering protein, SilF and CusF,

respectively, which are thought to support the efflux process, the Sil system also has the SilE protein. The

SilE protein is a highly specific periplasmic Ag+ sequestering protein which can bind up to 10 Ag+ ions

per peptide.53 Homologues of sil genes have been found in organisms capable of producing AgNPs and

are thought to be involved, due to their ability to sequester Ag+, in the production process.52 However, the

mechanism of protein involvement in the process remains to be determined. The ability to sequester ions

only provides the bacterium with short-term protection. For a long-term solution to the toxicity of Ag+, the

cell must use alternative methods.

The second mechanism of Ag resistance suppresses the hazard by utilising the reduction of Ag+ to

Ag0. Ag in its metallic form is less toxic to the cell, so by reducing solubilised Ag+ to insoluble Ag0 the

bacterium can reduce the chemical stress.59 Upon creation, Ag0 atoms undergo nucleation and continue

to grow into AgNPs. Like chemical reduction synthesis, this process follows a bottom-up approach building

nanoparticles via multistep self-assembly (as opposed to removing material from larger materials in a

top-down route), but instead of reducing agents such as sodium borohydride, less hazardous biological

components are used. Exactly how this process occurs remains unclear, but two main theories have been

postulated as detailed below.
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Mechanisms of Silver Nanoparticle Biosynthesis

Of the two hypotheses proposed, the first is that simple biochemicals act as reducing agents for Ag+

reduction. Aldehyde groups, like those in sugars, have been suggested as key reduction sites and electron

donors: for example, in a number of Lactobacillus species which demonstrated the ability to rapidly produce

AgNPs, both intra- and extracellularly.60 However, reducing sugars are produced by all bacteria, AgNPs

are not. This hypothesis does not account for the distinct species-dependency reported in the literature.

Instead, it is likely that an enzymatic component to the mechanism is involved.

The second hypothesis regarding the reducing agent in biological systems has led to NADH or NADPH-

dependent nitrate reductase enzymes (Figure 2.6), which have been identified in a number of species as

having crucial roles in the detoxification and reduction of Ag+.61,62 NAD(P)H-dependent nitrate reductases

are part of the molybdenum-containing dimethylsulphoxide reductase (DMSOR) enzyme family.63 Based

on the locations of DSMORs within the cell, three main classes have been identified. Nas and Nar type

enzymes are cytoplasmic and respiratory membrane-bound types, respectively. As many studies have

indicated that AgNP formation is located at the cell surface or in the periplasmic space,43 of particular

interest here are the dissimilatory periplasmic nitrate reductases, or Nap species.

The enzymes, as their name suggests, utilise the reductive power of NAD(P)H to reduce nitrate to

nitrite. To achieve this, NAD(P)H donates two electrons via a hydride ion (H−) to the NAD(P)H binding site

of the reductase. The electrons are passed via iron-sulphur clusters to the Mo active site where the nitrate,

which covalently binds to the Mo, then undergoes reduction of nitrate in the presence of H+ to form nitrite

(NO−
2 ) and H2O.63

An α-NADPH-dependent nitrate reductase isolated from the fungus Fusarium oxysporum was able

to produce AgNPs in a reaction which required 4-hydroxyquinoline as an electron shuttle, as shown in

Figure 2.6 A.62,64 The AgNPs were produced in vitro under anaerobic conditions at 25 ◦C with purified

α-NADPH-dependent nitrate reductase, AgNO3 (1 mM), α-NADPH, 4-hydroxyquinoline, and phytochelatin

as a capping agent. AgNP production was not observed in the absence of α-NADPH, nor in controls

lacking 4-hydroxyquinoline, nitrate reductase, or phytochelatin.64 The requirement of an electron shuttle

indicated that the enzyme was not directly reducing the Ag+ and the NO−
3 in parallel, but instead reduced

the nitrate and the generated electron was transferred to the Ag+ which was subsequently reduced in a

series fashion. Additionally, the electrochemistry of the involved species favoured the electron transfer to

Ag+ from NO−
3 , as can be seen in Figure 2.6 B. There is, however, little evidence to support the direct

generalisation of this idea to bacteria.

From the relatively limited amount of work presented on the bacterial mechanism, there is some support
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Figure 2.6: A) Proposed mechanism of reduction of Ag+ in the formation of nanoparticles utilising the
reduction of nitrate to nitrite in the fungus Fusarium oxysporum. The electrons are shuttled from the
reductase to Ag+ by an electron shuttle, in this case 4-hydroxyquinoline. Adapted from Durán et al.61

originally published by BioMed Central. B) Reduction potentials of reactions thought to be involved in
biogenic AgNP production. This figure has been published by Mabey et al.6
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for the involvement of NAD(P)H-reductases with nitrate reductase activity having been detected in the cell-

free extract (CFE) of Bacillus subtilis following 120 h extracellular AgNP production and is thought to be

the catalyst in the process.65 In support of this hypothesis, AgNPs were produced by the supernatant of

K. pneumonia cultured in Muller-Hinton broth. However, the addition of a sub-inhibitory concentration of

piperidone (a natural inhibitor of nitro-reduction in Enterobacteriaceae) partially inhibited AgNP synthesis

by over 50%.66 It should be stressed, however, that making the jump from a fungal to a bacterial mechanism

needs further investigation to identify the commonalities and differences.

It has been postulated that it is the aforementioned SilE protein that chelates and then presents Ag+

to a reductase,42,67 as supported by the discovery that a number of bacteria, which are able to produce

nanoparticles, carry the sil genes.52,57 A summary of this proposed theory is outlined in Figure 2.7. By

examining nitrate reductase during AgNP formation in the archaeon Halococcus salifodinae, Srivastava et

al.68 suggested that Ag+ became the favoured electron donor over nitrates, as evidenced by a reduction in

the concentration of nitrite in an Ag+ dose-dependent manner. Indeed, following the conclusion of AgNP

production, nitrite concentrations rose to levels above Ag+-free controls, suggesting the presence of Ag+

had resulted in increased expression of nitrate reductase. Additionally, by comparing nitrate reductase

activity following exposure to KNO3 and AgNO3 it was possible to attribute the increase to Ag+ and not the

NO−
3 , suggesting that the nitrate reductase was involved in Ag resistance. Furthermore, heat inactivation

of Lactobacillus casei was shown to inhibit AgNP production, supporting the theory that the process was

enzyme mediated.69 Following boiling for 30 min, the heat-treated biomass did not produce AgNPs over

85 min of observations suggesting the enzyme involved in the biocatalyst were denatured or degraded.

Following their formation in cells, the particles were either ejected from the cell or grew in the periplasmic

space (Figure 2.7). Larger non-spherical particles have been observed inside cells, with smaller spherical

particles frequently observed in the external environment.
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Figure 2.7: Proposed mechanisms for intracellular (left) and extracellular (right) AgNP production in bac-
teria. Intracellular AgNP production using the SIL proteins is thought to be initiated by the sensor kinase
SilS protein which phosphorylates the derepresser SilR (1). SilR phosphorylation results in expression of
the Sil operon which includes the SilCBA anti-porter complex, a P-type ATPase (SilP), and SilE, which se-
questers Ag+ ions (2). An NAD(P)H-dependent nitrate reductase is thought to reduce an electron shuttle
via the oxidation of NAD(P)H to NAD(P)+ (3). The electron shuttle facilitates the electron transfer from the
reductase to SilE (4), though the electron exchange does not need SilE to occur. Following reduction, Ag0

atoms undergo nucleation to form seed particles (5). Extracellular production of AgNPs, such as when
using cell-free extract, through an enzymatic route likely results from the innate expression of an NAD(P)H-
dependent nitrate reductase (1), which is secreted or leaked to the extracellular environment (2). Here,
the electron shuttle cycling occurs in a similar way to intracellular production (3), and AgNP growth can
then occur (4). However, smaller spherical particles are more often observed in extracellular production.
Non-enzymatic reducing processes may also occur in both mechanisms. This figure has been published
by Mabey et al.6

Other enzymes, including amylase, laccases, peroxidase and lysozyme, have been shown to be in-

volved in AgNP formation, but have received relatively little attention.70 These mechanisms remain to be

understood before they can be fully exploited. Moreover, the molecular biology influencing crystal growth

has seen little research despite the species dependent nature with which nanoparticles with different ge-

ometries are made. Nonetheless, the studies discussed below have investigated the physiochemical im-

pact of various growth conditions on the formation of the nanoparticles.

2.2.2 Biosynthetic Reaction Conditions

Isolated from a silver mine, Pseudomonas stutzeri AG259 was the first bacterium found to demonstrate the

ability to produce AgNPs.43 After this discovery at the turn of the millennium, many more species capable

of such activity have been identified (Figure 2.8 on page 21). Nonetheless, the biosynthesis of AgNPs can

be influenced by chemical and physical factors, such as thermodynamics, reaction and enzyme kinetics,

and photo/radio-catalysis, as well as the underlying biology of the host organism. The complex nature

of AgNP production means that these factors are connected in ways which are not yet fully understood.

However, work has been performed in numerous studies to investigate how the reaction conditions affect

AgNP biosynthesis.

Incubation Time

By far, the most investigated variable influencing the biosynthesis of AgNPs is reaction duration, typically

in the range of minutes66,71 to days.57,72,73 As expected, the longer the duration, the more and potentially

larger particles are produced. However, the vast majority of findings report no change in the LSPR peaks
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throughout the duration of experiments, indicating no change in the morphologies of the AgNPs being

produced over 20 minutes to 120 hours.51,74,75

The previous reports notwithstanding, a small number of studies have observed changes in particles

morphologies over time. For example, when using Comamonas acidovorans CFE, a slight blue shift and

broadening of the LSPR peak over 72 hours was observed76: this is likely the result of smaller particles

forming and an increase in polydispersity.12 Conversely, the AgNPs produced by Aeromonas sp. SH10

over 1 or 6 days showed a slight red shift in the LSPR peak position over 6 days, a phenomenon not

observed in the shorter timescale. This slight bathochromic-shift indicates particles with larger sizes being

formed.77,78 These slight changes in LSPR peak position reflect subtle changes in particle morphologies

and geometries, and also the surface coating of the particles. The occurrence of these changes is not

understood.
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Figure 2.8: Bacteria known to produce AgNPs. Both cell-free extract (A) and whole-cell cultures or biomass
(B) have been investigated.43,51,57,60,66,69,71–73,75–145 The shape and relative size of the nanoparticles pro-
duced are shown. If more than one report exists for a given organism, the average has been used. Names
in grey did not report particle morphologies. Taxonomy data were collected from the NCBI Taxonomy
database and the figure was generated using the ETE3 tool kit.146. This figure has been published by
Mabey et al.6

More substantial changes in particle shape were observed with the formation of a second LSPR peak

between 650 nm - 950 nm from AgNPs produced using Morganella psychrotolerans over 20 hours.57

This is likely due to be the result of non-spherical particles forming, but may also reflect aggregation of

nanoparticles.

Based on the above findings, the duration of incubation appears to have minimal effect on the geome-

tries of nanoparticles produced, but does seem to be important for yield. It is consistently evident that

the longer cultures are exposed to Ag sources, the more AgNPs are being produced. The relatively slow

reactions of biological production routes are a potential challenge which remains to be overcome when

competing with much faster chemical synthesis routes (in the order of seconds or minutes).

Temperature

Temperature has a critical impact on biological systems by affecting the thermodynamics of biochemical

reactions and enzyme activity, as well as physiological alterations to gene and protein expression. This

is no different in the case of biogenic AgNP synthesis. As with most biochemical reactions, the rate of

reduction of Ag+ to Ag0 is faster at higher temperatures. Generally, AgNP formation in CFE favours higher

temperature conditions than whole cell cultures, but production will decrease if the temperature becomes

too high, presumably due to thermal denaturation of the reducing enzymes.99,104,123,130,137 Reactions using

biomass have also been reported at high temperatures; Aeromonas sp. and Corynebacterium sp. showed

optimal production at 60◦C.78,145 In some cases (Escherichia coli, Bacillus cereus, Staphylococcus aureus,

and Yersinia enterocolitica), higher temperatures are required to observe any AgNP production.123 This

suggests that the reaction is a chemical process with little, if any, enzymatic involvement. Despite the

evidence for higher production rates at higher temperatures, it should be noted that this is not universal.

For example, the temperature at which Xanthobacter kerguelensis CFE was incubated had insignificant

effect on AgNP production.136

For species with optimal growth temperatures of 37◦C, the optimal temperature for AgNP production

was often higher when using CFE.104,123 Similarly, psychrotolerant bacteria have shown greater AgNP

production at temperatures above those considered optimal for growth.57,72 The mechanism has not been
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explored.

Temperature appears to be a strong effector of particle morphologies with studies reporting different

geometries from different temperatures. Higher temperatures have been associated with smaller spherical

AgNPs from E. coli and Acinetobacter calcoaceticus.99,116,137 In contrast, at lower temperatures (15◦C and

5◦C), while production rates are markedly lower, an increased frequency of larger non-spherical particles,

including hexagonal plates and triangular prisms has been reported.57 However, there is conflicting evi-

dence to support this as the nanoparticles produced by psychrophilic bacteria at 4◦C were typically smaller

and more monodispersed compared with those produced at 30◦C, but were produced at a slower rate.72

Moreover, a slight (+10 nm) red shift was observed at higher temperatures when Ag+ was reduced to

nanospheres by P. stutzeri CFE,130 indicating the presence of larger particles.

Caution should be taken when using high temperatures in biological systems. Although at 100◦C the

CFE of Plectonema boryanum produced octahedral and triangular prisms more frequently than at lower

temperatures,108 the boiling of the solution ultimately renders any biological or enzymatic involvement moot.

The utility of a colloid relies on its stability, that is, the ability of the particles to remain in suspen-

sion. Particles produced at lower temperatures have been reported to be more stable with aggregation

occurring at higher temperatures.57,109,136 The superior colloidal stability of biogenic AgNPs compared with

chemogenic particles is thought to stem from protein corona which coat the surface of the particles. At

high temperatures, the constituent proteins denature, and the corona become compromised, reducing its

stabilising effects. This may explain the increase in aggregation observed.

Although changes in the reaction and enzyme kinetics, as well as reagent, product, and corona stabil-

ities likely play important roles, the mechanism concerning what controls the shape of AgNP produced in

biological systems still remains poorly understood.

To summarise, likely through its influence on thermodynamics and enzymatics, the temperature of incu-

bation appears to have strong effects on nanoparticle formation in biological systems. Whilst the thermody-

namic factors impact directly on crystal growth, temperature is a well-known effector of enzymatic function

and activity. Separating these influences in the complex environment of a bacterial cell or CFE requires

further investigation. Non-spherical AgNP production, for instance nanoprisms, appears to be favoured by

colder conditions. However, there is a trade-off between achieving the desired particle geometry and the

production rate.
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Silver Substrate

AgNO3 is the predominant source of Ag+ used experimentally for bacterial AgNP production. This is princi-

pally due to its high solubility in water compared to other Ag salts allowing for sufficiently high bioavailability

to be achieved. Many studies have been performed in which the concentration of AgNO3 has been varied

and the consequences on nanoparticle synthesis examined.

In most cases, the production of AgNP is higher when more AgNO3 is used, as expected.101,130,147

While 1 mM AgNO3 is typical,72,81,93,111,120,124 concentrations of 9 mM or higher have been used.43,73,113

However, as the reduction of Ag+ is thought to be a method of detoxifying Ag, it is logical to presume that

once the reduction system is saturated any excess Ag+ will have toxic effects on the cell, that is, there must

be an upper limit that the systems can handle. Such toxicity would be detrimental to the enzymatic activity

of the mechanism leading to a decrease in reduction activity and will likely be species dependent. Indeed,

enzyme saturation has been suggested to explain why higher concentrations do not always result in greater

production; numerous reports have shown a decrease in production with more Ag+ present.52,99,135,137

There have been few reports about the effect of AgNO3 concentration on the characteristics of nanopar-

ticles produced beyond the change in production rate. However, the smallest particles produced using E.

coli CFE were observed at the optimal concentration of AgNO3 for yield, while larger particles were above

and below optimal.99 A similar pattern was seen in LSPR peak intensity suggesting that a greater num-

ber of smaller particles were being produced with the optimal concentration compared with fewer larger

particles under suboptimal conditions, though this was not thoroughly examined.

The stoichiometric ratio of the reagents is also important. Biomass harvested from Lactobacillus casei

subsp. Casei cultures demonstrated that a lower AgNO3 to biomass ratio yielded higher AgNP produc-

tion.69 In a similar way, the volume ratio of AgNO3 to CFE of Pseudomonas mandelii was investigated by

Mageswari et al.109 A volume ratio of 1:99 proved most effective for AgNP production. The ratio reflects

the stoichiometry of the reaction with the biomass supplying the reducing agent and the capping agents,

suggesting that the limiting reagent in the reaction is the reducing agent (i.e. NAD(P)H) in the CFE.

A paucity of published literature exists on the use of Ag salts other than AgNO3 in the bacteriosynthesis

of nanoparticles. Nonetheless, AgCl is an intermediate formed during the bioreduction of AgNO3 by Kleb-

siella pneumoniae. Using AgCl as the primary Ag+ substrate, very small nanoparticles were formed in a

light-assisted process,74 though questions have been raised about the true usefulness of AgCl because of

its very poor solubility in water.72 AgCl, like most Ag salts such as AgCO3 and Ag2O, is very insoluble in

water making reaching the required concentrations a challenge. However, more soluble Ag2O4 has been

found to produce larger spherical nanoparticles (diameters of 50 nm - 150 nm) using Salmonella enterica
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serovar Typhimurium CFE.148

Moreover, complexed Ag in the form of diamine Ag ([Ag(NH3)2]+) was also utilized for AgNP production.

When diamine Ag was added to the biomass of Aeromonas sp. and Corynebacterium sp., particles with

diameters of 20 nm and 10 nm - 15 nm formed, respectively.78,145 [Ag(NH3)2]+ is resistant to forming

AgOH under basic conditions. AgOH is an insoluble compound which forms from hydroxide ions in water

and precipitates out of solution when the pH rises above ≈8.0 under permitting conditions.

In summary, AgNO3 remains the most frequently used source for introducing Ag+ ions to reaction media

for AgNP production. The concentration of the substrate appears to have little effect on the geometry of

particles produced, but production amounts depend on the amount of Ag+ available. In most cases, there

appears to be an optimal concentration, above which the system becomes saturated, and the toxic effects

likely have negative impacts on the reduction mechanism.

pH

The typically narrow optimal range of pH conditions processed by enzymes means that they are highly

sensitive to conditional changes. As there have been very few extremophiles investigated for AgNP pro-

duction, it is not surprising that many reports investigating how pH affects AgNP bioproduction show that

near-neutral conditions (pH 6-8) are favoured.79,104,127,143 Nevertheless, slight to extreme acidic environ-

ments are optimal for biomass of Corynebacterium sp. and Pseudomonas putida, respectively.143,145 Such

conditions have also yielded larger particles, though production rates were lower than under basic condi-

tions.99

Most studies on optimal pH conditions have suggested basic environments appear desirable for pro-

duction. In a whole cell culture of Bacillus megaterium, pH 8.1 was determined to be best for production

across a range from pH 5.6 to pH 8.1.127 However, the reaction used sunlight exposure to drive the reac-

tion. As sterile growth media can photo-reduce Ag+, the optimal pH reported likely does not reflect solely

the optimal conditions of the organism.149 Moreover, the optimal reported pH value was the highest tested;

further investigation beyond this range would be valuable to see if the trend of favouring basic conditions

continues as more basic conditions of pH 9 or pH 10 have frequently been reported as optimal,99,130,150

with production not observed under acidic conditions.87

The investigation into AgNP production using Streptomyces viridochromogenes CFE by El-Nagger

used a Design of Experiment approach to explore a range of neutral to basic pH conditions.150 High pH was

favoured for production which decreased with decreasing pH conditions. However, sterile controls were not

reported, once again leaving the possibility that chemical reduction by the growth medium components
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was occurring. Moreover, acidic conditions were not explored. Rajora et al.130 did, however, explore acidic

conditions to pH 3 and through to pH 11 using P. stutzeri CFE. An optimal pH of 9 was reported with a

decrease in production at pH 11 being suggested to be due to enzyme inactivation, though this was not

investigated. When Gurunathan et al.99 explored a series of reaction conditions on AgNP production by E.

coli CFE, optimal production was observed at pH 10 (range investigated: pH 5 – pH 12) though production

under conditions above pH 9 were all markedly higher than pH 8 or lower. As with the previous studies,

the effects of pH of sterile controls were not reported. This is an important consideration as through sys-

tematically assessing AgNP formation under pH conditions ranging from 4 to 12 in sterile culture media,

it was demonstrated that nanoparticles formed at the highest rate and with higher degrees of uniformity

under very basic conditions.149 As the pH of the reaction environment can change the reduction-oxidation

process where its exact effect also depends on the reactants involved, it appears that low H+ concentra-

tions are favoured to drive the reduction of Ag+ in an excess of electron donors (Figure 2.6 A). Therefore,

without reporting adequate controls, the power of the findings within these studies is limited and ultimately

require further investigation for clarification.

While pH (pH = 5, 7, & 10) had little effect on AgNP production in Pseudomonas antarctica, and sim-

ilarly in A. kerguelensis, it was noted that particles were least stable in pH 7 conditions.136 This may be

due to the protein corona having a more neutral charge, so, is less effective at repelling other particles.

Similarly, particle aggregation was observed at a pH of 5 or below, suggesting the usually high stability of

biogenic AgNPs being compromised.109 Additionally, in Lactobacillus fermentum under more basic condi-

tions reduction rates were reduced, however recovery was increased.60 Denaturation of the proteins may

also play a role in this process, but has not been explored in detail.

While it depends on the exact concentrations of reagents used, Ag+ can complex with hydroxide ions

(OH−) which exist in alkaline conditions to form AgOH, a water insoluble compound observed as a pre-

cipitate, typically at pH levels above 8. Although AgOH has been used in chemical AgNP synthesis,151 its

poor solubility reduces the bioavailability of Ag+ for reduction. Additionally, silver oxide is spontaneously

formed in solution which is also very poorly soluble in water. The outcome of the formation of these precip-

itates is the decrease in Ag+, concentrations and their availability to reductase enzymes for reduction. As

discussed above, this challenge can be overcome by selecting alternative Ag-amine sources.

Halides

Halides, especially chlorides, have high binding affinities with Ag+; when both Cl− and Ag+ are present

in solution, water insoluble AgCl forms spontaneously. Combined with the common occurrence of NaCl
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in bacterial growth media, the concentrations of halides are consequently important considerations when

exploring nanoparticle formation by bacteria.

Of the dearth of reports on the matter, the presence of Cl− appears deleterious for AgNP production,72

while indeed many investigations use media without the addition of NaCl.51,57,99 The production of insoluble

AgCl reduces the bioavailability of the Ag+ for nanoparticle production.

In a cell-free process using extracts of Bacillus amyloliquefaciens, 2 mM NaCl was observed to be

optimal for photo-assisted AgNP production.152 However, by adding the NaCl directly to the AgNO3 the

researchers produced an AgCl precipitate, whereas by adding the NaCl to the media first the precipitation

was avoided. The bioavailability of the Ag+ was therefore maintained with over 98% of the Ag added

reduced to nanoparticles. While these findings were not elaborated in detail, the effect may be due to

the formation of an intermediate species. Indeed, AgCl has been suggested to be an intermediate in the

production of AgNP in sterile growth media via a photo-catalysed reaction.149

The presence of Cl− ions in the growth medium has been thought to contaminate AgNPs to form

AgCl nanoparticles.129 Durán et al. have discussed the bioproduction of AgCl nanoparticles and stressed

the importance of distinguishing, through X-ray diffraction analysis, the different compositions of biogenic

nanoparticles.153 They explained that nanoparticles reported as Ag were frequently not fully characterised

or misidentified from AgCl particles or AgCl contaminants. In many applications, knowing the exact com-

position of the particles is crucial.

Due to the high binding affinity between Ag+ and Cl−, considerations into the presence of chlorides in

growth media must be made. Conflicting reports have been published on the effects Cl− ions may have

on nanoparticles with limited studies relating to biological systems. There have been no reports of other

halides (Br− and I−) in bacterial systems.

Media Composition

Related to both pH and halide concentrations is the composition of the growth media in which the nanopar-

ticle producing species are investigated. There has been little direct investigation into how growth media

composition affects AgNP production. However, in a comparison between LB growth medium and brewery

effluent, the size of AgNPs produced by B. subtilis CFE were larger in LB and had a greater tendency

to form aggregates.154 A more minimal media was preferred when investigating the composition of growth

media used for culturing Streptomyces rochei for AgNP production.79 Interestingly, it was observed that the

lowest concentration of KNO3 was favoured. This conflicts with the observation that AgNP biosynthesis by

E. coli DH5-α CFE was higher in nitrate broth compared to LB.99 The involvement of nitrate reductases in
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the reduction of Ag+ may explain this as their expression may be upregulated in a nitrate rich environment.

Nevertheless, further investigations into the complexity and composition of growth media are necessary to

better understand this process.

Aerobicity

An interesting confliction has arisen around bacterially produced AgNPs under different aerobic conditions.

On one hand, most cultures are reportedly shaken (usually at 200 RPM) during incubation under aerobic

conditions, regardless of whether they are aerobes, or obligate or facultative anaerobes.51,57,60,116,137 On

the other hand, some reports have indicated that nanoparticle formation is most efficient under anaerobic

conditions.138,147

Whilst agitation is used to improve the dissolution of oxygen (among other reasons discussed below),

there appears to be no previous investigation in which dissolved oxygen has been measured. A study by

Lin et al. showed that AgNP formation in E. coli favoured anaerobic conditions, suggesting the enzymes

involved to be anaerobically-induced.147 This is supported by evidence from other researchers that suggest

a nitrate-reductase plays a key role in the reduction of Ag+.61,62 Nitrate-reductases are typically, though not

exclusively, expressed under anaerobic conditions. However, there has been no comparison between

cultures of an organism grown aerobically and anaerobically to further investigate this.

Mixing

The mixing or shaking of bacterial suspensions is routinely used to maintain a homogenous solution of cells

and nutrients, as well as to promote gas exchange with the ambient atmosphere, be it aerobic or anaer-

obic. In the case of AgNP biosynthesis, mixing impacts on the relative local concentrations of reagents

and acts to disperse any nanoparticles in the extracellular environment. How the mixing process affects

AgNP production has received little attention. Such considerations will be crucial if the scale of production

methods is increased.

From the paucity of reports on the topic, mixing during incubation appears to delay nanoparticle forma-

tion,74 and may therefore be a potential method for controlling the rate of production. Following a 5 min

mix to homogenise the solutions (CFE of K. pneumoniae and 1 mM AgNO3), the mixing was continued in

one sample for 20 min while the other sample was then left under static conditions. Both samples were

irradiated with visible light and production measured over 20 min. The increased mixing may have enabled

a greater exchange of oxygen from the atmosphere into the solution. With increased oxygen present,

the oxidation of seed particles may explain the decreased rate and over production, though this was not
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explored in the study.

If the commercial application of AgNPs are to be fully realised, larger scale production methods are

required. Consequently, it is necessary to investigate the effects of different bioreactor setups, aeration

techniques, and flow dynamics.

Visible Light

Silver compounds are notoriously sensitive to light, and this fact can be exploited in AgNP production.

Many bacteria have been shown to produce AgNPs when exposed to light, and some require light to

occur.81,85,86,88,113,116,136

Wei et al.152 have demonstrated that solar radiation intensity influenced the biosynthesis of nanoparti-

cles in CFE. Sunlight caused the reaction rate to increase in an intensity-dependent manner. Sunlight is a

free and renewable resource which is beneficial when considering large-scale production. However, energy

efficient artificial light sources are more favourable due to the limited reliability and control of solar radiation.

As yet, no in-depth investigation into this mechanism or which wavelengths of light are responsible for this

phenomenon has been published.

In some chemical production routes, light at specific wavelengths is used to influence the specific ge-

ometries of particles;2 the effects of different colours of light have on the bacterial synthesis of AgNPs have

not been explored in detail to date. It is well documented that irradiation of AgNPs can cause polymor-

phic shifts from spheres to nanoprisms in chemical production.16 While this does not appear to have been

attempted in bacteria, exposure to light altered the size and thus the optical properties of nanoparticles

produced in K. pneumoniae.74

It should be noted, however, that most publications on bacteriogenic AgNPs do not report the light-

ing conditions of their reactions.60,75,76,99,102,137,147,154–157 Relatively few explicitly state that reactions were

carried out in the dark or have controls in the dark, especially when light was not a primary factor under in-

vestigation.43,51,57,74,116,149 As such, caution should be taken when interpreting the results of studies which

lack this information.

In summary, exposing bacterial cultures to varying intensities and wavelengths of light may influence,

and therefore may be ultimately used to control bacterial, AgNP formation. However, which wavelengths

of light should be used and at which stage of the production process would be most effective still remain

to be identified. Ambiguous reporting as to the lighting conditions of many published reactions makes

interpretation of many results challenging.
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Ionising or Electromagnetic Radiation

Additional conditions have also been investigated alongside those already discussed, though not to the

same degree. For instance, γ-ray radiation has been employed to aid in the production of AgNPs in CFE

from Bacillus stearothermophilus cultures.92 The γ-rays were thought to cause radiolytic reduction of Ag+

ions. Higher doses of radiation were associated with increased formation of AgNPs, however, too high

doses proved detrimental. Similarly, microwave radiation has also been used with similar effects. Both

CFE from E. coli110 and B. subtilis65 irradiated with microwaves yielded AgNPs. While the E. coli produced

spherical particles, B. subtilis produced both spherical and triangular morphologies. Interestingly, the LSPR

peak produced in the latter was sharper and more symmetrical than that without irradiation, indicating

a higher monodispersity via the radiolytic process.65 This may be attributed to the more homogeneous

thermal field within the culture media as a result of microwave volumetric heating.

Despite the improved speeds of production and monodispersity, using ionising radiation has several

obvious disadvantages, particularly if used on large scale. The risk to human health, higher energy re-

quirements and additional costs of specialist equipment all can limit its application.

2.2.3 Summary of the Biosynthesis of AgNPs

Bacterial biosynthesis of AgNPs is a prime candidate for overcoming shortcomings associated with physical

and chemical production methods, such as the use of hazardous reagents and particle instability. Currently,

the underpinning biological mechanism remains to be fully resolved, though the involvement of nitrate

reductase and Sil proteins have been suggested. While direct molecular biological investigations into the

mechanism are sparse, it is clear that the process is heavily influenced by the reaction conditions under

which the AgNPs are formed. Gaining a better understanding of this process is undoubtedly valuable for

further optimising production.

It is evident from the body of work investigating the effects of reaction conditions discussed here, that

most factors impact on the yield of AgNPs. In particular, a longer incubation time, higher substrate concen-

tration, higher temperature, and anaerobic conditions resulted in more AgNPs being formed. In contrast,

lower temperatures were associated with a decrease in producing nanospheres, but also with an increase

in non-spherical particles. Temperature appears to be the biggest influencer for particle morphology.

Most work has been performed using CFE instead of whole cell culture. This has allowed for more

extreme conditions to be investigated, for example pH and temperature. While contradicting results have

been obtained between the two states, there have been few direct comparisons made. Exploring these

differences may be useful in future applications.
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Challenges remain for controlling the morphologies of the AgNPs produced biologically. While manip-

ulating the temperature of reactions may provide some control, a reliable method of producing shaped

non-spherical particles with a high degree of monodispersity remains a distant aspiration. The ability to

produce monodispersed nanospheres is likely to be more achievable in the near future with continued

efforts.

It is clear from Figure 2.8 that many species of bacteria or extracts thereof can reduce Ag+ to Ag0.

Focus should now be directed to developing a better understanding of the mechanisms involved, both in Ag

resistant whole cell cultures, and CFE. Understanding how altered reaction conditions affect, not only the

product, but also the components of the mechanism, is critical. Moreover, knowing how nanocrystals form

and grow in biological environments is useful for future applications which require specific morphologies of

AgNPs.

2.3 Characterisation Techniques

The applications in which AgNPs have potential are highly dependent on the properties of the particles,

such as optical and chemical interactions. These properties are in turn dependent on physical character-

istics of the particles, namely shape and size. Therefore, it is crucial to be able to characterise AgNPs to

ensure they are well suited for their intended use.

2.3.1 Optical Characterisation

As discussed in Section 2.1.1, metallic nanoparticles interact in unique ways with electromagnetic radia-

tion. Consequently, spectroscopic techniques can be used to analyse them. The composition, geometry,

proximity to other particles, and dielectric environment all influence the interactions with light. In the case

of AgNPs, this interaction mainly occurs within the visible region of the electromagnetic spectrum.

Colour Change

Ag+ is colourless in solutions, however, as previously shown in Figure 2.1, colloidal suspensions of Ag

nanospheres have a distinctive yellow colour due to their strong characteristic absorption between 400 nm

and 450 nm. Due to the chemical complexity of biological environments and the surface coating of biogenic

particles, samples of AgNPs produced in bacteria typically appear dark red/brown in colour.72,74,75,137,147

This colour change can be used as a crude, yet rapid, method to identify AgNP bioproduction. As non-

spherical AgNPs have red-shifted absorption peaks, these colloids present with different colours which can
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further aid in the assessment of production.

UV-Vis Spectroscopy

UV-Vis spectroscopy can be used to give quantitative support to any apparent colour change as charac-

teristic absorbance peaks can be used to identify AgNPs; the peaks typically have a strong intensity and

broad width. Biogenic Ag nanospheres have a single strong peak at 400 nm - 450 nm; samples contain-

ing non-spherical particles will show multiple red-shifted peaks. Samples, for example, containing both

spherical and triangular particles would exhibit absorbance peaks for both species simultaneously.

AgNPs follow Beer-Lambert law (Equation 2.2) meaning the absorption (A) is proportional to the con-

centration (C; M) of the analyte. Usually, the path length (b; cm) is constant and based on the design of the

spectrometer. The molar extinction coefficient (ε; M−1 cm−1) is dependent on how the material interacts

with the wavelength of light used for analysis. In the case of nanoparticles, this interaction is dependent

on the shape and size of the particle leading to great intra-sample variation unless the sample is highly

monodispersed. This makes absolute concentration analysis challenging. However, if the morphologies

of two samples can be assumed similar, comparative assessments of the concentration of AgNPs present

can be made.

A = εbC = log
I0
I

(Eq. 2.2)

In addition to concentration, the width of the LSPR absorbance peak can give information regarding the

dispersity of the sample. Narrower peaks are associated with more uniform product, whereas broad peaks

are attributed to a greater degree of variation in the sample.

Some caveats should be considered when using the UV-Vis spectroscopy and the Beer-Lambert law,

namely: introduction of false light, false loss of light, and limitations with the spectrometer and software.

False light can be introduced simply from stray light inside the spectrometer or ambient light getting

into an insufficiently shielded sample housing.158 This light will not be monochromatic and may not be

constant during experiments resulting in erroneous data. A more complex source of false light is from

fluorescence or phosphorescence of molecules in the sample which can alter the amount of light detected

at given wavelengths.158 The detector is not able to distinguish the light from the spectrometer’s source

or fluorescence emission of the same wavelength. Post-sample monochromators and sample dilution can

help to mitigate these effects.

In contrast to the introduction of false light, light can be lost through processes other than absorbance.
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Rayleigh scattering occurs in particles much smaller than the wavelength of incident light (d « λ), in the

region of 10 nm or smaller for visible light.158,159 As the detectors in UV-Vis spectrometers are not able to

distinguish the light lost through reflection or scattering from absorbed light, the reported value is consid-

ered the extinction, rather than true absorption.12,158

Engineering limitations in the design and operation of UV-Vis spectrometers can also lead to deviation

from the Beer-Lambert law. First, true monochromatic light is not achievable using typical monochromator

techniques (as described below) and so a compromise is struck. A combination of nanometre wide slits

and diffraction gratings are used to generate the nearest monochromatic light while maintaining a useably

high beam intensity.158

Absorbance can also be calculated from the intensity of the incident light before (I0) and after passing

through the sample (I), shown in (Equation 2.2). As I decreases, as seen with higher absorbance values,

the log of the ratio between the pre and post-sample light tends towards a division by zero; such a computa-

tional task introduces considerable signal noise.158,160 Before this happens though, a flattening of the top of

spectral features near the wavelengths of high absorbance will occur.158 Coupled with the finite resolution

of analogue-to-digital converters used to turn the electrical signal from the detector to a numerical value,

accuracy is lost at high (or very low) concentrations of an analyte leading to a plateauing of absorbance

values.158 The concentration threshold at which a spectrometer is no longer capable to interpret a linear

relationship with absorbance is dependent on the model of spectrometer used and is important to know

when performing quantitative analysis.

2.3.2 Visualisation and Size Analysis

Nanoparticles are smaller than the diffraction limit of visible light. Two points closer than this limit are indis-

tinguishable and cannot be resolved, meaning individual nanoparticles are not visible using conventional

optical microscopy techniques and so electron microscopy, either transmission electron microscopy (TEM)

or scanning electron microscopy (SEM), are employed. TEM is the preferred method for visualising AgNPs

and is widely used.39,43,57,60,116,156,161 The high electron density of Ag means good contrast can be achieved

between the AgNPs and the surrounding material. Consequently, no substantial sample preparation, such

as staining, is required. With the high resolution achievable with TEM, size and morphology measurements

can be taken of individual particles.

As well as information on particle geometries, TEM can also show where particles are localised in

cells.39,43 Advances in TEM techniques have led to the development of "wet" TEM where samples in a liquid

form can be analysed allowing for a more representative investigation of the material in its native state.162
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The localisation of particles in a cell gives insight into the biological mechanisms of AgNP bioproduction.

Dynamic light scattering (DLS) analysis can be used to size particles. While it does not image individual

particles, the distribution of particle sizes in a sample can be easily determined. DLS systems work by

detecting the Brownian motion of particles in solution by analysing the scattering of light as it passes

through the samples. On key difference between TEM and DLS, however, is the measurements of different

diameters. As DLS-derived sizes come from the Brownian-motion, the system measures the hydrodynamic

diameter which includes any surface coating on the particle. In contrast, TEM measures the electron-dense

core and usually does not include the coating. Moreover, DLS is limited to spherical particles and can

struggle to distinguish the presence of aggregate from single particles; these distinctions are more easily

made using TEM.162

2.3.3 Composition Analysis

Electron microscopy can give valuable information on the shape of nanoparticles and a rough indication

of their density. It cannot, however, distinguish between materials with similar electron densities. For this,

elemental composition analysis is required.

X-ray diffraction (XRD) allows for the interrogation of the crystal structure and atomic spacing of materi-

als.163 The unique diffraction patterns generated when X-rays interact with a crystal yield information about

its physiochemical properties and can be used to determine the composition of the material.20,163 These

patterns are dependent on the interplanar spacing (d) of the lattice structure and relate to the wavelength

of X-rays (λ) used and the incident angle of irradiation (θ) through Bragg’s Law (Equation 2.3):

nλ = 2dsinθ (Eq. 2.3)

Because only a small sample size is required and due to its non-destructive operation, XRD has fre-

quently been used to analyse the composition of biogenic AgNPs.51,57,60,74,75,99,102,137,156,164 Particles of

pure Ag are distinguishable from Ag-compound particles such as AgCl or Ag2O by XRD. Such differentia-

tion is important when considering applications which are sensitive to the composition of the particles, for

example antimicrobial activity.165 The limitations of XRD include the requirement to have access to a refer-

ence material or diffractograms to make accurate identifications, and the technique suffers when analysing

complex samples, requiring prior purification of the AgNPs.

Energy dispersive X-ray spectroscopy (EDX) gives elemental information when X-rays are generated

by bombarding atoms with electrons, typically while performing electron microscopy.166 The electrons in
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the sample atoms are excited when exposed to the electron beam. These electrons then undergo either

elastic or inelastic scattering and return to their ground state. In doing so, they release characteristic X-rays

unique to the energy gap between the excited and ground state which is specific for a given element. The

detected X-rays are therefore useful in identifying the presence of atoms in the sample.

The high spatial resolution of EDX achievable has enabled atomic resolution composition analysis

which can give important information about the distribution of elements in a sample when coupled with

SEM.167 While EDX can give elemental information, it does not give chemical data such as chemical bonds

or whether a sample contains ionic or non-ionic species.166 However, the convenience of being integrated

into electron microscopes, already being used to visualise AgNPs, has lead to the widespread use of EDX

in biosynthetic AgNP studies.74,75,102,137,147,156,164

Similarly to EDS, electron energy loss spectroscopy (EELS) is usually coupled with electron microscopy

and measures the change in the kinetic energy of electrons which have passed through a thin sample (<50

nm – 100 nm).168,169 In contrast to EDS however, the energy lost as the electrons interact with the sample

is directly related to the ionisation energy of the material. This can be used to gain information not only

about elemental composition, but also chemical bonding and electronic structure.169 Due to the thinness

of the samples required though, this technique is not applicable to AgNPs within cells as the electrons are

scattered or absorbed, although it has been used to analyse free AgNPs it has not received much attention

in the analysis of biogenic AgNPs.170

Also by measuring the kinetic energy of electrons, X-ray photoelectron spectroscopy (XPS) utilises

the photoelectron effect to measure energy of electrons ejected from a sample. Incident X-rays generate

photoelectrons, electrons ejected from their orbitals by incoming X-ray photons, which are detected and

have kinetic energies which relate directly to the core-electron binding energies of the atom whence they

were emitted.171 This relationship allows the information to be used to identify the elemental composition

and electronic state of the sample. As the emission of photoelectrons can only be detected from the top

10 nm of a material due to internal scattering of the sample, only the surface of a sample can be probed;

this applies to nanoparticles with diameters greater than 10 nm.171

XPS has not received the same attention as XRD or EDS in the analysis of bacterially sourced AgNPs.

In part, this may be because while XPS can, theoretically, be used to distinguish pure Ag from Ag-oxides,

this can be challenging due to the similarities in the core-electron binding energies of the different materi-

als.172 Moreover, the limited working depth limits the use of XPS in intracellular AgNPs. XPS has, however,

been used to analyse chemogenic AgNPs on the surface of materials, especially glass.173,174

As XPS does not rely on electorally conductive samples, biological systems can be interrogated using
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the approach.171 Functional groups on the surface of samples, such as bacterial cells, have been identi-

fied. This approach may therefore be useful in analysing the surface coronae of biogenic AgNPs, though

evidence of its use in the literature could not be found.

Confirming the elemental composition of AgNPs is critical for certain applications, especially therapeu-

tics, and as the optical properties of AgNPs are influenced by their composition, it is also important when

considering optical applications.

2.3.4 Surface Analysis

The superior resistance to aggregation shown by biogenic AgNPs has been attributed to a surface coating

of amino acids. The ability to remain in solution and not to form aggregates is vital in some proposed

applications such as therapeutics. The importance in characterising the surface of AgNPs is, therefore,

of great importance. One method commonly employed for this is Fourier transform infrared (FTIR) spec-

troscopy. FTIR yields information on the presence of functional groups which in turn can be used to predict

which biomolecules are present. This has previously been used to demonstrate that there is a protein coat

surrounding biologically produced AgNPs.75,156,175

The electrostatic properties of the AgNPs also play important roles in stability. Measured as the zeta

potential (ζ), nanoparticles with surface charges of either +30 mV or -30 mV are considered stable, whereas

particles with ζ values closer to 0 mV (the isoelectric point) are typically less stable as colloids. AgNPs

produced by bacteria have been analysed in this way, but it is not a widely used technique.176

2.4 Production Considerations

2.4.1 Flow Production

To fully realise the potential use of AgNPs in a range of commercial and industrial applications, one of

the biggest challenges to overcome is production scale. Published reports of biogenic AgNP production

typically do not exceed 100 mL batches and will require considerable scale-up before being viable on

as an industrial method. Two main production philosophies exist for large scale production of materials:

batch and continuous flow. Batch productions have discrete steps of a process where reagents undergo

each reaction step before being moved on to the next step. These processes are typically less complex

to setup compared to a continuous process and do not need to be directly compatible. This makes them

useful in friendly to rapid and small-scale reactions for initial research. In contrast, a continuous produc-

tion method, as the name suggests, utilises a continuous stream of reagents. Reagents are typically in
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liquid or gas phases, though solid phase materials can be used.177,178 Flow synthesis offers several advan-

tages to batch, namely greater control over reaction conditions, such as heating and cooling, and superior

mixing control177–179 This can greatly reduce time, costs, and energy demands (particularly in heating pro-

cesses).180 Additionally, continuous flow systems allow for real time monitoring and response in a way

batch method cannot allowing for greater control over the final product.

Nanoparticles have successfully been produced in flow reactors with highly uniform products due to

the superior control compared to batch.35,181–185 However, only a small number of reports have utilised

biosynthetic routes for AgNP production in a flow system.157,186,187 This is possibly due to the slow reaction

rates of bioproduction methods which are not easily compatible with flow synthesis. However, the superior

control over the product and scalability of continuous flow synthesis of AgNPs is an attractive and ongoing

area of research.

2.4.2 Harvesting and Isolating

Isolating AgNP produced using bacterial cultures in batch or bioreactors has received little attention in the

literature. Kalimuthu et al. briefly describe using sonication to isolate AgNP from cells; however, little detail

was given, nor was any comparison with other methods.102 A way of bypassing this step is to use cell-

free extracts as the bioreducing component as this removes the need to lyse cells in order to extract any

particles trapped within. In this situation, the AgNPs are likely the most massive material in the sample,

meaning centrifugation could be used to separate them. However, this is a time-consuming process which

often required speeds only achievable with ultracentrifuges.

When comparing differential centrifugation, density gradient centrifugation, tangential flow filtration, and

gel permeation chromatography for preparing monodispersed fractions of polymersomes, Robertson et al.

showed that all of these methods proved successful, but each had advantages and disadvantages.188 For

example, tangential flow filtrate allows the filtrate to be concentrated during purification, whereas centrifug-

ing based methods resulted in a more dilute product. However, the specificity of centrifuged approaches

was higher allowing populations with 10 nm differences in size to be separated. Shape-specific separa-

tion was only observed using density gradient centrifugation, though how this can be generalised to other

nanomaterials remains a topic of research.

Filtration also has potential in separating AgNP because of the notable size difference between biolog-

ical macromolecules and large AgNP or Ag nanoprisms. Ultrafiltration systems exist with pore diameters

below 100 nm and nanofiltration membranes extend down to 1 nm, however, large volume filtration can

present challenges with membrane clogging. Previously, chemogenic AgNP have been filtered using ul-
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trafiltration technique with a pore diameter of 50 nm and compared with ultracentrifugation.189 Filtering

gave greater control over particle size, concentration, and aggregation state. Additionally, Anders and

colleagues showed that filtration can be used to separate AgNP aggregates and large particles yielding

a highly concentrated, but aggregate-free solution.190 Despite the higher costs of tangential flow filtration

compared to traditional filtration techniques, the benefits of reduced membrane clogging and in-flow op-

eration make it an appealing technology. Using sequentially smaller pore diameters in a tangential flow

system, Au nanoparticles were isolated from mixtures of organic impurities and salts using membranes

down to 10 kDa in size. The method was also capable of separating a mixture of 1.5 nm and 3.1 nm Au

particles.191

2.4.3 Immobilising and Functionalisation

Nanoparticles can be used in a native form or can undergo post-synthesis modifications to improve their

properties for an intended function. Coatings of individual particles, such as silica and polyethylene, have

previously been applied for optical and drug delivery applications to protect against oxidisation of the Ag

and the release of Ag+.192–194 Silica is often used in these coating due to its versatility as surface on to

which molecules can be attached. This has proved effective with the adhesion of organic insecticides,

dyes, antibiotics.195–197

Many applications for AgNPs will require them to be fixed onto a surface as a coating. Finding the best

matrix in which to embed AgNPs requires the consideration of a number of factors such as the optical prop-

erties of the matrix, liability of Ag+ to leach, and production conditions. Indeed, Ag nanoprisms have been

coated in 3-mercaptopropinic acid and then embedded in a chitosan matrix with only a very small change

in the λmax.198 Furthermore, by embedding Ag nanoprisms in silicon oxide and poly(methyl methacrylate)

(PMMA), Carboni et al. demonstrated a thin film (0.1 mm thick) could be created.192 AgNPs have also been

produced inside PMMA nanofibres protecting the particles from aggregation.199

2.5 Potential Applications of Nanoparticles

AgNPs have a range of potential applications including uses as catalysts, anti-cancer therapeutics, antimi-

crobials, and water treatment, among others.200–202 Of these, applications exploiting the antimicrobial and

unique optoelectrical properties are discussed below.
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2.5.1 Antimicrobials

The antimicrobial properties of Ag (discussed in Section 2.2.1) have long been known and are well doc-

umented.203,204 This attractive property has driven the rapid growth in the number of medical, consumer,

and agricultural products using Ag over the past decade.205 This includes the use of AgNPs in products

such as antimicrobial gels, dental materials, socks, water purification systems, and a laundry washing ma-

chine.206–210. However, debate remains over the mechanism by which AgNPs are toxic, though a growing

consensus is that it is the release of Ag+ from the particles which are toxic, rather than the metallic form of

the metal.211

The use of AgNPs in antimicrobials has received much attention in fabrics as potential wound dressings

where AgNPs are often immobilized on to fibres.212 A myriad of fibres have been investigated, including

polyester, acrylic, bacterial cellulose, and plant cellulose, all of which have been shown to have antimicro-

bial effects.212–216 Moreover, cotton and silk impregnated with AgNPs were shown to be effective against

S. aureus and E. coli even after up to 50 laundry wash cycles.217,218

In addition to the direct antimicrobial effects of Ag, reports have shown synergistic effects of Ag with

conventional antibacterial and antifungal agents.219–221 This effect has been proposed as a method to target

drug resistant strains and reduce the impact of the increasing number of antibiotic pathogens. However,

concerns have arisen regarding the development of resistance to AgNPs. The rapid development of AgNP

resistance has been shown in E. coli through repeated exposure to low concentrations of AgNPs.222,223

Consequently, consideration should be taken when using AgNPs, especially in a clinical setting.

Interestingly, the shape of AgNPs affects their bactericidal activity against S. aureus with platelets

being more toxic than spheres and cubes.224 The effect was attributed to different dissolution rates and

Ag+ release that resulted from the different geometries of the particles. A similar observation was made

when the green alga Chlorococcum infusionum was challenged with Ag nanospheres, nanoplates, and

nanowires, and human mesenchymal stem cells were exposed to Ag nanospheres and nanoprisms.225,226

Therefore, the ability to synthesise triangular Ag nanoprisms on a commercial scale to allow for their use

in antimicrobial materials is of great interest. Current production routes are limited in their output scale and

so require further development and improvement to reach a viable magnitude.

2.5.2 Energy Saving Glazing

Heat loss through windows is a major source of thermal inefficiencies in buildings with an estimated 20% -

60% of a buildings heat lost through the windows, depending on the design of the windows and architecture

of the building.227 As such, poorly insulated windows contribute considerably to energy consumption and
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greenhouse gas emissions.228,229

Technologies have been developed to improve the insulating properties of glazing, such as multi-pane

glazing and gas or vacuum gap glazing.230 Low emissivity, or Low-E, glazing has received attention for an

additional means by which heat loss can be reduced. Low-E glazing typically use thin films or coating on

the surface of the glass and aims to prevent infrared radiation from passing through a window while allowing

visible light to be transmitted. Ag-containing layers have been shown to be effective Low-E coatings, though

they often suffer from poor transmission of visible light.230–233

Nanoparticles have been tested in Low-E glazing with some success as described by Goa et al;

monodispersed hollow silica nanospheres have been shown to reduce the reflection of ultraviolet and NIR

light when coated onto glass.234 Moreover, triangular Ag nanoprisms may be a viable option for improving

the efficiency of windows. A proof-of-concept study has demonstrated that Ag nanoprisms in a PMMA ma-

trix could greatly reduce the transmission of NIR radiation.192 Though efforts have been made to increase

the scale of production of Ag nanoprisms, challenges remain before an industrial scale process can be

achieved.181 Moreover, the poor photostability of chemogenic AgNPs limits their use in such applications.

2.5.3 Signature Management and Low Observable Materials

The ability to reduce the visibility of a vehicle or personnel gives a strategic advantage in a military envi-

ronment. Traditionally, this has been achieved through the use of camouflage which employs colours and

textures to mimic the surrounding environment. However, many technologies now exist for imaging and

detection outside of the visible region of the electromagnetic spectrum, for instance night-vision imaging,

thermal infrared imaging, and radar systems. The principles of camouflage can also be applied to these

electromagnetic domains to reduce the visibility to their respective detection systems. Night-vision imag-

ing, or NIR image intensifiers, utilise wavelengths from 700 nm to 1000 nm and examples of images taken

using night vision imaging systems are shown in Figure 2.9. Surfaces which reflect or emit NIR appear

brighter in the night vision images making these surfaces more visible (Figure 2.9 B & D).

Materials which can reduce the reflection of NIR light through absorption may be useful in reducing the

visibility of an object when viewed using night vision. However, it is important to not interfere with existing

camouflage systems, such as by absorbing visible light. The strong absorption of Ag triangular nanoprisms

in the NIR region with relatively low absorption in the visible region makes them a potential candidate for

use in novel NIR absorbing materials. However, little published literature is available on this application.

Beyond NIR, the electrical properties of AgNPs have been investigated with regards to their use in radar

absorbing materials (RAMs). Many conventional radar systems, for instance those used in air traffic control,
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Figure 2.9: Photographs taken of military vehicles using (A & C) visible and (B & D) NIR light (night vision).
All images are reproduced from the Ministry of Defence (UK) under the Open Government License.235

work by broadcasting microwaves (2 GHz to 12 GHz) and detecting the echoes reflected of objects. In a

similar fashion to NIR absorbing materials, a coating which can absorb the microwaves may help to reduce

the visibility of an object. For instance, films between 160 nm and 170 nm thick of PVA have been found

to absorb microwaves between 8 GHz and 12 GHz when impregnated with <10% AgNPs (w/w).236 Ad-

ditionally, a AgNPs-carbon nanotubes hybrid nanocomposite embedded in wax was also demonstrated to

absorb GHz-range microwaves and could be tuned by changing the thickness of the material.237 However,

the effectiveness of using AgNPs in RAMs beyond the laboratory does not appear to have been reported

in the literature.

For use in military applications such as these, the scale of AgNP production must be increased to meet

the demands required to cover the large surface areas of vehicles. Moreover, the particles must be durable

enough to withstand the harsh conditions in which military vehicles are used, such as salt-water corrosion

and sand abrasion. Overcoming these challenges is a crucial step in reaching the full potential of AgNPs.
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2.6 Conclusions of Literature Review

From the literature discussed, the following key points can be concluded. First, AgNPs have unique op-

tical properties which make them attractive in a number of applications. The localised surface plasmon

resonance which is responsible for these properties can be altered by changing the physical properties

of the nanoparticle. Typically, larger and more morphologically anisotropic particles exhibit a red-shifted

LSRP absorption peaks relative to smaller more spherical particles. Therefore, the absorption of certain

wavelengths of light can theoretically be selected for by producing nanoparticles with the corresponding

geometry. This allows AgNPs to be customised for their intended application.

Second, current production methods are constrained by a number of limiting factors. Notably these

include the use of hazardous chemicals and limited particle stability. The biosynthesis of metallic nanopar-

ticles exhibited by bacteria may prove to be a solution to these challenges. Bacteria employ mechanisms

which sequester and accumulate metals, including Ag. As Ag+ is toxic to bacterial cells, resistance mech-

anisms reduce the ions to an insoluble metallic form, which ultimately leads to nanoparticle formation. The

understanding of these mechanisms remains poor, although leading theories suggest a nitrate reductase

may be involved. Such an enzyme may work in conjunction with the sil genes which have been shown to

enable Ag resistance in a range of bacterial species. By better understanding the biological mechanisms

involved in AgNP formation, it may be possible to optimise an organism to selectively produce nanoparti-

cles with desired morphologies and, therefore, desired optical properties. To achieve this, comprehensive

investigations into the molecular biology is required. Identifying the key proteins involved will likely prove

crucial to being able to control and optimise the process. Additionally, determining the factors which control

the shape and size of AgNPs in biological systems will be critical.

Third, a key factor limiting the use of AgNPs in commercial products is production scale. Challenges

remain in reliably producing high quality AgNPs with a specific morphology at a scale which is commercially

viable. By up-scaling the process though the use of biological systems, it may be possible to overcome this

hurdle. Further work is required to reach large scale production when considerations of shape control and

appropriate monitoring are necessary.
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Chapter 3

The Effects of Reaction Conditions on

the Bioproduction of AgNPs by M.

psychrotolerans

3.1 Introduction

Since the discovery by Klaus et al. that the bacterium P. stuzeri AG259 could produce AgNPs in 1999,43

numerous bacteria have been reported to exhibit similar behaviour when challenged with Ag+. However,

biogenic nanoparticle production is likely dependent on both biological and physiochemical factors and is

therefore species specific. This is evident from a number of previous reports which have examined how

the growth conditions under which bacteria are cultured affect AgNP production (See Section 2.2.2).

Conditions investigated in previous studies include the concentration of Ag+, temperature and duration

of the reactions, and pH.57,69,76,104,123 While some trends have appeared, there is no consensus on the

optimal conditions for production.6 This warrants further study to better understand the processes involved

as the optimal production conditions can also give information about the mechanisms behind bacterial

AgNP production. For example, the observation that AgNP production favoured anaerobic conditions in E.

coli suggested the involvement of enzymes expressed under such conditions.147

More than 120 strains of over 100 species of bacteria have been reported to produce AgNPs when

challenged with Ag+ (Figure 2.8);6 however, only 6 of these have been shown to produce triangular

nanoprisms.43,57,65,75,108,120 Therefore, the influence of a range of reaction conditions were evaluated for

their effects on biogenic AgNP production. Ultimately, it is hoped that the optimal conditions can be de-
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termined to selectively produce non-spherical and ideally triangular Ag nanoprisms with a high degree of

monodispersity.

3.2 Methods

3.2.1 Organism and Reagents

Morganella psychrotolerans U2/3 (DSM: 17886) was obtained from the Deutsche Sammlung von Mikroor-

ganismen und Zellkulturen (DSMZ; Germany) repository and maintained on lysogeny broth (LB) agar (10%

tryptone, 5% yeast extract, 10% NaCl); freezer stocks (13% v/v glycerol) were prepared and stored at -

80◦C. E. coli DH-5α and Pseudomonas fluorescens ATCC 13525 were sourced from the culture collection

at the University of Southampton and grown in LB with no added NaCl at 37◦C overnight with orbital shak-

ing at 150 RPM. Tryptone and yeast extract were purchased from Oxoid, ThermoScientific (USA), glycerol

was purchased from Fisher Scientific (USA), and NaCl was purchased from Sigma Aldrich (UK).

Silver nitrate and silver lactate were sourced from Sigma Aldrich (UK). Stock solutions (50 mM) were

prepared using deionised water (diH2O) and filter-sterilised. Stock solutions were protected from light and

stored at 4◦C until use. Ag-containing solutions were filter-sterilised using syringe filters (pore diameter:

0.22 µm). All other solutions were sterilised by autoclaving at 121◦C for 15 min.

All other reagents were purchased from Fisher Scientific (USA) unless stated.

3.2.2 Biosynthesis of AgNPs

M. psychrotolerans was grown aerobically in LB with no NaCl added for 4 days at 22◦C with orbital shaking

at 180 RPM in 100 mL volumes of LB with no added NaCl in 300 mL Erlenmeyer flasks to stationary phase

(OD600 ≈ 2.2 - 2.4); further details are given in Appendix A.1. NaCl was not added to the growth medium

to avoid the formation of poorly soluble AgCl during AgNP synthesis. The general procedure for producing

AgNPs was to add 4 mL of stationary phase culture to 15 mL Falcon tubes. To this, sterile AgNO3 was

added to a final concentration of 9 mM and made up to a total volume of 5 mL with diH2O. Samples

were then incubated for 24 h at 22◦C and 180 RPM on an orbital shaker in the dark. Samples were

then centrifuged at 10,000 x g for 10 min. The supernatant was collected and used for characterisation.

Triplicates of each sample were used throughout. Negative controls were prepared by the omission of M.

psychrotolerans and use of sterile growth media instead. Care was taken throughout to protect samples

from light.

To prepare cell-free extract, stationary phase M. psychrotolerans cultures were centrifuged at 10,000 x
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g for 5 min. The supernatant was collected and used in experiments. Cell density dilutions were prepared

by diluting saturated cultures with LB (with no added NaCl). When investigating the effects of pH on AgNP

production, sodium hydroxide (0.1 M) and nitric acid (0.1 M) solutions were used to adjust the pH. NaOH

was purchased from Sigma Aldrich (UK) and HNO3 was purchased from Fischer Scientific (USA).

3.2.3 Characterisation of AgNPs

UV-Vis Spectroscopy

Samples were centrifuged (5,000 x g for 10 min) to remove cells and debris and the supernatant diluted

with diH2O where necessary. UV-Vis spectroscopy was performed using a PerkinElmer Lambda 35 spec-

trometer. Scans were performed between 350 nm and 850 nm at 480 nm min−1 and a slit width of 1 nm.

Samples were analysed in polystyrene semi-micro cuvettes with a path length of 10 mm.

In high-throughput experiments, non-coated polystyrene 96-well plates were used. To analysed sam-

ples on these plates, an Omega FLUOStar UV-Vis plate reader at wavelengths from 350 nm to 850 nm

with 1 nm steps was used to collect spectroscopic data. Sample sizes of 200 µL were used.

Samples were zeroed against their corresponding negative control to remove the absorbance from the

growth medium, AgNO3, and the plate.

Transmission Electron Microscopy

To confirm nanoparticles had been produced, transmission electron microscopy (TEM) was used by drop

casting 5 µL of sample onto a formvar-coated copper grids and incubated at room temperature for 30 s. The

excess liquid was then wicked off using filter paper and the grids were air dried. Imaging was performed

using an FEI Tecnai T12 transmission electron microscope with an accelerating voltage of 80 kV. No fixing,

embedding, or staining was performed.

To image extracellular AgNPs, cells and debris were removed from samples by centrifugation at 10,000

x g for 5 min. The supernatant containing the AgNPs was collected and centrifuged at 17,000 x g for 30

min. The pellet was resuspended in diH2O to wash the AgNPs; this was repeated for a total of 3 washes.

The AgNPs were then imaged using the same procedure as samples containing cells.

3.2.4 Data Analysis

The UV-Vis spectra for triplicates were averaged and the mean spectra used for analysis. Spectra of sterile

negative controls for each condition were used as baselines. Data are presented as mean ± standard

deviation of the mean throughout.

45



Figure 3.1: A) 9 mM AgNO3 incubated for 24 h in the presence of cells (left) and in the absence of
cells (right) B) Samples of supernatant collected from M. psychrotolerans cultures exposed to different
concentrations of AgNO3. Left to right: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 mM. The red/brown colour is a
strong indicator of the presence of AgNP.

3.3 Results and Discussion

3.3.1 Biogenic Production of AgNPs by M. psychrotolerans

Three species of bacteria were initially evaluated for AgNP production: M. psychrotolerans, E. coli and

P. fluorescens. M. psychrotolerans was chosen due to the previous reports indicating its ability to pro-

duce prismatic and plate-like AgNPs.52,57 Non-pathogenic strains of E. coli and P. fluorescens both have

higher growth rates than M. psychrotolerans which is an attractive characteristic when considering future

bioproduction operations and so were screened for AgNP production.

No colour change in the culture of P. fluorescens, and combined with a lack of spectroscopic evidence,

suggested no AgNP production by was observed using this strain. Conversely, both M. psychrotolerans

and E. coli demonstrated the ability to reduce Ag+ to Ag0 (see Appendix A.2 for the UV-Vis spectrum of

AgNPs produced by E. coli). However, because M. psychrotolerans had previously been shown to produce

non-spherical particles, it was chosen for further investigation.

M. psychrotolerans cultures are pale yellow and slightly orange in colour. However, following the ad-

dition of AgNO3 (as colourless solution) to the culture, the colour changed to dark red/brown after 24 h

(Figure 3.1 A). This colour change is widely documented in previous reports of bacterial AgNPs production

and was the result of the formation of plasmonically active Ag nanoparticles.72,74,75,137,147 This was sup-

ported by UV-Vis spectroscopy which revealed a strong broad absorbance peak between 400 nm and 450

nm with no other spectra features (Figure 3.6) which is characteristic of spherical AgNPs.12 There was no

evidence of AgNP production in the sterile growth medium incubated with AgNO3 for 24 h.

M. psychrotolerans had a rod-shaped morphology when examined by TEM (Figure 3.2). The cells were

2 – 3 µm in length with rounded end and flagella visible extending from many of the cells. However, when
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Figure 3.2: Example TEM image of a control sample of M. psychrotolerans not exposed to Ag. Scale bar:
5 µm

challenged with AgNO3, dark electron dense material was observed throughout the samples of unwashed

cells (Figure 3.3). The density of the particles indicated they were metallic in composition and were con-

cluded to be Ag deposits in the form of AgNPs. The particles were spherical and quasi-spherical in shape

and distributed evenly across the samples both in the intra- and extra-cellular environment. Additionally, a

small number of larger non-spherical particles were observed and tended to be in closer proximity to the

cells. A triangular prism and larger hexagon-like particle can be seen in Figure 3.3 B and D, respectively.

Previously, M. psychrotolerans has been reported to produce hexagonal and triangular plate AgNPs in the

extracellular environment.57 It is unclear from these images whether the particles are on the surfaces of the

cells or inside the cells. While the ability to produce non-spherical particles supports the previous finding,

the frequency with which these particles were produced in this study appears to be lower as numerous

(+20) prismatic plates were observed in the TEM images presented by Ramanathan et al.57 However, the

concentration of AgNO3 used in this work was higher than the previous finding (9 mM vs 5 mM), which may

explain the discrepancy.

Due to the sample preparation method used for TEM, the membranes of the cells were not visible

making it challenging to interpret the cellular location of AgNPs. This is highlighted in Figure 3.4. Two cells

were aligned end-to-end with a collection of large particles closely associated to the cells. However, at a

higher magnification (Figure 3.4 B), the dark region of the cell has no clearly defined border. To visualise
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Figure 3.3: Example TEM images of M. psychrotolerans incubated with AgNO3 for 24 h. Spherical parti-
cles are seen distributed through all images. Non-spherical particles can be seen in image B and D (red
arrows). Scale bars: 500 nm (A, B, D) and 2 µm (C)

48



Figure 3.4: AgNPs produced by M. psychrotolerans after 24 h incubation with AgNO3. (B) shows the red
box of (A) at a higher magnification. Scale bars: 500 nm (A) and 100 nm (B)

membranes, heavy metal stains such as uranyl acetate, lead citrate, and osmium tetroxide are used.

However, these stains can leave residue which is indistinguishable from Ag when imaged. This method

was used for initial imaging (Appendix A.3), but the technique of not staining was opted for as it was the

simpler and could identify AgNPs with less ambiguity. Furthermore, the process of fixing, embedding, and

sectioning samples, while useful for obtaining a clearer representation of the localisation of particles in 3D

space, raised concerns regarding possible distortion of the samples during preparation and may dislodge

or relocate particles during sectioning.

When the extracellular AgNPs were isolated by removing the cells through centrifugation and filtration,

all particles observed were spherical or quasi-spherical in morphology. The particles were evenly dispersed

throughout the sample with no signs of considerable aggregation (Figure 3.5 A). Higher magnification

imaging revealed the particles to be between approximately 4 and 15 nm (Figure 3.5 B); this is smaller than

the 46 nm reported by Parikh et al. when M. psychrotolerans was challenged with 5 mM. The differences

in the product formed in this study and the previous findings was likely due to the differences in the reaction

conditions used. To investigate this further, a series of conditions were varied, and the effects measured.

3.3.2 Effects of Growth Conditions on AgNP production

Silver Nitrate

M. psychrotolerans was challenged with varied concentrations of AgNO3. As shown in Figure 3.1 B, the

reaction solution change from pale yellow to red/brown. The intensity of this colour change increased with

AgNO3 concentration indicating more AgNPs had been produced at higher Ag+ concentrations. This was
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Figure 3.5: AgNPs collected from the supernatant of M. psychrotolerans after 24 h incubation with AgNO3.
Scale bars: 100 nm (A) and 20 nm (B)
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supported in the UV-Vis spectra in Figure 3.6 where the formation of strong absorbance peaks between

400 nm and 450 nm, characteristic of the LSPR of Ag nanospheres,12 indicated the production of AgNPs.

The peak shapes and locations were similar regardless of concentration, though widening of peaks was

observed, visible in the spectra of 10 mM and 15 mM shown in Figure 3.6. This suggests the particles

being produced did not differ considerably in shape, but aggregation or an increase in particle sizes may

have resulted in the high absorbance at longer wavelengths. In general, the intensities of the LSPR peaks,

and thus the concentration of AgNPs, increased with increasing AgNO3 concentrations to 6 mM before

decreasing with higher concentrations in a near-linear fashion.

Figure 3.6: UV-Vis spectra of Ag nanoparticles produced by M. psychrotolerans when exposed to varying
concentrations of AgNO3. Insert: Mean absorbance at 420 nm. Error bars represent SD.

Previously, Parikh et al. have reported the optimal concentration of AgNO3 for AgNP production in a

silver resistant Morganella sp. to be 5 mM which is comparable with observations made here.52 When M.

psychrotolerans has been investigated previously, 5 mM AgNO3 was used without further investigation of

other concentrations.51,57 However, there appears to be considerable differences in AgNP production even

between strains of the same Morganella species.51 This emphasizes the organism specificity of reaction

conditions and the importance of optimising for each bacterium used.

A similar trend has occurred in most investigations when AgNO3 concentrations have been examined.

The concentrations of AgNPs produced increase with Ag+ concentration to the optima before decreasing

in M. psychrotolerans, E. coli, and A. calcoaceticus.52,99,137 The increase in production is explained by

increased substrate availability to the reducing enzymes but once these systems become saturated and the
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concentration is beyond that of which the cell can manage, the toxic effects of Ag+ will become detrimental

to the cells. Therefore, it is important to find the balance between maximising AgNP production while

minimising the damaging effects.

Silver Lactate

As an alternative Ag+ source to AgNO3, AgNP production with Ag lactate (AgCH3CH(OH)CO2) was tested

at varying concentration. As shown in Figure 3.7, the UV-Vis spectra are similar to those produced when

AgNO3 was used with characteristic strong absorbance peak between 400 nm – 450 nm. The intensities of

the peaks also followed a trend that was comparable to AgNO3, increasing rapidly with Ag+ concentration

to 5 mM before decreasing consistently at all concentrations above the apparent optimum.

Figure 3.7: UV-Vis spectra of Ag nanoparticles produced by M. psychrotolerans when exposed to varying
concentrations of Ag lactate. Insert: Mean absorbance at 420 nm. Error bars represent SD.

Very few alternative Ag sources to AgNO3 have been reported in bacterial AgNP production. This is

primarily due to the very high solubility of AgNO3, somewhat uncharacteristic of Ag salts. AgCl, Ag2SO4,

and Ag(NH3)+2 have all been investigated, but published findings using Ag lactate have not been found.

Moreover, a number of lactic acid bacteria have been shown to produce AgNPs, though the involvement of

lactate has been not investigated.60,69

Other small carboxyl compounds are known to influence the formation of nanoplates in the presence

of H2O2 to act as an oxidising agent, though lactate was not investigated.21 It was shown that molecules

containing multiple carboxyl groups with 2 carbon atoms between them were most effective at driving
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prismatic growth as they allowed for the selective adhesion of the carboxyl groups on to the (111) facet of

the Ag crystal, facilitating asymmetric crystal growth. Lactate contains a single carboxyl group, and without

the addition of H2O2, was not successful in inducing detectable morphological changes in the particles

produced.

Temperature

Production was markedly reduced when the reaction was carried out at 4◦C (Figure 3.8 A) compared

to 22◦C and 37 ◦C, as indicated by lower intensity LSPR peaks. Ramanathan demonstrated a similar

result with low levels of production observed at 4◦C, though a considerable number of nanoplates were

produced under these conditions.57 Here, there was no spectroscopic evidence to support the production

of hexagonal or triangular prisms, though TEM was not performed to confirm this. When performed at 22◦C,

analogous to room temperature, production of spherical particles was implied from the shoulder present at

420 nm – 450 nm (Figure 3.8 B). While 22◦C is lower than the reported optimal growth temperature for M.

psychrotolerans of 26◦C, Ramanathan et al. showed that M. psychrotolerans produced no only spherical

but also some prismatic particles at both 20◦C and 22◦C.57,238

At 37◦C, production was observed to be the fastest, though with similar spectral results (Figure 3.8 C).

Higher temperatures have been associated with the production of smaller spherical AgNPs.99,116,137 The

spectra of particles produced in this study could not add support to this as the peaks were not clearly define

in most cases, especially at lower temperatures. Moreover, size analysis of samples by TEM or DLS was

not performed.

As production was comparable, albeit slower, at 22◦C with 37◦C, future experiments were performed at

22◦C. The main reason for this decision was the reduction in complexity when considering future production

methods. If production can be achieved without additional heating, the need for heat equipment and the

energy demands are removed. Producing nanoparticles at room temperature has been reported239 and

offers an environmentally friendly alternative route at the compromise of slower synthesis.

pH

Low pH conditions have been shown to be favourable for AgNP production in Corynebacterium sp. and P.

putida. However, this was not supported in this research where lower pH conditions saw very little AgNP

production while neutral and slightly basic conditions appear to be beneficial to production (Figure 3.9).

The pH of M. psychrotolerans cultures increased from 6.9 ± 0.3 of LB to 8.5 ± 0.1 over normal growth

to stationary phase. The generation of an environment with a pH of 8.5 by the bacterium may explain why
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Figure 3.8: UV-Vis spectra of Ag nanoparticles produced by M. psychrotolerans at 4◦C (A), 22◦C (B), and
37◦C (C).
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Figure 3.9: UV-Vis spectra of AgNP produced by M. psychrotolerans in 9 mM AgNO3 under different pH
conditions. Insert: Mean absorbance at 420 nm at varied pH values. Error bars represent SD.

production was highest, under the conditions tested, at pH 8.5. If the cellular machinery is optimised for

these conditions, any deviation would likely see reduced activity. Above pH 8.5, the tendency for AgOH to

form (as discussed in Section 2.2.2) meant reliable testing could not be performed. AgOH is considerably

less soluble in H2O than AgNO3 and resulted in a reduced bioavailability of Ag+ for AgNP production.

During the production of AgNPs, when the pH was not initially set, the pH did not change considerably

regardless of the temperature at which production occurred (Figure 3.10). This suggests there is no sub-

stantial, if any, synthesis of H+ or basic products during the production process which the system cannot

handle. As the mixture of growth media and cells contains components with buffering capabilities, it is

possible the solution was able to stabilise itself and not be altered by excess proton formation, as would be

expected in nitrate reductase driven process (Figure 2.6 A).

The reduced LSPR peak intensities at lower pH may reflect a reduction in harvestability of the nanopar-

ticles in combination to reduced production, as demonstrated in Figure 3.11. When neutral pH solutions

of particles were centrifuged prior to spectroscopy (tube 3), the supernatant remained a dark brown colour

and a pellet, also dark brown, formed. The tube (4) with a pH of 4 showed a brown pellet, likely a mix-

ture of cells and nanoparticles but a much lighter supernatant; closer in colour to the colour of the growth

media (tube 2). It is unclear whether the nanoparticles were inside the cells, or extracellular with a high

propensity to sediment. Visualisation by TEM would be useful in investigating this further. Although, this

supports the previous finding that, in L. fermentum, recovery of produced particles was increased under

basic conditions.60 In a green chemical production route using glucose as the reducing agent and starch
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Figure 3.10: pH of M. psychrotolerans cultures during AgNP production at 4◦C, 22◦C, and 37◦C.

Figure 3.11: Centrifuged samples after incubation for 24 h. 1) M. psychrotolerans culture, 2) LB growth
medium with no added NaCl, 3) M. psychrotolerans at pH 7 exposed to AgNO3, and 4) M. psychrotolerans
at pH 4 exposed to AgNO3.
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as a stabilising agent, pH did not affect the LSPR properties of the AgNP produced in a linear fashion.240

Instead, different pH conditions were thought to favour different reaction pathways. The highest LSPR peak

was observed with a pH of 6.0 and the narrowest peak seen at pH = 2.9. Alqadi et al. demonstrated that

chemogenic AgNP exhibited a strong relationship between both absorption maxima and pH conditions as

well as pH and particle size.241 However, lower pH conditions corresponded with higher intensity LSPR

peaks and smaller particles.

Halides

Silver halides (AgXs) form easily and are notoriously insoluble in H2O. For this reason, halides, particularly

NaCl, are omitted from growth media when using bacteria to prepare AgNPs. The formation of AgXs

reduces the bioavailability of Ag+ for AgNP production as they are highly insoluble and tend to precipitate

out of solution. This is reflected in the findings of Javani et al. who showed NaCl to be deleterious for

AgNP production in psychrophilic bacteria.72 Therefore, the effects of NaCl, KCl, KBr, and KI on AgNP

bioproduction were investigated.

The UV-Vis spectra of AgNP produced in the presence of NaCl showed absorbance peaks between

400 nm and 450 nm (Figure 3.12 A). However, when the concentration of NaCl was increased above 100

µM, a reduction in production was observed with the lowest production at 200 µM, in support of previous

findings.72 Moreover, the peak at 150 µM appears less symmetrical that those of lower concentrations. In

contrast, KCl showed consistent AgNP production regardless of concentration (Figure 3.12 A). The peak

position was comparable with those produced with NaCl and did not change with KCl concentration and

the peak intensities were relatively consistent throughout. This indicates the particles produced were of

similar morphologies and concentrations regardless of KCl concentration.

Gupta et al. demonstrated halides reduce the resistance of E. coli to Ag+, thought to be the result of

cationic halides (AgX2−
3 and AgX−

2 ) forming which are more soluble than AgXs and increase the bioavail-

ability.53 However, the concentrations used were orders of magnitude higher than in this study which might

explain why no impact was seen in different halides here.

NaCl and KCl both have a 1:1 ratio between Cl− and their respective metal components (Na+ or K+).

Combined with their high solubilities in H2O, at the same molar concentration equal amounts of Cl− would

be present. It therefore suggests that the reduction in production likely came from the Na+, rather than the

Cl− component of the salt.

While no reports have investigated the effect of Cl− on AgNP production in biological systems, KCl and

KBr have both been used in chemogenic AgNP synthesis.242,243 Zhang et al. showed that Cl− induced
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Figure 3.12: UV-Vis spectra of AgNP produced by M. psychrotolerans in the presence of NaCl (A) and KCl
(B). Inserts: Mean absorbance at 420 nm. Error bars represent SD.
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a change from pre-made triangles to nanosphere via a Ag-AgCl heterostructure over the course of 50

days.242 In contrast to this work, triangular nanoprisms were used as a starting material. However, there

was no evidence in the spectra, either as shifts in the peak positions or formation of additional features,

to suggest this had been achieved here, despite the comparable concentrations used (Figure 3.13 A & B).

This is likely due to the superior stability of biogenic AgNPs over chemogenic particles stemming from the

protein corona which encases the particles.

Michele showed that in a microfluidic reactor, Br− could be used to change the shape of pre-synthesised

Ag nanoprisms.243 Specifically, they noted a blue-shift in the LSPR peak indicating the conversion of trian-

gular to spherical nanoparticles. This effect of Br− to etch Ag has previously been reported to be greater

than I− , which in turn has a greater effect than Cl− .244 Such etching may have occurred here, but as it

was predominantly nanospheres which formed, the effects may not have been visible spectroscopically.

Sugars

M. psychrotolerans can ferment glucose and fructose.245 Additionally, reducing sugars have been sug-

gested as a possible source of AgNP production in biological settings. Therefore, the influence of glucose

and fructose, both reducing sugars, and sucrose, a non-reducing sugar, on AgNP bioproduction were

investigated.

Over the examined range, production saw little effect from any of the sugars (3.14 A - C). The peak

positions remained similar for all concentrations of each of the sugars, suggesting the morphologies of the

products were consistently formed. However, the peak of glucose containing samples appeared slightly

broader and with greater absorbance over 650 nm compared to fructose and sucrose. Although TEM

imaging is required to confirm, it is possible this is due to the formation aggregates, a larger distribution of

sizes containing larger particles, or a small amount of non-spherical particles, all of which would lead to

increase absorbance at longer wavelengths. Without the appearance of additional peaks, it is not possible

to conclude the presence of non-spherical particles.

AgNP biosynthesis is thought to be an energy demanding process through the use of NAD(P)H as an

electron donor.62,66 The addition of an additional energy source in the cases of glucose and fructose may

have expected increased production with higher concentrations of sugars added. However, the sugars were

added after the cultures had reached stationary phase and so may not have been fully utilised by the cells.

Repeating this experiment with the sugars added to the growth medium prior to inoculation would allow the

cells to change metabolic pathways and protein expressions which may influence AgNP production more

than using the method employed here.
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Figure 3.13: UV-Vis spectra of AgNP produced by M. psychrotolerans in the presence of KBr (A) and KI
(B). Inserts: Mean absorbance at 420 nm. Error bars represent SD.
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Figure 3.14: UV-Vis spectra of AgNP produced by M. psychrotolerans in the presence of glucose (A),
fructose (B) and sucrose (C). Inserts: Mean absorbance at 420 nm. Error bars represent SD.
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Citrate

Citrate is used in the chemical synthesis of triangular Ag nanoprisms. As mentioned above, it acts by

preferentially binding to the (111) crystal facet, and in combination with continued etching of the surface by

H2O2, leads to asymmetric crystal growth ultimately leading to the formation of triangular particles.2,21,246

Zhang et al. who demonstrated the use of small organic molecules, especially citrate, could be used for

shape control during crystal growth, noted that H2O2 was a critical component as it continuously etches

the surface of AgNP during production.21

This process is sensitive to stoichiometry of the reagents (typically a NaBH4 as the reducing agent,

H2O2 as the oxidising agent, citrate as the capping agent and AgNO3 as the Ag source). In an attempt to

mimic this, citrate was added to cultures with AgNO3. Molar ratios were used due to the critical involvement

of stoichiometry and the different Ag+ concentration used in this work. Previously ratios citrate to Ag+

between 1:0.5 and 2:1 have demonstrated effective production of triangular particles;247 similar ratios were

used in this investigation.

As shown in Figure 3.15, the UV-Vis spectra did not indicate the formation of non-spherical particles as

the LSPR peaks were located between 420 nm and 450 nm with no additional spectral features. Interest-

ingly, higher ratios of citrate to AgNO3 did lead to increased AgNP production (Abs420nm of 0.54 ± 0.11

vs 0.86 ± 0.06). Higher molar ratios of 18:1 and 7.5:1 (citrate:Ag+) have previously been reported in the

chemical production of Ag nanoprisms.10,247 Exploring higher ratios of citrate to Ag+ may be beneficial as

the complex mixture of the culture may hinder the binding of citrate onto the surface of particles, preventing

the preferential growth. For example, biomolecules such as proteins are known to bind to AgNPs and ster-

ically hinder citrate binding.248 Higher relative concentration of citrate may allow more effective coverage of

the particles.

In chemical synthesis, the asymmetric growth of AgNPs relies on the H2O2 oxidising the surface of

the particles. Experiments containing H2O2 were carried out to better mimic this process. However, M.

psychrotolerans appears to exhibit catalase activity and on addition of H2O2 to cultures, rapidly degraded it

to H2O and O2. The use of a catalase inhibitor may help to reduce this and allow the peroxide to be utilised

in the reaction, though this was not investigated.

Cell Density and CFE Dilution

To examine the importance of the bacterial cells on production, as changing the cell density is equivalent to

changing the concentration of the reducing agent, cultures were diluted with growth media prior to AgNO3

exposure. The production of AgNPs followed a linear relationship with the cell density (Figure 3.16 A).
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Figure 3.15: UV-Vis spectra of AgNPs produced by M. psychrotolerans in the presence of different ratios
of citrate to AgNO3. Insert: Mean absorbance at 420 nm. Error bars represent SD.

The amount of cells present did not appear to impact the properties of the particles produced as the

peak positions were consistent across the dilution range. Additionally, no AgNP production was observed

visually or spectroscopically in sterile growth medium. These observations demonstrate the reducing power

is being supplied by the bacterial culture and that the bacteria are vital to this process.

Previous investigations into the effects of biomass proportions in bacterial AgNPs synthesis showed

that a 1:99 (AgNO3:CFE) ratio was most effective when using P. mandelii. Direct comparison with this

study is difficult as the concentration of the reducing agent in the biological component of the reaction is

unknown. However, it is clear that while the production continued to increase linearly with cell density in this

study, the biomass appeared to be the limited reagent. Production would have been expected to plateau if

the stoichiometry had tipped towards Ag being the limiting component.

Many studies into bacteria AgNP production utilise a CFE (or supernatant) of cultures.57,72,74,75,137 This

offers the benefits of reducing effects of the cytotoxicity of Ag+ as well as simplifying down-stream process-

ing to remove the cells from the product. A downside to this approach is the reliance on secreted proteins

and reaction components which likely differ from those found inside the cells.

Demonstrated in Figure 3.16 B, Ag nanospheres appear to have been produced in CFE, based on the

characteristic absorbance peaks, which are similar in position and shape to those of whole cell cultures

(Figure 3.16 A). The dilutions of CFE also followed a similar linear trend to production in whole cell cultures

with more concentrated CFE producing more AgNPs.
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Figure 3.16: UV-Vis spectra of AgNPs produced by M. psychrotolerans with varied cell densities (A) and
CFE dilutions (B). Inserts: Mean absorbance at 420 nm. Error bars represent SD.
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Heat Treatment

The production of AgNPs in bacteria is thought to be an enzymatic process with NAD(P)H nitrate reductase

being a leading contender.61,62 However, previous studies have reported optimal production at tempera-

tures in excess of 60◦C but the highest temperature during production tested here was at 37◦C.78,108,145

To investigate whether higher temperatures would have an effect on the enzymatic mechanisms, cultures

of M. psychrotolerans were heated for 15 min at 30◦C, 60◦C, and 90◦C before being quenched on ice

and allowed to reach room temperature prior to the addition of AgNO3. As can be seen in Figure 3.17

A, any heat treatment had detrimental effects on the yield of particles produced with larger decreases in

production observed at higher temperatures. Heat treatments of 60◦C and 90◦C showed similar levels of

reduced activity. This is likely due to the denaturing of proteins leading to less efficient reduction pathways.

Interestingly, heat treatment of 30◦C, only 8◦C above the temperature at which the culture was grown,

also showed considerable reduction in production. It is unclear why such a reduction occurred as proteins

are unlikely to denature at this temperature. However, M. psychrotolerans is known to have an optimal

growth temperature of 26◦C and experiences a rapid decrease in growth rate when cultured at temper-

atures above this optimum and is inactivated at 37◦C.238 Therefore, this higher temperature may have

resulted in changes in enzyme expressions which led to the reduced AgNP production.

Supporting this, cultures autoclaved at 121◦C for 15 min at 106 kPa prior to exposure to AgNO3 also

exhibited a markedly reduced ability to produce AgNPs (Figure 3.17 B). The presence of an LSPR peak

in the spectrum indicates Ag nanospheres were still produced with similar geometries of those produced

without autoclaving. The enzymes were unlikely to be able to tolerate the autoclaving process and so it

suggests a second mechanism is responsible for the observed production. Other non-enzymatic production

routes have been suggested and may account for this, though further investigation is warranted to identify

its components.60

Light

Light exposure, specifically sunlight, was serendipitously found to greatly increase the synthesis of AgNPs

in M. psychrotolerans cultures over cultures kept in the dark during production (Figure 3.18). The spectrum

indicated the presence of spherical particles with a similarly shaped peak to those produced in the dark.

Previous investigations have also reported this phenomenon in bacterial systems with substantial increases

in production having been seen.74,152 This enhancement warranted further investigation and is explored in

greater detail in Chapter 4.
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Figure 3.17: UV-Vis spectra of AgNPs produced by M. psychrotolerans following heat treatment at 30◦C,
60◦C, 90◦C, and without treatment (No HT) (A). UV-Vis spectra of AgNPs produced by M. psychrotolerans
with and without autoclaving at 121◦C for 15 min at 106 kPa.
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Figure 3.18: UV-Vis spectra of AgNPs produced by M. psychrotolerans when exposed to sunlight com-
pared to dark conditions

3.4 Conclusions

It has been demonstrated that the reaction conditions under which the bioproduction of AgNPs was per-

formed affects the yield of the reaction. Of the conditions investigated, the concentrations of Ag+, Na+,

and H+ appear to have the greatest impact.

Bacterial cells have evolved highly efficient and effective methods for maintaining cellular homoeostasis.

These systems, such as cross-membrane ion transfer, may help to "buffer" the conditions inside the cell,

and to some extent outside the cell, and so may dampen any effects on nanoparticle production.

Production yields were increased by Ag+ to a point above which the system likely becomes saturated

and the toxic effects of Ag become apparent leading to a reduced efficiency. Conversely, Na appeared

detrimental to production with lower LSPR-associated absorbance peaks recorded at concentrations above

100 µM NaCl.

Despite the ability to influence particle production levels in bacteria, it is also evident that the conditions

under which nanoparticles were produced here did little to affect the geometries of the particles produced.

This further supports the hypothesis of a biological variable being a key part in shape control. Hitherto, little

work has been published on such biological components. In depth analyses of both the biochemical mech-

anism of AgNP production and potential nanoparticle properties, such as surface coatings, are required to

greater understand and exploit this.
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The reaction conditions explored in this work were varied only once the cultures of M. psychrotolerans

had been grown to stationary phase. While this allowed for a consistency in the cultures used, it did not per-

mit the testing of growth conditions, rather than just reaction conditions. The growth of the bacterium with

reagents (e.g. halides or sugars) would likely influence the protein expressions more greatly than adding

them with the AgNO3. Future investigations might explore this further to better optimise the organism’s

behaviour.

Attempts to mimic ligand driven prism formation were hampered by the catalase activity of the bac-

terium. The addition of citrate alone was ineffective at having an effect on the morphologies of the particles.

Interestingly, light exposure showed a sizeable enhancement to production. This gave an exciting possible

way of improving AgNP production through a controllable and low-energy and low-cost way. Consequently,

it was further investigated and the findings are reported in Chapter 4.
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Chapter 4

Visible and ultraviolet light enhances

AgNP synthesis by M. psychrotolerans

4.1 Introduction

AgNPs possess unique physical and chemical properties which make them attractive in a range of potential

applications.20,249 However, limitations with current production methods have hampered the commercial

viability of this nanomaterial. While chemical production processes at present remain the most commonly

used method for generating AgNPs, biological synthesis approaches are being developed to overcome

some of the shortcomings associated with chemogenic particles, such as particle agglomeration, the use

of hazardous reagents, and challenges with scale-up, as discussed in Section 2.1.2.

Many organisms including plants, fungi, and bacteria have demonstrated the ability to produce AgNPs

when challenged with Ag+ ions as a toxicity resistance mechanism.4,7 Bacteria tend to be favoured for

larger-scale production due to their ease of use, quick growth rates, high genetic engineering potential,

and the inherent resistance to Ag+ possessed by many strains. Indeed, a myriad of bacteria have been

shown to produce AgNPs from either biomass or cell-free extracts.6,39,42

The optimal conditions for AgNP bioproduction vary greatly depending on the species and component

used (biomass or cell-free extract). However, all share a common limitation of relatively slow reaction

rates. In chemical synthesis, AgNPs can form almost instantly upon the addition of a reducing agent and

the reaction can complete in a matter of seconds. However, biological processes typically take hours,

and sometimes days to reach completion depending on the conditions used.51,57,99 This hurdle needs to

be overcome before biosynthetic processes become viable and comparable with chemical routes on an
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industrial scale.

Approaches to improving the efficacy of bioproduction have included thermal heating,99,137 microwave250

or gamma ray irradiation,92 and light exposure.74,136,152 Visible light offers benefits such as no need for ex-

pensive specialist equipment, no health risks, and relatively low energy usage and costs. Using light

(either UV or visible) to photocatalyse the production of AgNPs is widely reported in chemical synthesis

methods.251 However, very limited investigation has been conducted on the effect of light from light emit-

ting diodes (LEDs) on the production of AgNPs in bacterial systems. In the present study, it was demon-

strated the photocatalytic enhancements of white light irradiation on AgNP biosynthesis. Additionally, the

dependence of this phenomenon on the wavelengths of light used were explored to gain insight into the

mechanism.

4.2 Methods

4.2.1 AgNP Biosynthesis

Cultures of M. psychrotolerans were grown as before in Chapter 3. In experiments using an LED light

source, reactions were performed in 10 mL volumes in 25 cm2 optically transparent polystyrene cell culture

flasks, to which AgNO3 was added to a final concentration of 9 mM. Orbital shaking at 80 RPM was used to

maintain homogenous solutions. Negative controls were prepared using sterile growth media (LB with no

added NaCl) instead of M. psychrotolerans cultures. Dark samples were securely wrapped in aluminium

foil to protect from light. Experiments using LED light were performed in a refrigerated incubator at 22◦C.

Upon addition of AgNO3, samples were illuminated with light. At each time interval, 330 µL samples

were taken and diluted in deionized water. Every sample was centrifuged at 10,000 x g for 5 min to remove

cells and debris. The supernatants were then collected for analysis.

When using UV light, 10 mL of reaction mixtures were illuminated under UV lamps in open 9 cm Petri

dishes. Cell-free extract (CFE) was prepared by the centrifugation of M. psychrotolerans cultures at 3,000

x g for 10 min and the filtration of the supernatant through syringe filters (pore diameter 0.22 µm). Aliquots

of 100 µL were taken for analysis at each time point and diluted with diH2O for analysis. Experiments using

UV lamps were performed at room temperature of 24◦C.

4.2.2 Light Source and Setup

A 10 W 6,500 K white light LED bulb with an 810 lumen output was purchased from Sealey. The bulb was

suspended 15 cm above the samples and held within an opaque housing to block external light (Figure
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4.1). To investigate the effects different wavelengths of light on AgNP formation, blue, green, and red

optical filters were inserted between the light source and the samples. The emission spectrum of the light

source and the filters are shown in Appendix B.1.

Low-cost UV lamps with 4 x 9 W 365 nm bulbs were also used. The housing was sealed with aluminium

foil to block external light.

Figure 4.1: Setup used for illuminating samples with LED light. Samples were held in an opaque box and
illuminated from above by an LED bulb. Optical filters were inserted between the bulb and the samples
when required.

4.2.3 Characterisation of AgNPs

UV-Vis spectroscopy, performed with a using a Lambda 35 spectrometer, and TEM was performed using

the methods described in Sections 3.2.3 & 3.2.3.

4.2.4 Temperature Monitoring

The temperatures of solutions were measured using thermocouple probes submerged in the reaction mix-

tures. Measurements were taken at 10 s intervals through experiments. The lamp was turned on after 15

min to allow for the solutions to reach temperature equilibrium. The measurements collected in the 1 min

immediately prior to the lamp being switched on were averaged and used as the baseline and temperature

change shown relative to this for each sample.
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4.2.5 Data Analysis

Experiments were performed in triplicate and the mean values calculated. Data are presented throughout

as mean ± standard deviation. ImageJ was used to determine the particles sizes from TEM images

where ellipses were manually fitted to nanoparticles and the semi-major axis used as an approximation of

diameter. Kernel density estimations (KDE) were applied to smooth particle size data using SciPy.252 A

minimum of 3 fields of view and 300 measurements per sample were used for analysis.

4.3 Results

4.3.1 AgNPs Production Under White Light

The production of AgNPs was carried out under white light with M. psychrotolerans culture or just sterile

growth medium. For comparison, experiments were run under dark conditions. Samples were taken at

different time points for UV-Vis spectroscopic analysis and the results are shown in Figure 4.2.

UV-Vis spectra of AgNPs produced in samples of M. psychrotolerans exposed to white light revealed a

broad absorbance peak formed at 453 ± 6 nm with 2 h of exposure (Figure 4.2 A), known to be consistent

with the LSPR peak of Ag nanospheres.253 The peak intensity continued to increase over 48 h, indicating

continuous formation of AgNPs. However, the peak position drifted slightly to 436 ± 6 nm without the

development of additional spectral features, suggesting insignificant changes in particle shape. The pro-

duction was also observed visually with a colour change in the solution, from pale yellow to dark brown,

corresponding to the spectral peak shift (Figure 4.2 A).

Under dark conditions (Figure 4.2 B), similarly, a peak attributed to the LSPR of Ag nanospheres formed

within 2 h, and continued to grow in intensity over 48 h, for AgNPs produced by M. psychrotolerans. The

position and shape of the peak was also comparable, though the intensities of the peaks were lower than

those produced in light.

No features of note were observed in the UV-Vis spectra of samples from growth media incubated in

the dark (Figure 4.2 D), combined with a lack of colour change in the reaction solution, it suggests AgNP

production did not occur at detectable levels. However, a strong colour change was observed when sterile

LB with AgNO3 was exposed to the LED light (Figure 4.2 C) with peak characteristics comparable to the

AgNP produced by M. psychrotolerans under light.

Solutions of AgNO3 in H2O were stored in the presence and absence of light no visible change to the

clear solutions was observed over several weeks.

When the intensity of LSPR peaks were compared (Figure 4.3), it was clearly indicative that AgNP
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Figure 4.2: UV-Vis spectra of AgNP produced in the presence of M. psychrotolerans (A, B) or sterile
growth medium (C, D) under white light (A, C) or dark (B, D) conditions.
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Figure 4.3: Intensities of LSPR peaks over 48 h (A) and peak positions (λmax) over 48 h (B) of AgNPs
produced under different lighting conditions.

production by M. psychrotolerans under white light conditions was more effective than all other samples

(scaled absolute absorbance: 19.85, 8.42, 2.26, and 0.76, for production by M. psychrotolerans and sterile

media in white light, and M. psychrotolerans and sterile media in the dark, respectively). The position of

the peaks (λmax) of particles produced in white light, both with and without cells, followed a similar trend of

initially forming at 453 ± 6 nm and 454 ± 4 nm, respectively, and slowly undergoing a slight hypsochromic

shift to 436 ± 6 nm and 436 ± 2 nm, respectively (Figure 4.7). Conversely, the peak position of AgNPs

produced by M. psychrotolerans in the dark did not undergo this change. After 48 h, the positions of peaks

from light samples and the dark samples shifted to 436 ± 6 nm and 411 ± 11 nm, respectively.

4.3.2 Morphology and Geometry of AgNPs Produced

Characterisation of extracellular AgNPs by TEM confirmed the presence of predominantly spherical and

quasi-spherical nanoparticles in all samples where production was observed (Figure 4.4 A-C). Under white

light with M. psychrotolerans present, particles with a mean diameter of 16.8 ± 3.7 nm were produced

(Figure 4.4 A). These particles were larger than those produced by M. psychrotolerans in the dark (5.7

± 2.5 nm), as shown in Figure 4.4 B. Particles produced under white light in the absence of bacteria

appeared more irregular in shape, though still principally quasi-spherical. The particles were measured to

have diameters of 8.6 ± 4.7 nm (Figure 4.4 C).

Three distinct distributions of particles were observed (Figure 4.4 D). Particles from M. psychrotolerans

under dark conditions exhibit the narrowest size distribution suggesting the highest monodispersity. Con-

versely, particles produced under white light without cells were the most polydispersed with the broadest

and least symmetrical distribution. A large proportion of the particles have a similar size to the AgNPs pro-
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Figure 4.4: TEM images of AgNPs collected from the supernatant of (A) M. psychrotolerans exposed to
white light, (B) M. psychrotolerans in dark conditions, and (C) sterile growth media exposed to white light.
(D) Size distributions of AgNPs. Scale bars: 20 nm (A), 100 nm (B), 50 nm (C).
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duced by M. psychrotolerans in the dark. The presence of a slight shoulder in the distribution may indicate

the presence of two or more distinct populations of sized particles. AgNP produced under light conditions

with M. psychrotolerans present also showed a broad distribution, though to a lesser extent.

The location of AgNPs, inside or closely associated with cells, in light or dark conditions were examined

using TEM (Figure 4.5). There was little difference in size distribution of 19.1 ± 12.4 nm and 17.1 ± 5.0 nm

for light and dark conditions, respectively, and the size distribution of nanoparticles in both samples was

similar (Appendix B.2). While spherical particles were present in both, larger non-spherical and triangular

particles were observed in the dark sample with an average edge length of 67.7 ± 9.2 nm (Figure 4.5

C & D marked with red arrows). Though present, very few non-spherical particles were observed in the

light-exposed sample (Figure 4.5 A & B). No triangular particles were observed in the extracellular fraction

(Figure 4.4 A - C).

Figure 4.5: TEM of AgNPs produced by M. psychrotolerans under white light (A and B), and dark condi-
tions (C and D) after 48 h. Red arrows highlight non-spherical particles. Scale bars: 200 nm (A), 500 nm
(B), 200 nm (C), 200 nm (D).
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4.3.3 Harvestablity of AgNPs

It was observed that the intensity of the colour of solutions of AgNPs produced in sterile growth media

under white light was higher than that of the same samples after centrifugation (a step in the preparation

of samples for spectroscopy). Discoloured pellets were formed suggesting AgNPs were being removed

from the samples. This was supported by spectroscopy of the samples with a 77 ± 14% reduction in peak

intensity observed following centrifugation (Figure 4.6). The λmax location did not shift substantially (436

± 2 nm vs 442 ± 6 nm; centrifuge vs not centrifuged), however a narrowing of the peak can be seen.

Figure 4.6: UV-Vis spectra and extinction at 450 nm (insert) of AgNPs produced in sterile media exposed
to light with and without centrifugal separation.

4.3.4 Influence of Wavelengths of Light on AgNPs Production

To better understand the photo-assisted activity, coloured optical filters were used to determine the roles

different wavelengths of light had on this reaction. Both M. psychrotolerans and sterile growth media exhib-

ited the same pattern of the highest production with a blue filter used, whilst the green filter gave reduced

production (Figure 4.7 A). Interestingly, the red filter only showed production in the sample containing cells,

and the final yield was notably lower than that with blue and green filters. No production was observed

either in sterile media exposed under a red filter.

When samples were illuminated with UV light (365 nm), AgNPs were produced rapidly in both whole

cell cultures, CFE, and sterile broth (Figure 4.7 B). The UV-Vis spectra of samples produced under different

wavelengths indicated insignificant differences in the geometries of the particles produced with peak posi-

tions between 430 nm and 450 nm without evidence of additional spectral features. The spectra of AgNPs
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Figure 4.7: Comparison of AgNP production under different wavelengths of light. (A) UV-Vis absorbance
peak intensities of AgNPs produced by M. psychrotolerans under blue, green and red filters. (B) UV-Vis
spectra of AgNP produced by M. psychrotolerans under a UV lamp. (C) UV-Vis spectra of AgNPs produced
under different wavelengths of light.
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produced under white, red, green, or blue LED, or UV light were comparable without noticeable changes

with light source (Figure 4.7 C).

4.3.5 Effects of Thermal Heating

Although the temperature of the experiments throughout was controlled at 22◦C in a refrigerated incubator

where an energy efficient white light LED bulb was used, the potential of thermal heating affecting produc-

tion was examined by monitoring the temperature variation during experiment runs (Figure 4.8). There was

a slight (1.3 ± 0.3◦C) increase in the reaction mixtures in the dark over 48 h; there was no increase when

the lamp was kept off. Light-exposed samples saw an increase in temperature of 3.9 ± 1.5◦C. The change

in temperature occurred early in the reaction before plateauing and remaining constant. The trends did not

appear to be dependent on the sample type (cells present or not), and the use of coloured filters had little

difference compared with white light (Figure 4.8). Heating was more substantial under UV lamps with an

increase of 14.8 ± 2.8◦C over 2 h.

Figure 4.8: Temperature change of reaction solutions over 48 h during AgNP synthesis under white LED
light.

4.4 Discussion

The biosynthesis of AgNPs has received attention as a possible solution to the limitations and hindrances

associated with physical and chemical production methods. However, this process requires optimisation to

reach viability on an industrial scale. Here, it has been shown that illuminating bacterial cultures with light

during the synthesis of AgNPs greatly increases production.

M. psychrotolerans is known to produce AgNPs when challenged with AgNO3.51,57 As shown in Figure

4.2, the characteristic LSPR peaks detected indicate the presence of Ag nanosphere formation in the dark
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here with λmax at 411 ± 11 nm, as supported by TEM imaging (Figure 4.4). While white light substantially

increased the production of AgNPs, different colour lights (produced using filters) gave different results

where shorter wavelengths appeared to be responsible for the increased activity. This was further sup-

ported by the rapid production associated with UV light exposure. While AgNP production was observed

in sterile growth media when exposed to white light, this activity was arrested by a red filter.

4.4.1 Photo-Assisted Production

AgNP production was vastly increased over 48 h when exposed to white LED light compared with samples

kept in dark conditions (19.85 vs 2.26 bacterial samples in light and dark; 8.42 vs 0.76 sterile control

samples in light and dark; values are scaled absolute maximum absorbance), as shown in Figure 4.3. This

supports previous attempts to enhance biological AgNP production using halogen, fluorescent, and UV

lamps, or solar radiation.74,136,152

Solar radiation offers the benefit of being environmentally friendly and free; a significant detriment is

the lack of control and reliability. It has been used to produce AgNPs from Bacillus amyloliquefaciens over

the course of 100 min where the process was accelerated with higher intensity light.152 The particles pro-

duced were spherical and triangular whereas predominantly spherical particles were observed in samples

exposed to light in this study. Sunlight has also been used to produce AgNPs in river water. In that study,

initially, Ag nanospheres were formed, but on further exposure transformed into triangular, hexagonal, and

eventually rod-like structures, accompanied with a loss of colloidal stability. Such morphological changes

were observed within the time-frame of the experiment in this study (<48 h), however, in this study no such

morphological transformations or a noticeable loss of stability was observed. This is likely due to the for-

mation of a biomolecular coating, likely proteins, which is known to form on the surface of AgNPs produced

by bacteria. The concentrations of these biomolecules were likely far greater in the bacterial cultures used

here, thus forming a coating more rapidly and completely, stabilising the particles. Moreover, white LED

light has a narrower emission spectrum with sharp peaks, whereas solar radiation has a broad spectrum

across the visible region and extends into UV and infrared. It is possible that these differences contributed

to the morphological varieties previously observed.

Using a 75-W halogen lamp and CFE of Klebsiella pneumoniae cultures, AgNPs were rapidly produced

over 20 minutes by Mokhtari et al.74 The particles formed were spherical with an average diameter of 40

nm, larger than the 16 nm obtained in this study. The use of CFE offers the benefit of reducing the turbidity

of the solutions which allows for better penetration of light into the reaction mixture. When comparing

between CFE and whole-cell cultures under UV light in this study, both performed comparably, likely due
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to the very shallow solution depth. When using LED light, the flasks were continuously mixed on an orbital

shaker to reduce the impact of cell-derived scattering.

Heating of the reaction solutions was minimised through the use of an LED bulb, rather than halogen

or fluorescent sources as used previously,74,136 and a refrigerated incubator. Over the 48 h experiments,

an increase of 3.9 ± 1.5◦C was observed in the solutions exposed to white light, and a 1.3 ± 0.3◦C in-

crease was seen in samples kept in dark conditions. The temperature increase occurred at the beginning

of the experiments following the light source being turned on. Once an equilibrium had been reached, the

temperatures remained relatively steady. Previous investigations have also explored the effects of temper-

ature on bioproduction (as discussed in Section 2.2.2). While higher temperatures have been associated

with increased production, the temperatures used were often far greater than that observed here.99,130,137

The modest increase in temperature measured in this study is unlikely to be responsible for the enhanced

AgNP production. Therefore, the activity was thought to be due to photocatalytic effects rather than thermal

heating.

As characterised using TEM, the extracellular AgNPs produced under light conditions were found to

be larger than those from dark conditions (16.4 ± 3.3 nm vs 5.4 ± 2.3 nm). This difference in size is

generally understood to result in the differences in λmax observed, with smaller particles typically having

shorter wavelength LSPR peaks.253 There was no noticeable change in the shape of particles produced.

The distribution of particles sizes (Figure 4.4) shows that the nanoparticles produced in the dark were not

only smaller, but also had a narrower distribution and thus were more monodispersed, compared with the

light samples. The cause of this difference remains unclear; however, it may be due to photo-driven growth

of particles in the light samples which may explain the larger sizes observed (further discussed below).

It should be noted that the radius of the particles is a variable in Mie’s solution for Maxwell’s equations,

which describe the optical properties, namely the extinction cross-section, of nanospheres.12 Therefore,

the radius of a nanoparticle can theoretically be mapped to a specific λmax, when all other variables

remain constant. However, do to the complexity and polydispersity of the samples here, other factors such

as changes in the particle coating or subtle morphological changes may also explain the shift in the LSPR

peak position.

4.4.2 Sterile AgNP Production

Interestingly, Shivaji et al.136 reported that AgNP formation only occurred in the presence of fluorescent

light in washed bacteria after 2 h; a similar result was observed in this study in sterile broth. Under dark

conditions, no evidence of AgNP formation was detected. However, when exposed to white light, particles
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were produced that were smaller than those produced in the presence of bacteria, but with a greater size

distribution (Figure 4.4 D). This result supports previous findings which show AgNPs form via a photo-driven

reaction in sterile growth media, and are not formed in the dark.149 The growth medium used in this study

(LB with no added NaCl) consists of 5% yeast extract and 10% tryptone in deionised water. Tryptone is

an amino acid mix comprising of single amino acids and oligopeptides produced from an enzymatic digest

of pancreas. Previously, reports have shown amino acids, namely tyrosine, cystine, histidine, methionine,

and tryptophan, are able to photo-catalyse the reduction from Ag+ to form AgNP. The process was thought

to be driven by the photo-oxidation of the amino acids which acted as reducing agents. Moreover, tyrosine

has been used to produce spherical AgNPs under UV laser and lamp illumination with mean diameters of

9.5 nm and 17 nm, respectively.254 The photo-catalysed reduction of Ag+ by amino acids likely explains the

large amount of production observed here. However, the recovery of these particles was greatly reduced

compared to those prepared in the presence of bacteria.

4.4.3 Harvestability of AgNPs

The colloidal stability of the AgNPs produced in sterile growth media under light conditions was notably

lower than that of particles produced in the presence of bacteria. A 63% reduction was observed in the

intensity of absorbance at λmax following purification by centrifugation (a process applied to all LED light

samples prior to analysis by UV-Vis spectroscopy). While additional work is required to fully understand

why this reduction occurred, it is likely due to the capping agents on the surface of the nanoparticles.

These molecules offer steric and electrostatic resistance to agglomeration.255 Bacterially produced AgNPs

are known to have a protein corona that provides colloidal stability.75,95 Without the presence of bacteria,

AgNPs in sterile growth medium would likely have been coated in media constituents such as amino acids.

While amino acids such as tyrosine and tryptophan have been used as capping agents,256,257 they may

not have been sufficient to maintain the sol through the purification process. Additionally, UV-induced

fragmentation of potential capping agents may further explain why the colloidal stability of these particles

was reduced.18

4.4.4 Light Wavelength Dependence of Phororeduction

Through the use of optical coloured filters, shorter wavelengths of light were found to be favourable for the

enhanced in production. Production increased with higher energies of the incident light; red light showed

very low levels of production while blue showed the highest (scaled absolute absorbance values: blue:

20.10 ± 9.35; green: 12.71 ± 8.60; red: 5.05 ± 1.38), illustrated in Figure 4.7.
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The effects of different wavelengths of incident light in the photoreduction of Ag+ was previously ex-

plored in chemical synthesis using sodium citrate an electron source.258 In support of the findings presented

here, it was observed that longer wavelengths of light did not produce AgNPs. However, blue light was the

most effective visible colour investigated, and UV more so.

These results suggest higher energy (shorter wavelength) light is required for photocatalytic production

to occur. Supporting this, the results here showed UV light produced AgNPs rapidly. UV-powered pho-

toreduction is well documented in chemical AgNP production where UV light generates free radicals from

photoreducing agents which act on the Ag+.18

4.4.5 Possible Mechanism for AgNPs Formation

The formation of AgNPs can take place through two stages as generally understood. First, the reduction

of Ag+ to zerovalent Ag0 atoms which cluster into small seed particles during the nucleation stage. Then,

continued deposition of Ag0 onto the surface of the particles or the coalescence of particles results in a

growth stage.

Photochemical reduction of Ag+ is known to be performed by free radicals which form by the fragmen-

tation of a photo-reducing agent when exposed to light. For example, 2-hydroxy-2-methylpropiophenone

undergoes homolytic C-C bond scission forming radicals which can reduce Ag+ under UV light.18 Addition-

ally, citrate ions can be converted to dicarboxy acetone, which reduce Au+ to form Au nanoparticles.251,259

Here, the formation of superoxides by tryptophan under visible and near-UV through may explain the photo-

driven activity.

In bacteria-containing samples, an NAD(P)H-dependent reductase is thought to be responsible for the

conversion of Ag+ to Ag0 via an electron shuttle cycle (Figure 4.9).62,64 Possibly assisted by the SilE

binding protein,53 the reductase mechanism likely occurs in the periplasmic space.43 The depletion of

NAD(P)H may explain why the total amount of AgNPs produced in dark bacterial samples was greatly

reduced compared to bacteria exposed to white light. This would also suggest that metabolic activity of the

cells had decreased or ceased upon exposure to Ag+.

The growth stage of the reaction may be the result of process driven by localised surface plasmons (co-

herent oscillations of electrons across the nanoparticles). This is because the localised surface plasmons

that form when AgNPs are exposed to visible light can facilitate higher surface chemical activity through

localised heating and the enhancement of local electric fields.260 Electrons and holes are formed as the

plasmons decay via a non-radiative route and enable the transfer of charge to adsorbed molecules on

the surface of the AgNPs.251,260 Through oxidation of surface molecules such as citrate ions, the surface
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charges can lead to the thermal reduction of Ag+ resulting in particle growth. Plasmon-driven growth may

explain why larger particles were observed in samples exposed to light, compared to those kept in the dark

(Figure 4.4 D). Moreover, small Ag nanospheres have a strong characteristic dipole plasmon absorption

band at 400-420 nm,253 which may explain why the results here indicate blue light is favourable as stronger

plasmon excitation can occur.

Figure 4.9: Mechanism for AgNP bioproduction in the absence of light. (1) NAD(P)H nitrate reductase
transfers an electron from NAD(P)H to an electron shuttle. (2) The electron is then transferred to Ag+

which is sequestered by SilE. (3) The Ag0 atoms undergo nucleation to form seed particles.

4.5 Conclusions

It has been demonstrated that the powerful effects light can have on biological AgNP production. Shorter

wavelengths of light are more effective at enhancing the biosynthesis of AgNP in bacteria, however, much of

the production can be attributed to the photoreductive properties of the growth medium. Colloids of AgNP

produced in the presence of bacteria are more stable than those produced in sterile media; bacterially

produced protein likely causes this.

By using LED light, the process has low energy demands making it low-cost and a suitable candidate

for larger scale production. Combined with the use of bacteria to supply the reducing and capping agents,

this technique has great potential for the rapid and green synthesis of AgNPs.
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Chapter 5

A Rapid Green Process for AgNP

Production Through Laser-Assisted

Photoreduction

5.1 Introduction

AgNPs have unique physical and chemical properties which give them great potential in a range of ap-

plications, for example from antimicrobials to catalysts.165,202 However, current commonly-used physical

and chemical production methods are challenged by a tendency for particles to aggregate, difficulties with

scale-up, and the use of hazardous chemicals often under harsh reaction conditions.7,42

Biological synthesis routes have been proposed as alternatives to overcome these hurdles.7 Despite

the fact that the current understanding of the mechanisms in these reactions remains poor, and production

is considerably slower than chemical or physical methods, the biological approaches are attractive for a

more environmentally friendly production route and superior colloidal and particle stability.

Bacteria are often used in the biosynthesis of AgNPs due to their ease of handling, scalability, and

cost-effectiveness.261 However, the major challenge with bacterial AgNP production is the slow production

rate, typically on the scale of 24 h.6 Therefore, more rapid production processes are required to compete

with chemical syntheses on a commercially viable scale. Research has been presented to increase the

rate and efficiency of AgNP production assisted by heating, gamma or microwave radiation, or the use of

visible light.65,78,92,110 Among these approaches, visible light exposure has demonstrated to be the most

promising method due to benefits including the potential for lower costs with reduced energy demands, the
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removal of need for expensive specialised equipment, low health risks, and high diversity and control of

light sources.

Cell-free extract (CFE) of Bacillus amyloliquefaciens has been shown to enhance AgNP production

when exposed to solar radiation.152 Additionally, the ability of Klebsiella pneumoniae to produce Ag nanospheres

was enhanced by increasing intensities of light from a halogen source.74 In Chapter 4, it was demonstrated

the effects of the wavelengths of light on AgNP production in M. psychrotolerans; shorter wavelengths of

LED light and UV lamps were able to enhance the bioproduction. Building on this, this work further inves-

tigates the application of laser radiation to the AgNP production process by using selected wavelengths of

650 nm, 532 nm, and 405 nm lasers and at different output powers (5 mW to 60 mW).

5.2 Methods

5.2.1 Synthesis of AgNPs

Stationarity phase cultures (OD600 = 2.2-2.4) of M. psychrotolerans were prepared in LB broth with no

added NaCl. Cell-free extract (CFE) was prepared by centrifugation of cultures at 3,000 x g for 15 min and

filter sterilisation (0.22 µm pore diameter) of the supernatant. AgNO3 was added to samples immediately

prior to exposure to the laser with a final concentration of 9 mM used throughout. Reactions were in 2 mL

volumes in cuvettes with magnetic bead mixing, unless otherwise stated. Sterile LB with no added NaCl

was used as a control.

5.2.2 Laser Source

Low-cost laser diodes (<5 mW) with wavelengths of 405 nm, 532 nm, and 650 nm were used to initially

determine the most suitable wavelength for AgNP production. A 405 nm Cobolt 06-01 laser source was

then used with a maximum output power of 60 mW. The light from this laser delivered to the sample via a

fibre optic held above the sample. The height of the outlet was adjusted so that the beam diffused to cover

the entire bottom surface of the sample container. Additional experiments were performed with a low-cost

405 nm laser diode with an output power of 50 mW. All testing performed with the 60 mW 405 nm laser

was done in collaboration with Peijun He (Optoelectronics Research Centre, University of Southampton).

For experiments conducted in a 4 mL cuvette and a maximum power (60 mW), the area of the laser

spot at the air-liquid interface was approximately 0.3 cm2, giving a calculated irradiance of approximately

195.4 W cm−2. When using a 5 mW laser, the irradiance was calculated to be 16.3 W cm−2 under the

same experimental setup; details are shown in Appendix C.
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5.2.3 Characterisation of AgNPs

UV-Vis spectroscopy was performed using a Lambda 35 spectrometer (PerkinElmer), as described in Sec-

tion 3.2.3. Real-time UV-Vis-NIR spectroscopy was performed using an Avantes Starline fibre optic spec-

trometer (AvaSpec-ULS2048L) between 350 nm and 850 nm. A schematic of the setup used for real-time

spectroscopy is shown in Figure 5.1. All spectroscopy was performed with a 1 cm path length.

TEM was performed using the method described in Section 3.2.3. Size analysis of particles was per-

formed on TEM images using the method described in Section 4.2.5.

Figure 5.1: Setup for real-time UV-Vis-NIR spectroscopy of samples irradiated with a laser. Reactions
were performed in a 4 mL cuvette and irradiated from above by the laser. Spectroscopy was performed via
fibre optics mounted to the cuvette holder. A thermocouple probe was submerged in the solution to monitor
temperature changes during reactions. The solution was mixed by a magnetic bead mixer. The bead was
below the spectroscopy light path.

5.2.4 Temperature Monitoring

A VarioCAM high resolution thermal camera (Jenoptik, Germany) was used to detect temperature changes

at the surface of samples when exposed to the laser. A submerged thermocouple was used to measure

the solution temperature below the surface. When a thermocouple was used, experiments were performed

with mixing from a magnetic mixer in 3 mL volumes. Samples were illuminated from above by a 50 mW
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405 nm laser; a diagram of the setup can be seen in Figure 5.1.

5.2.5 Cell Viability

To investigate whether cells were culturable after AgNP production, samples were illuminated with a 405

nm laser in the presence of 9 mM AgNO3 for 2 min. Cell were immediately centrifuged at 5,000 x g for 5 min

and the supernatant discarded. Cells were resuspended in a thiol-neutralising solution (1.46 g L−1 sodium

thiosulphate, 1.0 g L−1 sodium thioglycolate) and incubated at room temperature for 10 min.262 Cells were

then pelleted again before being resuspended in phosphate-buffered saline (PBS; Oxoid, ThermoScientific,

USA). Colony-forming unit (CFU) counts were prepared via serial dilutions in PBS and plated on LB agar

(no added NaCl). Colonies were counted after 4 days incubation at 22◦C and compared to CFU counts of

cultures not exposed to AgNO3 or laser light.

5.3 Results

5.3.1 Influence of Laser Wavelength on AgNP production

To determine the optimal wavelength for AgNP production, three laser sources (5 mW) at wavelengths of

405 nm, 532 nm, and 650 nm, were used to illuminate solutions of whole-cell culture, CFE, and sterile LB

growth medium with AgNO3 for 2 min. AgNP production was seen in cell cultures of M. psychrotolerans

exposed to the 405 nm laser as indicated by a change in the colour of the solution from pale yellow to

dark red/brown. This was confirmed spectroscopically by a strong absorption peak at 438 nm, which

corresponds to the LSPR peak of Ag nanospheres.12 LSPR peaks at 437 nm and 452 nm (Figure 5.2)

were also visible in the UV-Vis spectra of CFE and growth medium samples, respectively, when exposed

to a 405 nm (blue) laser. Slight shoulders at 400 nm - 450 nm were observed in cell cultures and CFE

exposure to a 532 nm (green) laser, indicating AgNP production may have occurred, but to a far lesser

extent than that of the 405 nm laser (Table 5.1). There was no visible or spectroscopic evidence for AgNP

production when a 650 nm (red) laser was used. Therefore, all further experiments were conducted by

using the 405 nm laser.

To investigate the effects of the output power of laser on production, M. psychrotolerans cultures were

exposed to 5 mW, 10 mW, 30 mW, and 60 mW output powers of a 405 nm laser for 10 s. As shown in Figure

5.3, higher output powers were associated with increased production, determined by higher intensity LSPR

absorbance bands.
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Figure 5.2: UV-Vis spectra of AgNPs produced by 405 nm (blue), 532 nm (green), and 650 nm (red) lasers
in (A) whole-cell culture, (B) cell free extract, and (C) sterile growth medium.
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Table 5.1: Absolute absorbance at 450 nm of AgNPs produced by lasers with different wavelengths

Laser Whole Cell Culture Cell Free Extract Sterile Growth Medium

405 nm (Blue) 0.72 ± 0.01 0.72 ± 0.05 0.41 ± 0.05
532 nm (Green) 0.26 ± 0.03 0.21 ± 0.01 0.09 ± 0.00
650 nm (Red) 0.15 ± 0.01 0.15 ± 0.00 0.09 ± 0.00

Figure 5.3: UV-Vis spectra of AgNPs produced during irradiation for 10 s with a 405 nm laser with varied
output powers. Insert: Absorbance intensity of LSPR peaks at 440 nm, and position of LSPR peaks (λmax).
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5.3.2 Real-time Monitoring of AgNP Production

AgNP production was examined using real-time in situ UV-Vis-NIR spectroscopy. Figure 5.4 A shows three

typical spectra at t = 0 min, 1 min and 5 min. The LSPR peak at 420 ± 1 nm was observed within the first

10 seconds of exposure to the laser and continued to grow over time before plateauing after approximately

2 min (Figure 5.4 A & B). It was also noticed that the position of the peak (Figure 5.4 C) drifted to 478 ±

1 nm over the first 2.5 min with a shoulder being present within the LSPR peak at approximately 420 nm

– 430 nm. A heatmap of the spectral data is depicted in Figure 5.4 D showing the formation of the LSPR

peak with no other spectra features developing with continued laser light illumination.

Figure 5.4: Real-time UV-Vis spectroscopy of AgNPs produced during irradiation with a 405 nm laser.
(A) UV-Vis-NIR spectra of AgNPs at 0 min, 1 min and 5 min. (B) Maximum Abs intensity over 5 min of
illumination. (C) Position of LSPR peak (λmax) over 5 min of illumination. (D) Heatmap of absorption
intensity over 5 min.
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5.3.3 Nanoparticle Morphologies

TEM examination revealed that AgNPs produced were quasi-spherical in morphology with mean sizes of

6.12 ± 3.44 nm, 9.49 ± 4.36 nm, and 16.15 ± 6.17 nm, in the three sample types of whole cell culture,

CFE, and growth medium, respectively (Figure 5.5). The distributions of particle sizes are shown in Figure

5.5 D. When cells were present during the synthesis, the AgNPs were more monodispersed than CFE and

growth media, as represented by a narrower distribution. The distribution of sizes in CFE and LB growth

media samples were notably more dispersed suggesting a less uniform product.

Figure 5.5: TEM images of AgNP produced with 405 nm laser irradiation in whole-cell culture (A), CFE (B),
and sterile LB growth medium (C), as well as the distribution of particles sizes (D). Scale bars represent
50 nm in all images.

5.3.4 Thermal Heating

To determine whether the influence of the laser on AgNP production was due to photo or thermal effects,

the temperature of the solutions was measured by using thermography and thermocouples.

Thermal imaging revealed an increased temperature on the surface of the solution at the laser spot.
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Figure 5.6: Thermal images of AgNP production in a 200 µL sample irradiated with a 60 mW 405 nm laser
at t = 0 (A) and t = 5 min (B). Temperature change in 3 mL samples irradiated with a 50 mW 405 nm laser
over 10 min with corresponding AgNP production determined by in situ real-time absorption measurements
at 450 nm in CFE (C) and sterile LB growth media (D).

Before exposure to the laser (Figure 5.6), a 200 µL sample of M. psychrotolerans culture and AgNO3

was at ambient temperature (indicated by a consistent blue colour in the image). However, after 5 min

of illumination with a 60 mW 405 nm laser, the reaction well appears red and yellow in colour, indicating

an increase in temperature of approximately 9◦C relative to the surroundings (Figure 5.6 B). However,

when the temperature of larger reaction volumes (3 mL vs 200 µL) with mixing were examined, the rise

in temperature was greatly reduced regardless of whether CFE or sterile medium was used (Figure 5.6 C

& D). The temperature of the solutions increased by 0.7 ± 0.1◦C and 1.1 ± 0.1◦C for CFE and medium,

respectively.

AgNP production was simultaneously monitored by in situ UV-Vis-NIR spectroscopy and rapid formation

was observed without a notable increase in temperature. Additionally, samples were incubated at 24◦C

(room temperature) and 37◦C in the dark to simulate the extremes of this thermal heating. After 10 min, no

AgNP production was detectable spectroscopically in these samples (Appendix C.2).
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5.3.5 AgNP Production by Growth Media Components

The components of the LB growth medium without the presence of bacterial cells were also investigated

to gain an understanding of the AgNP-producing activity observed. As shown in Figure 5.7, while yeast

extract was capable of forming AgNPs, it was clear that tryptone was the dominant source of the activity.

The UV-Vis spectra of all samples share similar shapes and peak positions indicating that the products

formed had similar morphologies, regardless of the component used.

Figure 5.7: UV-Vis spectra of AgNPs produced by tryptone and yeast extract with 405 nm laser illumination.

5.3.6 AgNP Stability

The colloidal stability of samples was quantified by calculating the ratio of precipitation (Rp) with Equation

5.1, where I0 is the initial concentration of AgNPs and Ic is the concentration following centrifugation

(10,000 x g for 5 min).263 UV-Vis spectra were obtained before and after centrifugation and absorbance

intensities at 430 nm were used as proxies for the concentrations of AgNPs.

Rp =
(I0 − IC)

I0
(Eq. 5.1)
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The Rp of AgNPs produced in the presence of CFE was 0.07, half that of AgNPs prepared in sterile LB

medium where Rp = 0.14. No spectral changes other than peak intensity were observed (Appendix C.3),

indicating CFE-derived AgNPs were more colloidally stable and less prone to precipitation.

When observed over 150 days stored at room temperature in the dark, all samples remained stable with

little change in UV-Vis spectra (Figure 5.8). The LSPR peaks in all samples undergo a slight bathochromic

shift, however the samples prepared in sterile growth media change the most, as shown in Figure 5.8 D.

All samples had similar peak positions and shapes by day 150.

5.3.7 Cell Viability

Cell viability was assessed in both liquid and solid phase cultures (Figure 5.9). Ag-neutralised washed

cells were cultured in LB (with NaCl) for 4 days. Growth, shown as an increase in turbidity (OD600), was

observed. Colony forming unit counts were performed before and after exposure to Ag+. The average

viable cell count decreased from 8.0 x 108± 9.8 x 107 CFU mL−1 to 4.8 x 108± 3.5 x 107 CFU mL−1.

5.4 Discussion

The ability to produce stable AgNPs rapidly is a critical step in reaching their full potential in a myriad of

applications. Previous findings have shown the production-enhancing effects of visible and UV light in a

bacterial environment.88,136,152 It was previously demonstrated that blue and UV light appeared responsi-

ble for the observed increase in production (Section 4.4.4). In the present study, further support of this is

given with observations that AgNPs formed when M. psychrotolerans cultures were exposed to blue (405

nm) laser light while little and no production was observed under green (532 nm) or red (650 nm) lasers,

respectively; the same pattern was observed in CFE and sterile growth medium. The position and shape

of the LSPR peaks in the three samples indicated the products had similar morphologies and sizes. Ad-

ditionally, production was seen to increase with an increase in the light source intensity, being in line with

previous findings.152

The rate of production, as measured by the intensity of the UV-Vis spectroscopy peak, showed rapid

production within 10 seconds of exposure to the laser (Figure 5.4). This production continued before

beginning to plateau after approximately 2 min. This rapid synthesis is much faster than those typically

described in biological systems which often range from hours to days.57,72 However, due to the formation

of AgNPs in sterile medium, it is likely that much of the increase in production is due to a photo-chemical

process, rather than biological.
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Figure 5.8: UV-Vis spectra of AgNPs produced under 405 nm laser taken over 150 days from cell culture
(A), CFE (B), and sterile LB growth medium (C). LSPR peak positions over the 150 days (D).
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Figure 5.9: Cell viability of cultures before and after exposure to AgNO3 and 405 nm laser light for 2 min
determined by colony forming unit counts.

The intensity of the LSPR peak plateaus after 3 min of irradiation. It is presumed this is due to reagent

depletion. As the Ag+ is reduced, the likelihood of reactions decreases and production of AgNPs slows. To

test this, additional AgNO3 could be supplemented to the solution after the plateau has formed. If the rate

increases, it would suggest Ag+ is the limiting reagent. Alternatively, saturation of the spectrometer may

be observed as a plateauing of peak height.158 The Beer-lambert law states that absorbance is linearly

correlated with the concentration of an analyte. However, this linear relationship is limited and deteriorate

at high concentrations due to saturation of the spectrometer. Dilution of the sample at the end of the

reaction and comparing the scaled absorbance value comparing to the reported value here would help to

understand this.

5.4.1 AgNP Characterisation

The AgNPs produced with a 405 nm laser had an LSPR peak at 438 nm, suggesting the presence of Ag

nanospheres.12 Indeed, TEM imaging confirmed this with spherical and quasi-spherical particles visualised

with mean diameters of 6.12 ± 3.44 nm and 9.49 ± 4.36 nm for whole cell culture and CFE, respectively.

The smaller particles produced in the cell-culture sample may be due to the greater abundance of cellular

material, such as proteins and lipid membranes. These are known to form corona stabilising the particles,

but which may also prevent particle growth.

In previous reports, M. psychrotolerans has been shown to produce Ag nanospheres and nanoprisms

under dark conditions with diameters of 70 nm – 100 nm (when grown at 4◦C) and 46 nm (when grown

at 20◦C).51,57 This is much larger than observed here, and indeed the AgNPs previously obtained under
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LED light exposure with M. psychrotolerans which had a mean diameter of 16.8 nm and 5.7 nm in the dark

(Chapter 4).

Real-time spectroscopy allowed the production process to be investigated. The characteristic spectral

peak between 400 nm – 450 nm formed rapidly after the sample was exposed to the light source, indicating

Ag nanosphere synthesis.12 The peak intensity continued to increase with no observable additional spectral

features, indicating the sustained production of AgNPs with similar geometries. The position of the LSPR

peak did, however, undergo a bathochromic shift from 420 nm to 487 nm over 2.5 min of illumination

suggesting the formation of larger spherical AgNPs.12

The formation of larger particles can occur through two main process. First, by Ostwald ripening,

whereby smaller particles re-dissolve due to their higher surface energies and the ions reduced and de-

posited on the surface of larger particles, facilitating their growth. Second, the merging of smaller particles

through coalescence can occur. Through the use of in situ time resolved small-angle X-ray scattering, the

photo-reduction of Ag+ in a chemical setting was monitored and shown to proceed through both Ostwald

ripening and then particle coalescence. In the present study, particles produced in sterile growth medium

were measured to be the largest particles, whereas those produced with cells present were the smallest.

While amino acids have been used as capping agents to stabilise AgNPs,256,257 the presence of larger

biomolecules such as proteins, known to form a stabilising coating on the particles, may have impeded the

growth process in whole-cell culture samples resulting in smaller particles with a narrower size distribution.

Such coatings may also affect the photostability of the particles during the process as the exposure to

light has been used to convert spherical seed particles into different morphologies.16 There is no direct

evidence to support this in the findings of this work over the time-frame investigated, as shown by the lack

of additional spectral features observed (Figure 5.4), though longer exposures are typically required.

The growth medium, with no cells or CFE, produced AgNPs when exposed to the 405 nm laser. This

activity has been observed in a previous study and in Chapter 4.149 and is likely due to the presence of

amino acids which can act as photo-reducing agents, possibly via the formation of free radicals through

molecular fragmentation. The use of a sterile reducing solution is an attractive idea as it removes the need

to maintain and culture organisms and minimises downstream processing. However, as is evident in Figure

5.8 and the calculated ratios of precipitation, AgNPs produced in the absence of bacterial components

appeared less stable. The stability of bacterially produced AgNPs is conveyed by a protein corona which

reduces aggregation of the particles through electrostatic or steric repulsion. It was this coating that likely

increased the stability of bacterially produced AgNPs in the present study.

The hypsochromic shift in the LSPR peaks observed over 150 days could be explained by the particles
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getting smaller. This may be due to oxidation of the Ag back into solution. TEM imaging at time points

throughout the experiment would be a valuable addition to explore this further. Alternatively, the protein-

coat affects the LSPR frequency as it alters dielectric conditions at the surface of the particle leading to a

red-shift in LSPR peak position. The deterioration of the coating over time may explain the observed shift.

Interrogating the coating with spectroscopic techniques, such as Raman or FTIR spectroscopy, over the

same time course may confirm this.

5.4.2 Cell Viability

It is widely accepted that Ag+ is toxic to bacteria through disruption of the cell membrane and binding with

nucleic acids and proteins.45–48 However, a paucity of literature exists on the viability of bacteria following

AgNP production. It is important, for a better understanding of the mechanisms involved and industrial

considerations, to know whether bacteria are viable during and after process. A modest reduction was

observed in culturable cells following 2 min laser exposure with AgNO3. Further investigation is therefore

required into the importance of cell viability on the production process, especially with regards to depen-

dence of time on culturability, but it is clear due consideration must be shown when using bacteria as a

production route.

5.4.3 Photocatalytic Activity

To ascertain whether the enhancements in AgNP production observed were photocatalytic or the result of

thermal heating from the laser light, thermography was used to imaging the temperature variation in the

samples exposed to a 405 nm laser. As can be seen in Figure 5.6, while small samples experienced surface

heating, larger volume with mixing saw only very modest temperature increases with laser exposure over

10 min. Further to this, samples were heated in the dark to 37◦C and the AgNP production assessed

(Appendix C.2). No production was visually or spectroscopically evident following the 10 min incubation.

While heating, especially over long exposures, may have an impact on production,108 over the time frames

investigated here, it would appear the increases in production are the result of photocatalytic processes,

rather than thermal heating. Nevertheless, heating should be a consideration in future studies and larger

scale applications of this technique. Alternative laser sources, such as pulsed or modulated laser, may

also be interesting to consider for reducing thermal heating of the solutions.
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5.4.4 Mechanism of AgNP Production

Bacteria are thought to produce AgNPs as through a resistance mechanism to the toxicity of Ag+.9 By

reducing the ions to a metallic form, the stress can be detoxified. However, the exact biochemical mech-

anism of this process still remains poorly understood. These processes typically occur on timescales far

longer than the experiments observed here.57,76 Combined with the ability of sterile growth medium to pro-

duce AgNP, it would appear that the activity observed here is a different mechanism than that used by the

bacteria in the dark.

The photochemical synthesis remains to be examined in detail in a biological setting, however, it is

understood in chemical environments. The photo-induced fragmentation of molecules such as amino acids

generates electron donors which in turn reduce the Ag+ ions.18 Previous reports have demonstrated the

Ag+-reducing activity of amino acids including tryptophan and tyrosine.257 Moreover, bacterial extracellular

polysaccharide exposed has been shown to produce AgNPs on exposure to light.113 This mechanism

also explains why AgNPs were formed in sterile growth medium with no enzymatic machinery present.

When the constituent parts of LB were investigated, it was clear that tryptone contributes the most to this

activity (Figure 5.7). Tryptone is an amino acid mix containing monomeric and oligomeric digest products

of peptides. A mechanism is proposed here for the formation of AgNPs through this method is shown in

Figure 5.10.

Figure 5.10: Proposed mechanism for AgNP synthesis from the photo-oxidation of amino acids. (1) Amino
acid side chains, tyrosine is used in this example, are photo-oxidised by the laser light forming a radical
and releasing a proton and electron. (2) Ag+ is then reduced by the liberated electron to a zero-valent
atom. (3) Seed particles are formed as the Ag0 undergo nucleation.

Once small AgNPs have formed, a second step of LSPR-driven reduction can occur. The formation

of electron-hole pairs on the surface of the particles as the light-driven plasmons decay drives REDOX

reactions which facilitate the continued reduction of Ag+ and the growth of the particles.251,260 For the
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LSPR-driven process to occur, AgNP must be present and must have LSPR bands within the bandwidth

of the incident light. In this case, a 405 nm laser is well placed to excite the plasmons of Ag nanospheres,

known to exhibit strong LSRP absorption peaks at 400 – 450 nm, depending on size.12

5.5 Conclusions

Stable AgNPs were produced with a 405 nm laser in a rapid photocatalysed production method. The

particles were spherical or quasi-spherical in shape with sizes dependent in production conditions and that

are stabilised by a bacterially-derived coating. While the exact mechanism remains to be fully elucidated,

the process appears photocatalytic rather than the result of thermal heating. The photo-reducing abilities

of amino acids likely contribute to the production process. This green and rapid method has the potential

to be scaled up and used for producing AgNPs for a range of applications.
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Chapter 6

Photo-Assisted Biosynthesis of AgNPs

Using Cell Free Extract in Flow

Reactors

6.1 Introduction

The enhancing effects of light on AgNP production have been demonstrated in Chapters 4 & 5. It is clear

that light exposure during the synthesis process results in considerably increased yields and faster rates

of production. However, it is also expected that improved control over the mixing of reagents and thermal

heating will likely lead to a higher quality product and further optimisation of production rates and yields. To

achieve this, the technique of light driven production was translated from batch synthesis to flow synthesis.

There are many types of flow reactors, but all follow a similar basic concept and an outline of a basic

flow reactor’s components is shown in Figure 6.1.177,178 In general, reagents, typically in a liquid phase

(although gas phase can be used) are pumped into a reaction channel via a mixing system, often simple

"T" or "Y"-mixers.177 As flow reactors are usually operated at a steady state, the flow rate of the reagents

into the reactor is constant. Once in the main reactor channel, stimuli in the form of heat or light can be

applied. The product is then collected at the end of the reactor. Additional steps including quenching of

reactions, in-line analysis, and purification, can be added to improve the performance of reactors.178

Flow reactors offer a number of advantages over batch reactions, especially when producing nanoma-

terials.264–266 However, the more complex designs and parameters often require considerable optimisation

to reach a viably operating configuration.
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Figure 6.1: General components of a Flow reactor. Based on a figure published by Plutschack et al.178

A fully optimised flow reactor will generate the most product possible at the highest possible flow rate.

To do this, the reaction parameters can be adjusted to allow a reaction to reach completion before the

end of the reactor. In batch systems, the stoichiometry of the reagents is determined by the initial con-

centrations added to the reaction vessel. However, in a flow system the ratio in which the reagents are

introduced can also be varied as the flow rate ratio (FRR). Highly controllable stoichiometry is advanta-

geous in nanoparticle production as it can be used to control particle growth.181,182,267

Beyond the simple addition on differing amounts of reagents, flow reactors can be designed to give

great flow control and induce rapid mixing or to impede the mixing of reagents.179,268 Through the use of

active micro-mixers and passive channel geometry designs, such as serpentine structures, mixing can be

fast and consistent.268

Flow reactors also offer the ability to reduce the impact of thermal heating from light sources used in

photocatalysed reactions. In Chapter 5, it was shown that laser induced heating occurred in the reaction

solutions when preparing AgNPs. While increased temperatures are known to increase production rates

in biological systems and so is not necessarily a negative impact,123 the lack of control presents a possible

variable to remove in order to gain more control, and thus a more uniform product. By continuously flowing

the reagents past or through a laser beam, the heat generated is prevented from building up at the reaction

site, but rather is transported away and dissipated. Moreover, the scale of micro-fluidic and meso-fluidic

reactors allows for very high heat transfer giving high degrees of temperature control and consistent heating

when required.269

Perhaps one of the most attractive reasons to use flow synthesis over batch processes is the potential

for increasing the scale of production. Either through increasing the reactor size (scaling up) or by running

multiple reactors in parallel (scaling out), many industrial processes prefer flow systems over batch for

increasing output.270 Flow synthesis opens up more opportunities for the use of light in chemical synthe-

ses.270,271 In batch, the penetration of the light into the reagents can be challenging, whereas in flow, the
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penetration depth can be minimised through the use of narrower tubing or vessel, improving photocatalytic

performance.

In this chapter, the development of a flow reactor for the photo-enhanced bioproduction of AgNPs is

presented. The design process is explored and the testing and improvements of each design iteration is

shown.

6.2 Methods

6.2.1 Organism and Reagents

M. psychrotolerans was grown in 100 mL LB (no added NaCl) for 4 days in a 300 mL Erlenmeyer flask

at 22◦C and 120 RPM orbital shaking. CFE of M. psychrotolerans cultures was prepared by 3,000 x g

centrifugation for 20 min and filtration through a 0.22 µm filter. AgNO3 was purchased from Fisher Scientific

(UK), and reservoir solutions prepared at 20 mM in diH2O.

6.2.2 Design and Manufacturing of Flow Reactors

Design and Manufacturing of Flow Reactors

The designs of the reactors used in this project were conceptualised in collaboration with D. A. Cristaldi,

P. He, and X. Zhang. The detailed final design and manufacturing of the chip-based devices (Reactors 1

- 4) used in this work were solely performed by D. A. Cristaldi.272 The coil-based reactor (Reactor 5) was

designed and manufactured by T. M. Mabey.

Briefly, a computer aided design (CAD) model of the negative mould was generated and then printed

by high-resolution stereolithography 3D printing. Polydimethylsiloxane (PDMS) was added to the printed

mould and cured. Separately, a PDMS sheet was prepared to form the base of the reactor. After being

released from the moulds, the two pieces of PDMS were bonded using coronal plasma bonding to form the

finished reactor. Inlet and outlet holes were then punched into the finished device.

When fibre optics were integrated into the devices, the fibre was added to supports in the mould and

aligned with the reaction channel prior to the PDMS pour. Alternatively, when fibres were added after

the PDMS was cured, a small hole was made in the device using a hypodermic needle with an external

diameter smaller than that of the fibre being used. The elastic nature of the PDMS was sufficient to seal

the hole with the fibre inserted without the need for a sealant.
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Light Sources

Depending on the reactor design and mode of operation, either a 60 mW 405 nm laser was used to

illuminate samples (the same as used in Chapter 5) or low-cost UV lamps containing 4 x 9 W bulbs with

emission maxima of 365 nm were used (the same as in Chapter 4). Laser light was supplied via a fibre

optic and was delivered into the reactors differently depending on each design.

6.2.3 Setup and Operation of Flow Reactor

The PDMS-based flow reactors were tested in collaboration with D. A. Cristaldi with assistance from P. He.

The coil reactor was tested by T. M. Mabey following technical advice from D. A. Cristaldi.

Syringe pumps (World Precision Instruments; Aladdin 1010) were used to supply M. psychrotolerans

CFE and AgNO3 via two polytetrafluoroethylene (PTFE) inlet lines (1.6 mm outer diameter (OD), 0.6 mm

inner diameter (ID)). The tubing was joined to devices through direct push fit into the PDMS. The elastic

properties of PDMS resulted in good seals forming with no need for additional integrated fittings or con-

nectors. The seals were sufficient for the flow rates and pressures used throughout with no evidence of

leaking observed. An outlet line of PTFE tubing was affixed to the reactor in the same way and used for

sample collection. The reactors were operated in a flat orientation with the inlets and outlet in the same

plane, unless otherwise stated. A general schematic of the reactor setup is shown in Figure 6.2.

Figure 6.2: General schematic of a flow reactor setup. CFE and AgNO3 is supplied by syringe pumps to
the reactor via separate inlet lines. The reagents mix in the reactor and exit via an outlet. Blue arrows
indicate direction of flow.

Total Flow Rate and Flow Rate Ratio

Two main flow properties were investigated when operating the reactors: total flow rate (TFR) and flow rate

ratio (FRR). The total flow rate (Q; mL min−1) was calculated as the sum of the inlet flow rates of the CFE
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and AgNO3. The flow rate of each inlet was set using calibrated syringe pumps.

Q = QCFE +QAgNO3
(Eq. 6.1)

The ratio of QCFE to QAgNO3
was referred to as the FRR and adjusted to investigate the stoichiometry

of AgNP production.

Residence Time

The residence time (tr; s) of reactors was calculated for each reactor where V (mL) is the volume of the

reactor where reagents are exposed to the light source (reaction channel).

tr =
V

Q
(Eq. 6.2)

6.2.4 Characterisation of AgNPs

UV-Vis spectroscopy was performed using an Avantes Starline fibre optic spectrometer (AvaSpec-ULS2048L)

and a PerkinElmer Lambda 35 UV-Vis spectrometer, as described in Sections 5.2.3 & 3.2.3. TEM was per-

formed using the method described in Section 3.2.3. Image analysis of TEM samples was performed using

ImageJ, as described in Section 4.2.5.

In-line UV-Vis Spectroscopy

To monitor the output of the reactors in real-time, in situ monitoring was provided by in-line UV-Vis spec-

troscopy. A quartz flow-through cuvette with an optical path length of 1 mm was installed at the outlet

of the reactor with all of the reactor output passing through the cuvette. The Avantes Starline fibre optic

spectrometer was then used to perform continuous real-time spectroscopy when the reactor was operating.

6.3 Results and Discussion

Rapid laser-enhanced AgNP production in M. psychrotolerans cultures and CFE was achieved in Chapter

5. However, a major limitation of the method was the tendency for the AgNPs to form near the surface of

the solution, at the laser spot, and absorb the 405 nm light with great efficiency. This resulted in very little
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light penetrating in the to the rest of the solution. Mixing, with a magnetic mixing bead, ameliorated this

by homogenising the solution and allowing unreacted reagents to be exposed to the laser. However, this

process took time and meant the particles were not exposure to a uniform amount of light; this would have

been exacerbated if the process was scaled up.

Flow systems offer benefits, such as rapid mixing and greater stoichiometric control, which were hoped

would aid in the further enhancement of the synthesis process and advancement towards large scale

production.

Low-cost and easily manufactured PDMS-PDMS bonded reactors allowed for multiple designs to be

tested. Here, a series of flow reactors were developed throughout the design process (Table 6.1). Each

reactor employed different design ideas to optimise the production of AgNPs. A summary of the achieve-

ments and limitations of each reactor is presented in Table 6.2 on page 140.
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6.3.1 Reactor 1

The first flow reactor designed, a schematic of which is shown in Figure 6.3 A, utilised a serpentine channel

to mix CFE and AgNO3 supplied from syringe pumps via two inlets. The mixed solution then entered the

main reaction channel and immediately passed into the beam of a 405 nm laser which was aligned along

the channel (Figure 6.3 B). The laser, supplied by a fibre optic, was flush mounted against the external

wall of the device (5mm thick PDMS) with a flange adapter. Before introducing the reagents, the laser was

aligned visually to maximise the amount of the beam in the reaction channel. The channel dimensions, as

shown in Figure 6.4 were 1 mm x 1 mm in the serpentine mixing channel and 3 mm x 3 mm in the main

reaction channel.

The principle design criterion of Reactor 1 was to flow the reagents past, and the newly formed AgNPs

away from, the laser source to allow continual production. This was achieved by introducing the freshly

mixed reagents into the reaction channel directly in front of the laser beam; the newly formed product was

then displaced along the reaction channel towards the outlet. Having the laser aligned along the reaction

channel meant that any light not initially involved in a reaction or absorbed by AgNPs was more likely to be

utilised by reagents in the channel.

The reaction channel in front of the laser had a cross-section of 3 mm x 3 mm. This was larger than the

1 mm x 1 mm dimensions of the serpentine mixing channel. The larger cross-section was used to maximise

the amount of light in the channel. From the source, the laser was constrained by a 1.06 mm glass fibre

optic until it reached the mounted adapter. Here, the light then began to diffuse in a cone shape. The light

was then diffracted and scattered as it passed through the PDMS wall of the reactor. Consequently, the

beam entering the channel was larger than that immediately exiting the fibre optic. The larger channel size,

therefore, allowed for this larger beam and increased the amount of usable light.

Reactor 1 was tested with a 60 mW 405 nm laser aligned with the reaction channel. Upon exposure to

the laser light, the reaction mixture in the channel turned brown, indicating AgNPs were being produced,

this was supported by UV-Vis spectra of samples collected at the reactor outlet (Figure 6.5). Strong ab-

sorption peaks in the region of 450 nm were observed in the spectra which indicated the presence of Ag

nanospheres.12 The change from pale yellow of the growth medium to brown of the nanoparticles only oc-

curred when the laser was on and did not occur in the serpentine mixing channel or reagent inlet lines; this

colour change can be seen in Figures 6.3 B and 6.5. This colour-change was maintained as the reactor

was operated demonstrating continuous flow production was achieved. The intensities of the LSPR peaks

indicated higher production was observed at the lowest TFR (Figure 6.5 A & B), which is to be expected

due to the longer tr experienced at lower flow rates. However, with time, the intensity of the LSPR peaks
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Figure 6.3: Schematic (A) and photograph (B) of Reactor 1 design. Two inlets supplied AgNO3 and CFE.
Mixing was increased through a serpentine section before the solutions entered the main reaction channel.
A laser is aligned down the length of the main channel. Sample collection occurred via the outlet at the
end of the main channel.
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Figure 6.4: Reactor 1 channel cross sections. The mixing channel had a square cross section of 1 mm x
1mm and a length of 180 mm (A). The reaction channel had a larger square cross section of 3 mm x 3 mm
and a length of 80 mm (B).

in samples collected decreased indicating lower concentrations of AgNPs were being produced.

It was observed that at the junction between the mixing channel and the reaction channel, immediately

in front of the laser, gas bubbles had become trapped (Figure 6.6 C). Dislodging these bubbles proved

challenging and neither adjustments to the TFR or massaging the reactor were effective in their removal.

These bubbles were thought to have been introduced during the preparation and setup of the reactor, rather

than generated by the reagents. Moreover, when the reaction was stopped and the reactor flushed with

diH2O, considerable discolouration of the normally clear PDMS device was observed (Figure 6.6 A & B). A

brown residue was seen in the reaction channel.

The discolouration in the channel appeared to be most sever nearest the beginning of the reaction

channel where the laser light was introduced. At this location, the intensity of light was the greatest and the

concentrations of the reagents was highest. No similar staining was observed when previously prepared

AgNPs were put in contact with PDMS. This suggests the particles are more susceptible to becoming

associated with the PDMS surface during the synthesis process. The exact explanation for this remains to

be fully understood. However, it may be due to either the roughness of the PDMS surface.272 If unreacted

Ag+ ions became located in imperfections, such as crevasses, in the PDMS surface before being reduced

and undergoing nucleation, the crystals may have grown too large to be easily removed from the PDMS

simply by the flow of liquid (visualised in Figure 6.7). Further investigation, for example by scanning electron

microscopy, is required to understand this observation. Another factor which may contribute to the coating

of the channels is the electrostatic interactions of the nanoparticles and the channel walls. During the

synthesis of Au nanoparticles, similar fouling was reported by Huang on PTFE tubing.273 The mechanism
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Figure 6.5: (A) UV-Vis spectra of AgNPs produced in Reactor 1 under different TFRs. (B) Photograph of
crude AgNP samples from Reactor 1 produced at 1.0 mL min−1 (1), 0.5 mL min−1 (2), 0.1 mL min−1 (3),
and unreacted CFE and AgNO3 used as a reference (4).

was suggested to be electrostatic interactions between the negatively charged walls of the tubing and the

positive citrate-Au precursors used in the synthesis. Further investigation, with particularly focus on the

electrostatic interactions of the coatings of the AgNPs and the channel, is required to fully understand the

cause of the fouling in the reactor used here.

The deposition of AgNPs on the walls of the channel is thought to have contributed to the decrease

in reactor efficiency over a relatively short runtime. This is because the absorption peak of the AgNPs

was broad and overlapped with the 405 nm laser light. This results in the absorption of much of the

laser light before it can be used in the photochemical reaction, a key reason for opting for flow over batch

reactions. Additionally, the difference in the channel dimensions between the mixing and reaction channels,

particularly the height, led to a dead volume (a section of the channel with little or no flow velocity). The

sharp step up from a 1 mm channel height to 3 mm meant that gas bubble present in the system would

accumulate in the dead volume and become trapped, unaffected by the flow of the liquid below. These

bubbles then caused increased diffraction and loss of light out of the reaction channel before it could be

utilised.

Three possible solutions were discussed to resolve this. First, the device could be operated in a different

orientation, such that the reactor outlet was the highest point in the reactor meaning the bubbles would be

expelled. Alternatively, removing the step in the channel height to remove the dead volume and prevent

the accumulation. Third, the channel could have been coated, for example with a hydrophobic silane, to

reduce the interaction between the walls of the channel and the reagents. When considered in combination
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Figure 6.6: Fouling of Reactor 1 after use. AgNPs were deposited on the channel walls of Reactor 1 after
use, as indicated by the dark brown discolouration (A). AgNPs still remained at the laser spot location after
washing with 30% H2O2 (B). Bubbles were trapped at the beginning of the reaction channel (C). Photo
Credits: (A and C) D. A. Cristaldi
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with other desired design modifications, a reactor with a consistent single channel height was chosen.

Figure 6.7: Possible mechanism for AgNP deposition on PDMS reactor walls. The reducing agent and
Ag+ ions entered small imperfections in the surface of the PDMS (1). These reagents were then exposed
to the laser light and the photo-driven reduction of the Ag+ occurred to form atoms (2) which underwent
nucleation (3). Further reduction occurred and the newly formed AgNP grew and became trapped in the
PDMS.

6.3.2 Reactor 2

The design of Reactor 2 was similar to the first but with two key differences; a schematic of Reactor 2 is

shown in Figure 6.8. First, the channel dimensions were consistent throughout the whole device being 0.5

mm x 3.0 mm (H x W). This resolved the issue of bubbles becoming trapped in the dead volume where the

channel height changed abruptly from 1 mm to 3 mm in Reactor 1. Second, the laser light was delivered

in a different way. A lens was used to generate a line of light rather than a spot when interacting with the

reactor. This meant reaction channel could be illuminated perpendicular to the flow, that is, from the top of

the device.

This reduced absorption of the light by AgNPs allowing for a greater surface area for the photochemical

reaction to occur. An additional benefit of this was the removal for the need of an orthogonal surface for

the laser inlet to be designed into the plane of the device, creating a sharp 90◦angle in the channel which

further contributed to the uneven flow characteristics and the dead volume in Reactor 1. To facilitate this

method of illumination through the lens, the reactor was operated on its side due to the constraints of the

optics apparatus used (Figure 6.8 B).

While AgNPs were produced in Reactor 2, the method of delivering the light proved to be inefficient

and gave low yields of AgNPs. The UV-Vis spectra showed the characteristic absorbance peak between
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Figure 6.8: Schematic (A) and photograph (B) of the Reactor 2 design. The 90◦turn at the beginning of the
reaction channel in Reactor 1 was replace with a smooth curve. The laser was introduced perpendicular
to the channel via a lens to increase the spot size along the channel length. The laser spot was estimated
to be 10 mm x 3 mm and was adjustable by moving the lens.

116



400 nm and 450 nm, indicating Ag nanospheres were present. However, substantial production was not

observed at TFR other than 0.01 mL min−1 (Figure 6.9 A). AgNP production was detected at 0.1 mL min−1,

but at a much lower amount. The particles produced gave a UV-Vis spectrum comparable in shape and

position to those produced at 0.01 mL min−1, suggesting the flow rate did not yield considerable difference

in the shape and sizes of the particles produced (Figure 6.9).

The production efficiency of Reactor 2 was clearly inferior to Reactor 1. By changing from a laser

spot in-line to the reaction channel to a perpendicular one, the area of the channel being illuminated was

increased. However, the photon density was reduced as it was spread over this larger area. It was hoped

that this reduction would be offset by the reduced effects of the absorption by the AgNPs as they formed,

allowing for more production to occur; this was not the case. Compounding this decreased intensity, the

photons which did not interact with reagents or AgNPs exited through the back of the reaction channel and

were lost. In Reactor 1, due to the in-line delivery of the light, any photons that did not immediately interact

travelled down the reaction channel giving more opportunities to be utilised. Improvements in performance

could be made by adding a reflective backing to reactor to direct unused photons back to the channel. This

was not tried and instead, returning to an in-line alignment was preferred.

6.3.3 Reactor 3

The photon efficiency of the setup used in Reactor 2 was poor. To ameliorate this, a fibre optic that could

deliver the laser light as close as possible to the reagents and to a concentrated area was integrated into a

new reactor.

Reactor 3, as shown in Figure 6.10 A & B, employed a serpentine mixing section (1 mm square), similar

to Reactors 1 and 2, before the channel split in two (0.5 mm square). The two channels looped round to

re-join in front of the fibre optic before continuing as a single channel (1 mm square) to the outlet, in-line

with the laser.

The fibre optic required a perpendicular surface through which to shine to minimise the diffraction and

loss of light. Without a 90◦angle in the channel, like in Reactor 1, this cannot be easily achieved. However,

the introduction of a 90◦angle in the channel results in disrupted flow and a dead volume with reduced flow.

The rationale behind the heart-shaped design was to allow the fibre optic to be aligned parallel with the

reaction channel while minimising the dead volume. Though computational fluid dynamic (CFD) modelling

is required to confirm this, it was hoped that by having symmetrical flow from both inlets either side of the

fibre optic, the volume could be reduced, and with it, particle accumulation and coating of the walls.

The design also allowed for the fibre optic to be installed very close to the reaction channel (wall
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Figure 6.9: UV-Vis spectra of AgNPs produced in Reactor 2 at different TFRs (A). Comparison of nor-
malised UV-Vis spectra of AgNPs produced in Reactor 2 at 0.1 mL min−1 and 0.01 mL min−1 (B)
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Figure 6.10: "Heart" design of Reactor 3. An initial design schematic of Reactor 3 with integrated fibre
optic (A). As the laser was delivered to the channel by a fibre optic, the laser spot size was estimated to
be very similar in size to the 1.06 mm fibre at the interface with the channel. CAD model used for 3D
printing the mould into which the PDMS reactor was prepared (B); image kindly provided by D. A. Cristaldi.
Photograph of Reactor 3 with 405 nm laser delivered by integrated fibre optic (C).
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thickness < 1 mm) to reduced scattering by the PDMS, while having sufficient PDMS material to enable

the successful bonding of the two halves of the reactor during manufacturing.

When operated, the reactor produced spherical AgNP with a λmax of at 414 nm at 1 mL min−1 (Figure

6.11). However, the duration of operation was very short as particles, once again, accumulated in front of

the laser beam inlet and led to reduce efficiency. This suggests that either the dead volume in front of the

fibre optic was not sufficiently reduced, or that the accumulation on the surface of the channels cannot be

resolved exclusively by flow optimisation. Instead, reactor material and channel coatings could be used

to prevent the AgNP staining the device. The substantial reduction in efficiency over time made reliable

spectroscopic measurements challenging and so should be interpreted cautiously.

Figure 6.11: UV-Vis spectra of AgNPs produced in Reactor 3 at 0.1 mL min−1, 0.5 mL min−1, and 1.0 mL
min−1.

To explore how the PDMS of the channel walls was affecting the reactor fouling, (dodecyloxy)trimethylsilane

was coated onto glass slides and the ends of polished glass fibres to test its effectiveness. Coated glass

was observed to have reduced particle accumulation when AgNPs were dried onto the surface. Like-

wise, when fibre optics were submerged in reaction mixtures and used to produced AgNPs, the coated

fibres performed better than non-coated. However, this enhanced performance was short lived and AgNP

deposition on the surface of the fibres was observed after 1 min of illumination, as seen by a discoloura-

tion of the polished fibre end (Figure 6.12). Other surface coatings, such as hydrophilic or hydrophobic

coatings, were not investigated and would be useful avenues for future work. Super hydrophobic surface

coatings, for instance highly fluorinated silanes, or conversely, hydrophilic coatings such as polyimides or

cyano-terminated silanes would be of particular interest.

Reactor 3 incorporated interesting design elements but was ultimately hindered in its performance by
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the inability to illuminate a larger area of reagents for a sustained period of time. It was therefore decided

to change to a different method of supplying light to the reagents.

To further investigate the effects of having the fibre optic deliver the light closer to the reagents, a

hole was punched through the wall of Reactor 1 at the location where the laser was previously mounted

on the external wall. An uncoated fibre optic was then inserted through the reactor wall directly into the

reaction channel (Figure 6.12). The reactor (Reactor 1-FO) was then operated at 0.1 mL min−1 and the

AgNPs collected for spectroscopy. The LSPR peak at 450 nm was present which suggested AgNPs were

forming. However, production was very short lived as the end of the glass fibre rapidly became coated

in particles within seconds of operating. The accumulation and coating of the fibre continued until the

production efficiency appeared to be reduced and the reagent solution was undergoing only a very weak

colour change to pale brown.

Figure 6.12: UV-Vis spectra of AgNPs produced in Reactor 1 with fibre optic (Reactor 1-FO) inserted
into reaction channel to deliver 405 nm laser light (A). Test of laser-driven AgNP production in CFE with
uncoated fibre optic (B). Fibre optic inserted in to the reaction channel of Reactor 1 delivering 405 nm laser
light directly into the reaction solution (C). Photograph of the ends of glass fibre optics (D): uncoated glass
fibre optic after AgNP production (1), and (dodecyloxy)trimethylsilane coated glass fibre optics after (300 s
illumination) (2) and before (3) AgNP production.
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6.3.4 Reactors 1 & 2 with UV Lamp

It was evident from the first 3 reactors that delivering sufficient light to the reaction via a laser was challeng-

ing. To overcome this, Reactor 1 was placed under a UV lamp such that the whole device was illuminated

(Reactor 1-UV). The delivery of AgNO3 and CFE remained the same, but the amount of AgNPs production

was considerably greater than when the laser was used. The product was a very dark brown and when run

at 0.1 mL min−1 became almost black. UV-Vis spectra of AgNPs produced at 1.0 mL min−1 and 0.1 mL

min−1 indicated the presence of spherical particles (Figure 6.13).

Reactor 2 had a wider and shallower channel cross section (0.5 mm x 3 mm; H x W) than Reactor

1. The top-viewed surface area was therefore larger than that of Reactor 1 with the same total channel

length. The shallower channel also reduced the amount of reagent material through which the light must

have penetrated to be utilised. For these reasons, Reactor 2 was also operated under UV lamps (Reactor 2-

UV). As shown in Figure 6.14, the characteristic LSPR band of Ag nanospheres was present with increasing

intensity at lower flow rates, supporting all previous reactors.

When the product of Reactor 2-UV was imaged using TEM, the particles were observed to be spherical

and quasi-spherical in morphology. The particles did not appear to differ considerably in appearance

between those produced at 1 mL min and 0.1 mL min (Figure 6.15 A & C). Under a TFR of 1 mL min,

very small particles were observed alongside a majority of larger particles (Figure 6.15 B). Additionally, at

a slower TFR (0.1 mL min−1 vs 1.0 mL min−1) clusters of AgNPs were observed. Approximately 100 nm

in diameter, these clusters were quasi-spherical and distributed throughout the samples (6.15 C & D). The

surfaces of the clusters were rough with the morphologies of the constituent AgNPs being visible in many

cases. It was unclear from these observations whether the nanoparticles were simply in close proximity to

one another, or if they had undergone coalescence at the crystal level to form a single larger particle.

This mode of light delivery showed great promise for improving the yield of AgNP production from a

reactor and the UV lamp was chosen for future reactors. Now considerable AgNP production could be

achieved under flow conditions, work focused on scaling the production up to a more viable level. To

operate at a larger scale, the channel needed to be longer to allow for higher TFRs while maintaining the

tr.

6.3.5 Reactor 4

The smooth corners of Reactor 2 and Reactor 3 were useful at maintaining even flow through the reactors

and the avoidance of dead volumes where bubbles and AgNPs could accumulate and deposit. Additionally,

an increased duration of light exposure, through the use of a longer channel, was required to further
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Figure 6.13: UV-Vis spectra of AgNPs produced in Reactor 1 under a UV lamp (Reactor 1-UV) at 0.1 mL
min−1 and 1.0 mL min−1 (A) and a FRR of 1:1. Photograph of Reactor 1-UV after AgNP production under
UV lamp (B).
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Figure 6.14: UV-Vis spectra of AgNPs produced in Reactor 2 under a UV lamp with different TFRs nor-
malised across samples (A), and within samples (B). A FRR of 1:1 was used for all samples.
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Figure 6.15: TEM images of AgNPs produced in Reactor 2 with TFRs of 1.0 mL min−1 (A & B) and 0.1
mL min−1 (C & D). A FRR of 1:1 was used for all samples. Scale bars: 100 nm (A), 20 nm (B), 100 nm
(C), 100 nm (D).
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improve the performance of the reactors. For this, a 1 m long channel comprising exclusively of serpentine

curves was used. Initially developed by D. A Cristaldi to improve mixing in the chemical synthesis of Ag

nanoprisms, this reactor was also a PDMS-PDMS device with a constant 1 mm x 1 mm square channel

cross-section. As with the previous reactor, 2 inlets supplied CFE and AgNO3.

The reactor was operated under a UV lamp at TFRs of 1.0 mL min−1, 0.5 mL min−1, 0.1 mL min−1,

and 0.01 mL min−1. The UV-Vis spectra showed, in agreement with the previous reactors, that lower flow

rates resulted in increased AgNP production (Figure 6.16 A & B). The spectra indicated Ag nanospheres

had been formed with no marked differences in LSPR peak positions or the formation of additional spectra

features at different TFRs.

Figure 6.16: UV-Vis spectra of AgNPs produced in Reactor 4 (curved serpentine) with different TFRs (A)
and a photograph of diluted samples sued for UV-Vis spectroscopy (B). Unreacted reference sample (1)
and samples prepared at 1.0 mL min−1 (2), 0.5 mL min−1 (3), 0.1 mL min−1 (4), and 0.01 mL min−1 (5)
were diluted 1 in 10 with diH2O. After the reactor was washed with H2O, AgNP deposition was observed
on the channel walls (C).

As with the Reactor 1 and 2 operated under a UV lamp, substantial discolouration occurred on the walls

of the channel throughout the reactor (Figure 6.16). The staining was observed very close to the two inlets

which suggests mixing of the two reagents occurred rapidly on entry into the device, though CFD modelling

is required to confirm this. The larger channel surface area through which light could enter, compared to

the small spot when using lasers, meant that the decrease in production was not as fast and detrimental to

the use of the reactor.
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The increased channel length was a promising development, but the challenges posed by AgNP de-

position onto the PDMS persisted. To resolve this, a new material out of which the reactor could be

manufactured was required.

6.3.6 Reactor 5

Reactor 5 brought together design elements from the previous iterations to create a larger scale device

capable of operating at higher TFRs. The reactor was comprised of 20 m of PTFE tubing in two 10 m coils.

Each coil was formed on a reflective backed support and placed under a UV lamp (Figure 6.17). With an

internal diameter of 1 mm, the total volume of the reactor exposed to the lamps was 15.7 mL (assuming

complete penetration of light through the liquid depth), substantially larger than the previous designs. The

use of coils removed sharp angles in the channels which could disrupt flow, and the chemical resistance

and “non-stick” properties of PTFE were hoped would prevent or reduce AgNP deposition observed in

PDMS.

Figure 6.17: Design schematic of Reactor 5 (Coil Reactor), and photograph of corresponding apparatus
below. AgNO3 and CFE was supplied by syringe pumps to a T-mixer. The mixed reagents entered 2 x 10
m flat coils of PTFE tubing under UV lamps. The crude AgNP product was collected at the outlet

The outer diameter of the tubing was 1.6 mm, giving a wall thickness of 0.3 mm. A thin wall thickness

was desired as PTFE has a milky-white translucent appearance due to its tendency to scatter visible light.

In thin layers, PTFE has low absorbance to visible and UV light down to 200 nm. While not ideal, the optical
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properties of PTFE were acceptable due to the other attractive properties of PTFE.

Initial tests showed considerable AgNP production with a very dark crude product collected (Figure 6.18

D). To determine the optimal operating conditions for Reactor 5, TFRs of 1.0 mL min−1, 5 mL min−1, 10

mL min−1, and 20 mL min−1 were investigated at a FRR of 1:1. As with previous designs, the slowest flow

rate (1.0 mL min−1) produced the most AgNPs, as determined by the greatest LSPR peak intensity when

analysed by UV-Vis spectroscopy (Figure 6.18 A & C). Production decreased with increasing flow rates,

though the peak shapes did not change considerably. However, the positions of the peaks were distinctly

different with 1.0 mL min−1 and 5 mL min−1 having λmax of approximately 470 nm while 10 mL min−1 and

20 mL min−1 were located at 455 nm, suggesting that while the shapes of the nanoparticles produced did

not differ substantially, the particles produced at lower flow rates were likely larger.

AgNPs produced at TFRs of 1 mL min−1, 5 mL min−1, and 10 mL min−1 were imaged by TEM (Figure

6.19). All of the particles observed had spherical or quasi-spherical morphologies. The mean diameters of

the particles were 15.8 ± 16.9 nm, 13.2 ± 5.0 nm, and 6.7 ± 3.1 nm for 1 mL min−1, 5 mL min−1, and 10

mL min−1, respectively (Figure 6.20). It is clear that the higher the flow rate, the narrower the distribution

of nanoparticle sizes. Interestingly, clusters of particles, similar to those observed in Reactor 2 under a UV

lamp, were observed at a flow rate of 1 mL min−1 supporting the general understanding that a longer tr

exposed to UV light may contribute to particle coalescence (Figure 6.19 B).

Shoulders can be seen in the histograms of both the 5 mL min−1 and 10 mL min−1 data. One possibility

is that multiple populations of different sized particles exist in the samples, but because the size difference

between the populations is too small to resolve as separate peaks, shoulders form. Additionally, they may

be due to a measurement error. The ellipses used to measure the size of the particles were drawn by hand

in ImageJ software. Therefore, there is an opportunity for human error or bias to introduce these features.

To minimise these effects, a large number (n => 3, 000) of particles were measured across multiple fields

of view for each sample. Alternatively, they may be caused by the KDE used to produce the graph. KDE

estimates the probability density at, in this case, a given particle size. While a histogram uses the absolute

values from a bin, KDE approximates across a continuum allowing for a closer approximation of data from

a continual scale (e.g. particle size in nm). As a result there is a compromise between the discrete absolute

bins of a histogram and the continuous nature of KDE. More extensive TEM imaging to increase the total

number of particle analysed and the development and use of an automated image analysis method to

remove human error and subjectivity may benefit in resolving this.

To further optimise production in the reactor, FRRs of 1:10, 1:5, 1:2, 1:1, 2:1, 5:1, 10:1 (AgNO3:CFE)

were investigated. As shown in Figure 6.21 A, all of the UV-Vis spectra have similar shapes but have
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Figure 6.18: UV-Vis spectra of AgNPs produced in Reactor 5 (coil) under different TFRs (A) with the
intensities (B) and positions (C) of the LSPR peaks. Photographs of neat crude (D) and diluted (1 in 10)
AgNPs (E), as prepared for UV-Vis spectroscopy at 1.0 mL min−1, 5 mL min−1, 10 mL min−1, and 20 mL
min−1.
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Figure 6.19: TEM images of AgNPs produced using Reactor 5 at 1 mL min−1 (A & B), 5 mL min−1 (C &
D), and 10 mL min−1(E & F). Scale bars: 100 nm (A - E), 20 nm (F).
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markedly different intensities. The absorbance maxima showed a clear pattern between FRR and AgNP

production (Figure 6.21 B). The optimal conditions appeared to be a slightly CFE dominant mixture at 1:2

(AgNO3:CFE). Deviation away from this optimum lead to a decrease in peak intensity and AgNP production.

The intensity of the peaks produced under FRRs of 1:5 and 2:1 were comparable, and 5:1 was substantially

lower than the mirror ratio of 1:5.

Figure 6.20: Size distributions of AgNPs produced at 1 mL min−1, 5 mL min−1, and 10 mL min−1, as
measured from TEM images.

Under the CFE-rich condition of 1:10, there was a high relative concentration of the reducing agent but

low availability of Ag+, resulting in fewer nucleation events and particles. Moreover, the concentration of

the capping agent (likely proteins) was also higher, which may act to smother the seed particles as they

form and limit their growth. However, the expected bathochromic shift in the λmax associated with smaller

particles was not observed, suggesting this was not the case. Under Ag+-dominant FRRs, the opposite

was the true, where a lack of the reducing agent likely hindered AgNP production. The positions of the

peaks did not follow a discernible pattern with peak located between 430 nm and 450 nm (Figure 6.21 C).

During one experiment operating at 1 mL min−1, the product turned black in colour and quickly precipi-

tated when collected leaving a slightly grey clear liquid phase. This was thought to be Ag2O which is highly

insoluble in H2O, explaining the precipitation.274 Ag compounds are notoriously sensitive to UV light and

liable to oxidise under certain conditions. An explanation for this phenomenon remains unclear, though it

is possible the pH of the CFE used was higher than usual, resulting in the formation of AgOH when the
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Figure 6.21: UV-Vis spectra of AgNPs produced in Reactor 5 (coil) under different FRRs (A) with the
intensities (B) and positions (C) of the LSPR peaks.
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AgNO3 was introduced; AgOH then decomposes to Ag2O.274 While this was not observed in any other

experiment, it highlights the need to consider the variability in biologically generated material when used in

material synthesis.

PTFE is a highly fluorinated compound with a hydrophobic surface and a very low coefficient of fric-

tion.275276 Together these give PTFE its renowned non-stick properties. This was a key consideration

when selecting PTFE for this reactor design. It was hoped these properties would prevent or reduce the

deposition of AgNPs onto the surface of the channel, like that seen in all of the PDMS reactors.

PTFE has a milky-white translucent appearance (Figure 6.22 A), and during production the characteris-

tic brown colour of biogenic AgNPs was clearly visible through the thin walls of the channel (Figure 6.22 B).

However, after approximately 45 min of operating the channel appeared discoloured. Following a thorough

rinse with diH2O, a strong brown discolouration remained (Figure 6.22 C). As with the PDMS reactors, only

flushing and soaking the reactor in 30 % H2O2 for 24 h was successful in fully removing the staining; HCl

had a negligible cleaning effect on the reactor.

Figure 6.22: PTFE coils from Reactor 5 before (A) and during (B) AgNP production under UV lamps. The
coil was visibly discoloured after AgNP production and washing with H2O(C). All error bars show 20 mm.

Further to this, in-line UV-Vis spectroscopy was used to monitor the output of the reactor during its

operation. The reactor was initially operated with the lamps switched off to fill the reactor and collect

baseline measurements. As shown in Figure 6.23, when the lamps were switched on and the spectroscopy

begun, production increased steadily as the AgNPs were being produced. As the reagents were already

in the reactor, they experienced a linearly increasing tr the earlier in the reactor they were located when

the lamps were switched on the longer the tr experienced which gave the increasing production. Once the

reactor was operating normally and the tr had reached the maximum production plateaued. After operating

at 1 mL min−1 for 100 min, the production did not decrease notably.

It should be noted that the syringe pumps had a finite volume and so required refilling periodically. To
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Figure 6.23: Output stability of Reactor 5 over time. The intensity (blue) and position (red) of the ab-
sorbance peak of AgNPs produced in Reactor 5 over 100 min of operation (A). UV-Vis spectra of AgNPs
produced in Reactor 5 at 1 min, 50 min, and 100 min of operation (B). Heatmap of real-time spectra
collected at the outlet of Reactor 5 over 100 min (C).
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do this, the lamps were turned off and spectroscopy paused as the flow was stationary. The syringes were

refilled and the pumps, lamps and spectroscopy restarted. This pausing in operation and opening of the

system led to variation in the output of the reactor, detected as sudden peaks and troughs in the output,

which were, at least in part, the result of gas bubbles in the line passing through the flow cuvette.

The coils were inspected after being flushed with diH2O and they appeared discoloured as previously

observed. The first coil was substantially more discoloured than the second coil. The lack of a decrease in

production may suggest the loss of efficiency in the early stages of the reactor did not have a considerable

overall effect on production and so the reaction is reaching completion before the end of the reactor with an

excess of channel length when operating at 1.0 mL min−1, the second coil may have had sufficient length

to compensate for the loss in the efficiency of the first coil. If the reactor was operated longer and more

deposition was allowed to occur further down the channel, a greater effect on AgNP production would likely

have been observed.

6.3.7 Comparison of Reactors

A total of 5 reactors were developed and tested. Each had different design features for exploring and

improving AgNP photobioproduction in a flow system. A comparison of the Reactors is made in Table 6.1

and the Appendix D.1.

The output production of the reactors with laser illumination was observed to be similar (Figure 6.24

A). Reactor 1 appears to have been the most efficient at producing AgNP and the insertion of the glass

fibre optic into the reactor has little impact on production. The more direct light delivery might be expected

to yield more AgNPs, but the rapid deposition of particles on the fibre optic surface likely impeded the

performance of this mode of illumination. Reactor 3 had a narrower channel than Reactor 1 (1 mm x 1 mm

vs 3 mm x 3 mm) and, with the same channel length, had a lower volume and tr (Table 6.1). This likely

explains the reduced performance of Reactor 3. Reactor 2 performed very poorly with respect to yield of

AgNP production.

The peaks of Reactors 1 and 3 have very similar λmax positions and morphologies suggesting the

particles produced were alike in their shape, size, and distribution of sizes (Figure 6.24 B). This is inter-

esting because Reactor 1 with the flush-mounted external fibre optic and Reactor 1 with an inserted fibre

optic produced peak with similar intensities but differing peak positions and widths. Having the fibre optic

inserted into the channel appears to have produced a broader distribution of particle sizes, based on the

wider LSPR peak. The bathochromic peak position also shows the particles were larger with the inserted

fibre optic. This may be explained by the close proximity of the laser output to the reagents delivering more
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Figure 6.24: Comparison of UV-Vis spectra of AgNPs produced in flow reactors at 1 mL min−1 with
laser light illumination. The intensities of the LSPR peaks in compared (A). Insert: Maximum absorbance
intensity of the LSPR peak from each reactor. The positions and shapes of the LSPR peaks is compared
(B). Insert: λmax of the LSPR peaks from each reactor. *Reactor 2 was operated at 0.1 mL min−1 as
negligible AgNP production was detect at 1 mL min−1. FO: Fibre optic inserted into channel.
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photons than when the laser light had to pass through the PDMS wall of the channel. This increase in light

intensity would likely allow for more plasmonically driven growth of particles, resulting in the larger sizes

and distribution.

Reactor 2 was operated at 0.1 mL min−1 as negligible production was observed when a higher TFR

was used. Comparison of the LSPR peak intensity, therefore, carries little meaning. However, the position

of the LSPR peak detected was at a considerably longer λmax than Reactors 1 and 2. An explanation

for this requires more experimental investigation, however, it is possible the diffused beam exposed the

particles to a more consistent intensity of laser light for longer than those in the in-line laser reactors in

which the high levels of AgNPs being produced were absorbing the laser light.

In UV illuminated reactors, Reactor 5 (PTFE coils) with its 20 m channel length was considerably more

efficient at producing AgNPs at 1 mL min−1 compared with the other reactors (Figure 6.25 A). Interestingly,

Reactor 1 produced more particles than Reactor 4 (1 m serpentine channel), despite the shorter tr. This

may be due to the larger reaction channel (3 mm x 3mm) in Reactor 1-UV, compared to the constant 1

mm x 1mm in Reactor 4. The larger channel may have been less susceptible to AgNP deposition on the

channel walls, making it more efficient. Likewise, the small reactor volume meant operating the reactor to

produce 1 mL of sample required less exposure time to the UV lamps, and so may also have resulted in

less AgNP deposition.

The positions of the LSPR peaks in Reactors 1-UV, 4 (serpentine), and 5 (coil) were similar, but Reactor

2 had a notably hypsochromic peak position (Figure 6.25 B). The channel dimensions (0.5 mm x 1 mm)

was the only difference with Reactor 1, and so likely explains this difference. The smaller channel volume

resulted in a shorter tr, which means the particles may not have had sufficient time to grow under the UV

light to increase the LSPR position to be comparable with the other reactors.

When the peak intensities of LSPR peaks produced in all of the reactors were compared to their corre-

sponding tr, it was clear that a longer tr results in more AgNPs, as expected (Figure 6.26 A). Interestingly,

then the λmax of the peaks were compared, the laser produced particles had shorter wavelength peak

positions compared to the UV illuminated reactors (Figure 6.26 B). Moreover, the longer the tr, the longer

the λmax wavelength tended to be. The broad emission on the UV lamps compared to the laser source,

may explain why UV illuminated particles were larger, resulting in the red-shifted peaks. With a broad

emission, the particles may have been able to utilise plasmonic growth mechanisms through a larger range

of sizes. As the particles grow, the LSPR position increases, drifting further from the light source and so

reducing the efficiency of plasmonic activity. With a broader light source, this drift can be further before

it become less effective at driving crystal growth. Additionally, the laser reactors had shorter tr than their
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Figure 6.25: Comparison of UV-Vis spectra of AgNPs produced in flow reactors at 1 mL min−1 with
UV lamp illumination. The intensities of the LSPR peaks in compared (A). Insert: Maximum absorbance
intensity of the LSPR peak from each reactor. The positions and shapes of the LSPR peaks is compared
(B). Insert: λmax of the LSPR peaks from each reactor.

UV counterparts which would give less time for crystal growth and so likely contribute to the small particles

associated with shorter wavelength LSPR positions.

Initial attempts of introducing light to the reactors from a laser source proved challenging as it could

not be sufficiently delivered to enough of the reagent material at once to allow for higher TFRs. However,

this controlled and restricted delivery method is a possible method to consider when a uniform product

is required. At this stage in the development of the reactors, the path to increasing overall production of

the particles and then to improve the product properties was taken, over the smaller scale production of a

precise product and upscaling in the future; both rationales have their merits and shortcomings.

The use of UV lamps to illuminate the reactors proved highly effective increasing production at higher

TFRs. The distributed illumination reduced the impact of AgNP deposition on the reactor walls and in-

creased the surface area for reactions to occur. The culmination of the design elements into the coil design

of Reactor 5 proved successful in producing a reactor capable of operating at much higher flow rates (up to
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Figure 6.26: Comparison of the maximum absorbances with a linear trendline (A) and LSPR peak po-
sitions, as λmax,(B) of UV-Vis spectra of AgNPs produced in flow reactors at 1 mL min−1 relative to the
residence time (tr) of the reactor. Data from Reactor 2 operated at 0.1 mL min−1 were used as negligible
AgNP production was detect at 1 mL min−1.

20 mL min−1) while generating considerable amounts of AgNPs. While Reactor 5 proved effective, further

optimisation and design modifications could undoubtedly improve the operating scale and product quality.

PTFE tubing was selected for its chemical resistance and "non-stick" properties that result from its

highly fluorinated surface. It was hoped that the AgNPs would not deposit on the walls of the channel and

prevent a decrease in efficiency with continuous operation of the reactor, but this was not the case. Future

investigations should focus on methods to reduce the deposition of AgNPs on the internal surfaces of the

reactors, either through the use of surface coatings or reactor designs (e.g. annular flow).
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It is noteworthy that all assessments of production quantity of the reactors are based on UV-Vis ab-

sorbance. While the intensity of LSPR absorbance peaks is a good proxy for the concentration of AgNPs,

it does not offer an absolute measurement, for example number of particles per mL or mass of particles

per mL. Known standards could be used to generate a calibration curve against which the concentration

of samples could be estimated. However, the poor uniformity of the particles produced here may pose a

challenge in generating an accurate calibration curve. As the absorbance properties of AgNPs are sensi-

tive to the shape and size of the particle, the molar attenuation coefficient of a colloid produced here would

be different to a monodispersed standard. However, if the uniformity of the AgNPs produced here can be

improved, this approach will offer a useful way to determine the concentration of particles. Alternatives,

such as dry weight measurements and quantitative TEM, may also be beneficial when performed in con-

junction with absorbance measurements. Accurate absolute yields would allow for better comparison of

reactor performance.

6.3.8 Comparison with Previous Reactors

Biological Reactors

There is a paucity of research investigating the use of flow reactors for the biosynthesis of AgNPs. Of those

which utilise biological material, most have explored the process from a chemical synthesis perspective,

often using refined and purified biomolecules, rather than biomass or biological extracts.

Using E. coli DH5-α, Ghorbani et al.157 developed a bench-scale reactor setup for the continual pro-

duction of AgNPs. The setup included a reservoir for the culturing of E. coli and culture filtrate. This CFE

was then added to a AgNO3 and PVP solution in a glass reactor. Operating at 5◦C and pH 5.5, the re-

actor produced Ag nanospheres with a mean diameter 121 nm with an impressively short tr of 12 min.

Through the use of atomic absorption spectroscopy, the conversion of Ag+ to AgNPs was calculated to be

75%. Previous batch reactions with bacteria at 4◦C have taken days and even weeks to produce AgNPs.57

Moreover, batch production with E. coli DH5-αhas been reported, taking 24 h and favouring higher pH con-

ditions (optimal = pH 10), considerably higher than pH 5.5.99 How the designers of the bioreactor achieved

such rapid production under these conditions and without external stimuli remains unclear.

Biological surfactants (oleic acid sophorolipid and stearic acid sophorolipid) have been used to produce

spherical AgNPs in a thermally driven reaction.50 The lipids acted as both the reducing and capping agents

when mixed with AgNO3 in a stainless-steel tube reactor at 90◦C. At a TFR of 1 mL min−1, particles with

sizes 50 nm – 60 nm were produced compared with small 8 nm – 13 nm produced at 0.1 mL min−1. The

authors postulated that the difference in size distribution was the mixing dynamics in the spiral-shaped
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reactor coil. The use of high temperatures to drive the reaction, while highly controllable in microscale

reactors,269 has downsides over the use of light used in this study including increased apparatus costs and

energy usage, especially when scaled up.

In glass and stainless-steel coils, Cinnamomum camphora leaf biomass has been used to prepare

AgNPs when reacted with AgNO3 at 60◦C or 90◦C.277 Being quasi-spherical with some irregular shapes,

the particles produced has morphologies similar to those in this research when visualised by TEM. The

particle sizes were typically larger than those produced in Reactor 5 here. However, when using stainless

steel coil in a 90◦C glycerine bath, the size distribution of particles was similar to that observed here when

Reactor 5 was operated with a TFR of 5 mL min−1. The authors reported that polyols in the biomass

extract were crucial for the both the reduction of Ag+ and coating of the AgNPs.

Similarly, operating at 200 µL to 600 µL, powdered Cacumen platycladi was reacted with AgNO3 to

produce AgNPs.186 The average size of the AgNPs increased from 3.5 nm to 7.2 nm for 0.2 mL min−1 to

0.4 mL min−1 before decreasing to 5.2 nm and 3.0 nm for 0.5 mL min−1 and 0.6 mL min−1, respectively.

Higher concentrations of biomass extract resulted in increased AgNP production, but a widening of the

LSPR peak accompanied by larger particles and wider distribution of sizes (4.7 ± 1.9 nm for 10 gL−1 and

15.0 ± 8.6 nm for 60 gL−1). In comparison, when the FRRs of Reactor 5 were examined, the stoichiometry

of the reaction appears to have been more balanced with the reservoir concentrations as only a change

form 1:1 to 1:2 (AgNO3:CFE) resulted in optimal production, but no pattern was observed in the LSPR

peak positions, and thus the size of the AgNPs.

The algae Chlorella vulgaris was grown in a continually fed reactor vessel to produce AgNPs.187 The

particles were roughly spherical and 8 nm to 20 nm in size. The bioreactor in which the algae was grown

was exposed to alternating 12 h light-dark cycles. As no controls with the reactor run in the dark were

reported, it is unclear if the production was the result of a mechanism similar to the observed here, or the

direct enzymatic activity of the algae. Nevertheless, the 15 L scale of the reactor holds promise for larger

scale AgNP bioproduction.

Chemical Reactors

The synthesis of AgNPs in flow reactors is much more widely reported in chemical systems.35,181–185

Similar to Reactor 5 here, a PTFE capillary coil reactor has been used to produce Ag nanospheres

with very narrow size distributions.278 Using a 0.3 mm ID tube, smaller than the 1.0 mm used here, the

reaction was performed at 160◦C with Ag acetate and oleylamine as the reducing and capping agent;

1,2-dichlorobenzene was used as the solvent. The reactor was operated up to 70.7 µL min−1, a tr of 10
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min, with the largest particles and highest production observed at the slowest flow rate of 14.2 µL min−

(tr of 2 min); this aligns with the findings in this work. The effects of different diameter tubing were also

investigated. Tubing with an ID of 0.5 mm showed comparable UV-Vis spectra of AgNPs at tr of 2 min and

5 min with the 0.3 mm tubing. However, at a slower flow rate (tr = 10 min) a red-shifted and wider peak was

observed indicating larger and less monodispersed product. Conversely, 0.6 mm tubing produced AgNPs

with a very narrow and consistent LSPR peak positions regardless of tr. The different mixing regimes

in the tubes were thought to be responsible for these differences through disruption to the crystal growth

process. Moreover, laser light has been used to produce Ag nanoaggregates of 6 µm in size comprised of

particle with diameters of 20 nm – 80 nm.279 These clusters were considerably larger than those observed

in Reactor 5 in this study.

The technology developed for manufacturing the PDMS reactors used here was originally used for

chemical AgNPs synthesis and the production of liposomes.272 The cost of manufacturing a reactor is

estimated to be £5. The low price and relative ease of production makes these reactors a powerful tool

for the rapid prototyping and testing of micro- and meso-fluidic reactors. PDMS has material properties

which make it attractive for use in these reactors. First, it is transparent to visible and UV light. This is

not only essential when performing photocatalysed reactions, but also allows for easy observation of the

reaction channels. Through the use of in situ microscopic spectroscopy techniques, this allows for spatial

spectroscopy to be performed at different location in the channel to gain an understanding of the production

process;280 this was not done here but would be a valuable line of investigation in future work. However, the

properties of PDMS which result in the high tendency for reactor fouling through the deposition of AgNPs

on to the channel walls require improvement to warrant its continued use in these reactors.

6.3.9 Future Developments

Reactor 5 demonstrates the potential for flow synthesis of biogenic AgNPs. However, further developments

and design improvements can be made to improve both the yield production and the quality of the product.

Annular and Droplet Flow

A major challenge encountered with all the devices used in this work was the accumulation and deposition

of AgNPs on the internal surfaces of the reactors. While a hydrophobic coating and PTFE were tested as

a way of preventing this, no significant improvement was observed. An alternative to coating the chan-

nels of the reactors is to prevent the AgNPs coming into contact with the walls; this can be achieved by

two-phase flow. In small scale microreactors, such flow patterns typically utilise two immiscible (or partially
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miscible) fluids.266 The reactor can be designed so that the aqueous phase is surrounded by the carrier

phase meaning it has no direct contact with the walls of the channel.281 Two common modes of liquid-liquid

two-phase flow are annular flow (or core flow) and droplet trains. As demonstrated in Figure 6.27, annular

flow maintains the continual flow characteristics of single-phase flow, whereas droplet trains partition the

liquid into discrete compartments. While annular flow has been used in UV photochemistry,282 a bene-

fit of this compartmentalisation is the reduction in hydrodynamic dispersion experienced by the reagents

and products due to parabolic flow velocities.283284 A more even flow velocity in the reagents yields more

consistent residence times for reagent molecules in the reactors, resulting in improved uniformity of the

product. As such, droplet flow may prove useful in reducing the dispersity observed in the samples pro-

duced under continuous flow here. Indeed, AgNP production has been demonstrated in droplets at flow

rates up to 30 mLh−1.184 However, such systems, require considerable optimisation due to their increased

complexity over single phase flow.266

Figure 6.27: Diagram of annular and droplet flow. Single phase (A) has only one liquid and fills the whole
channel. Annular flow (B) has a central core of aqueous phase solution surrounded by an organic phase
so that the aqueous phase does not come into contact with the walls of the channel. Trains of droplets (C)
have a similar pattern to annular flow, but the aqueous phase is partitioned into discrete droplets instead
of a continual stream.

AgNP Isolation and Purification

Large amounts of a concentrated crude of AgNPs were produced using Reactor 5. However, the bottle-

neck in production is now the down-stream processing. The need to centrifuge material to isolate and

wash the AgNPs from the CFE and any remaining Ag+ is time consuming and has limited volume capacity.

Typically, the AgNPs were washed for a minimum of 3 x 30 min in 2 mL centrifuge tubes (with 24 slots,

the centrifuge could process a total of 48 mL simultaneously). While continuous flow (ultra)centrifugation is

possible, it is expensive as it requires a specialised centrifuge, rotors, and pumps, and is not true continuous

flow as the product must periodically be collected from the rotor. Alternatively, "on-chip" separating methods
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are possible, and may prove to be powerful tools in this pursuit.285 These methods utilise a range of

passive and active separation techniques; however, the small volume processing rates currently limit their

application on an industrial scale.285286 Other in-line methods for AgNP isolation which can operate at

larger scales are therefore preferred. Such a method should be able to operate at flow rates of at least

those used in the production stage to allow for system integration. Of the technologies that have been

utilised for AgNP separation, tangential flow filtration (TFF) is of interest for future reactor developments

and investigations.

TFF utilises filter membranes across which the crude product is flowed tangentially. The particles

can continue in the main flow and excess reagents are expelled through the membrane.287288 Further,

TFF can be used to concentrate and apply size selection to AgNPs in flow.289 In this case, the smaller CFE

components can pass through the membrane leaving the larger AgNPs in the main flow phase. Additionally,

the flow phase continually acts to remove material caught in the membrane, meaning the system is less

prone to clogging and the development of “filter cakes” (material build up on the filter which prevents its

effective function) in the same way direct flow filters suffer.290 This benefit suits use in a flow system where

continual operation would be challenging if the filter is easily blocked.

6.4 Conclusions

Continuous flow synthesis of AgNPs has been achieved using a photo-driven process. The development of

a series of low-cost flow reactors allowed different design elements to be tested to optimise the production

of AgNPs. Reactor 5 was capable of substantial AgNP production and forms the basis of future work into

large scale AgNP bioproduction. Challenges remain regarding the deposition of AgNPs onto the surface

of the channels in the reactors which will need to be overcome to further optimise the reactor. Continued

investigation is required to explore in-line clean-up and processing to produce higher quality AgNPs.
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Chapter 7

Non-Specific Binding of Proteins Form

Coronae of Biogenic AgNPs Produced

by M. psychrotolerans

7.1 Introduction

Biogenic AgNPs are widely reported to have a corona made of biomolecules, often proteins, coating their

surface (Figure 7.1).75,76,95,103,142 This coating is thought to be responsible for both the morphological and

colloidal stability of biologically sourced AgNPs as it offers steric or electrosteric protection.24,61,291 Under-

standing the corona is a crucial step in optimising the biosynthesis of AgNPs for industrial applications as

its composition will affect how the particles interact with surrounding materials, such as a polymer support

matrix, as well as their stability in different environments. Moreover, the composition of the corona may

yield valuable insight into the biological mechanisms of AgNP bioproduction.

To date, the compositions of coronae have been primarily investigated using spectroscopic techniques

including FTIR spectroscopy.52,75,76,95,103,142 Most of these studies are in agreement that the coating con-

tains peptides, presumed to be from proteins or protein fragments, though sugars and fatty acids have also

been reported.76,109,113 While spectroscopic techniques can identify the type of molecules in the corona,

they cannot directly identify the specific compound or protein. The identities of the proteins in the corona of

bacterially produced AgNPs have received very little attention and have not been described in the corona

of AgNPs produced by M. psychrotolerans.

It is hoped that the mechanisms of AgNP production can be further elucidated by identifying which
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proteins coat the AgNPs. Moreover, particle morphology has been driven by proteins in chemical synthesis

settings.292,293 It may, therefore, be possible to manipulate the corona by altering protein expression in the

bacterium to help selectively produce AgNPs of specific shapes.

It remains to be determined if these proteins are specific, potentially serving as yet unknown functions

beyond stabilisation, or whether an unspecific cacophony of peptides from the secretome are binding purely

due to their affinity to Ag. Here, the protein composition of the corona was investigated using a proteomic

approach.

Figure 7.1: Diagram of a AgNP and Corona. The Ag core is coated in biomolecules such as protein to
form the corona.

7.2 Methods

7.2.1 Preparation of AgNPs

M. psychrotolerans was grown in 100 mL volumes as describe previously in Chapter 3. AgNO3 was

added directly to the cultures with a final concentration of 9 mM and incubated at 22◦C for 24 h in the

dark. Following incubation, the culture was separated into two (45 mL each). Cells were removed by

centrifugation at 3,000 x g for 20 min and the supernatant filtered (0.22 µm pore diameter syringe filters).

The crude AgNP solution was then concentrated and washed using a total of four centrifugation steps (1 h

at 21,100 x g at 4◦C) after each of which the pellets were resuspended in smaller volumes of PBS so that

after the last resuspension the total volume of the sample was ≈ 500 µL. Samples were transferred to new

centrifuge tubes between each wash and kept on ice or at 4◦C throughout.
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7.2.2 Visualisation and Spectroscopic Analysis of Corona

TEM

TEM of washed AgNPs was performed using the same methods are previously described (Section 3.2.3).

FTIR

AgNPs were harvested from M. psychrotolerans culture by centrifugation and washed as before (see Sec-

tion 7.2.1), except particles were washed using diH2O instead of PBS. The washed AgNPs were then dried

at 60◦C overnight on glass slides; the slides were cleaned with 70% ethanol and rinsed thoroughly with

diH2O before use. The particles were then mixed with a small amount (≈ 20 mg) KBr. The mixture was

loaded into a pellet die and ≈ 7 tons of pressure applied. Pellets were stored in a desiccator with silica

gel until analysis. The KBr pellets were checked for imperfections (e.g. cracks, opacity, and structural

integrity) before being analysed using an FTIR spectrometer (Agilent Cary 660). The sample chamber was

purged with nitrogen before samples were scanned from 800 cm−1 to 2200 cm−1. Spectra were collected

in triplicate from each sample and averaged. Baselines of blank KBr pellets were subtracted from each

average. FTIR spectroscopy data collection and processing of prepared samples was kindly performed by

Dave Rowe (ORC, University of Southampton).

Raman

AgNPs were produced, washed, and dried in the same way as FTIR samples. After drying, the particles

were transferred to quartz cover slips for analysis. Raman spectroscopy data collection and processing

of the prepared samples was kindly performed by Adam Lister (Faculty of Life Sciences, University of

Southampton).

Raman spectra were collected using a home-built Raman micro-spectrometer system utilizing a Ti-

E Nikon microscope for visualisation and locating samples on the quartz cover slips. The spectrometer

consisted of a Shamrock303 spectrograph with an Andor iDus420 camera as the detector. A 785 nm

variable power laser was used with a 60x water immersion objective.

For each measurement, 10 spectra (20 s collection) were collected from the sample and averaged. The

peaks were identified using known positions of biological molecules.294
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Fluorescence Microscopy

Fluorescence microscopy was used to detect residual stain bound to AgNPs. The staining procedure

for all three stains used was the same. AgNPs were produced and washed as before (Section 7.2.1).

After the final wash step, the particles were resuspended in 500 µL of diH2O. To these samples 100

µL of Nile red (25 mM; λEx: 552 λEm: 636), 100 µL SYPRO Ruby (neat as supplied, λEx: 450 λEm:

610), or 5 µL Syto-9 (5 mM; λEx: 485 λEm: 501) were added. All stained samples were incubated at

room temperature for 15 min in the dark. The samples were then centrifuged at 17,000 x g for 20 min

and the supernatant (containing unbound stain) was removed. The pellet was resuspended in 100 µL of

diH2O and centrifuged again with the same conditions to wash any residual unbound stain. The pellet was

then dried onto a glass slide which had been cleaned with ethanol and diH2O, as before, and examined

using a episcopic differential interference contrast /epifluorescence microscopy with a 100x oil immersion

objective(Best Scientific, UK).295

7.2.3 Gel Electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE) was used to separate proteins

in the AgNP samples and samples of culture supernatant based on their molecular weight.

Washed and concentrated AgNPs prepared in Section 7.2.1 were used as AgNP samples. Culture

supernatant samples were prepared by removing the cells from cultures by centrifugation (10,000 x g for 5

min) and syringe filtration of the collected supernatant (0.22 µm pore diameter).

Reagents

Pre-cast 12% bis-tris NuPAGE gels, lithium dodecyl sulphate (LDS) loading buffer concentrate (4x), and

MES running buffer concentrate (20x, 50 mM 2-(N-morpholino) ethanesulfonic acid, 50 mM Tris Base, 0.1%

SDS, 1 mM EDTA, pH 7.3), SYPRO Ruby stain, Novex Sharp pre-stained protein standard, and SimplyBlue

Safe Stain (a Coomassie G-250 based stain) were purchased from ThermoFisher (USA). Glacial acetic acid

and absolute methanol were purchased from Fisher Scientific (UK). Chemically synthesised PVP-coated

Ag nanospheres were kindly synthesised and provided by D. A. Cristaldi of the same research group.

Sample Preparation and Gel Setup

LDS loading buffer concentrate (25 µL) was added to all samples (75 µL) and the samples heated to 90◦C

in a heating block for 5 min to denature the proteins. Samples were then loaded in to a gel along with a

protein standard ladder (Novex Sharp). The gel was run for approximately 45 min with a potential of 200 V.
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Staining and Imaging

After the gel had run, it was removed from the gel tank and the running buffer washed off with diH2O. The

gel was then stained with SYPRO Ruby according to the manufacturer’s instructions. For this, the gel was

fixed with a 50% methanol and 7% acetic acid solution twice for 30 min at room temperature. The fixing

buffer was then removed and SYPRO Ruby added and incubated overnight. The gel was then transferred

to a clean container and a wash buffer (10% methanol and 7% acetic acid) was used to remove excess

stain for 30 min. The gel was then washed twice for 5 min with diH2O to remove residual acid. All fixing,

staining, and washing steps were performed at room temperature with gentle agitation by orbital mixing.

The gel was imaged using a GBox gel imager with a UV light source.

Post-staining was performed using SimplyBlue Safe Stain. Gels were incubated with the stain for a

minimum of 4 h before three 1 h washes in diH2O. Gels were then imaged using a white-light backlit

imaging system and a colour-camera.

7.2.4 Proteomic Analysis of Corona

To investigate the composition of the corona, 5 samples of AgNPs were produced and the proteins bound

to the AgNPs identified using mass-spectrometry. An additional 5 samples of culture supernatant were

produced (referred to as the controls) to identify proteins present in the extracellular environment prior to

the addition of AgNO3 for AgNP production.

The protocols used in this work were kindly provided by Paul Skipp and Adam Lester (Centre for Pro-

teomic Research, University of Southampton). Facilities and all reagents used in the preparation of samples

were kindly provided by the Centre for Proteomic Research, University of Southampton.

AgNP Sample Preparation

Washed and concentrated AgNPs were resuspended in 0.1 M ammonium bicarbonate. Reduction was

achieved with 1 µg mL−1 of dithiothreitol (DTT) added to a 1 mL aliquot of each sample. Following incu-

bation at 56◦C for 1 h, iodoacetamide (IAA) was added to alkylate the samples with a final concentration

of 0.5 µg mL−1; the samples were incubated for 20 min at room temperature in the dark. A 0.5 µg mL−1

trypsin/Lys-C solution was prepared and a total of 1 µg of each enzyme added to each sample. Digestion

was carried out at 37◦C overnight. Following digestion, the AgNPs were removed by centrifugation (21,100

x g for 1 h at room temperature). The supernatant was collected and evaporated in a vacuum concentrator

(45◦C) until dry. The peptide sample was resuspended in 100 µL of 0.1% formic acid and stored at 4◦C

until clean up.
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Control Secretome Preparation

Aliquots of 500 µL of culture were collected immediately before AgNO3 was added and stored in 50%

glycerol at -80◦C until analysis. To prepare the secretome, the culture samples were centrifuged at 21,100

x g for 10 min to remove cells and debris. A 200 µL volume of supernatant was added to 600 µL of

100% methanol and 150 µL of chloroform to clean the protein sample by removing lipids and nucleic acids.

The samples were mixed thoroughly by vortexing before centrifugation at 10,000 x g for 10 min. The

aqueous layer was discarded and 450 µL methanol added to the remainder. The sample was mixed before

being centrifuged at 13,000 x g for 5 min. The methanol was then removed, and the pellet dried at room

temperature. The pellet was reuspsended in 100 µL of 6 M urea/Tris-HCl pH 8.0. To this, 5 mM DTT was

added and incubated at 37◦C for 1 h. 1 mM IAA was then added and incubated at room temperature in the

dark. Trypsin/Lys C was added and incubated for 4 h at 37◦C. To dilute the urea, 750 µL of Tris-HCl (pH

8.0) was then added and the samples further incubated overnight at 37◦C. Digestion was terminated with

the addition of 4 µL of trifluoroacetic acid (TFA) and the samples centrifuged at 13,000 x g for 10 min. The

supernatants were collected for clean-up.

Sample Clean-up and Analysis

Following digestion, all protein samples were desalted and cleaned. For this, a Waters Oasis (USA)

µElution plate was used according to the manufacturer’s instructions. Briefly, the columns were condi-

tioned with 100% acetonitrile and equilibrated with 0.1% TFA. Samples were then loaded onto the column

and washed with 0.1% TFA and again with diH2O. The peptides were then eluted from the column in 70%

acetonitrile. All steps were performed using a vacuum manifold. The cleaned samples were dried under

vacuum to remove the acetonitrile and resuspended in 10 µL of 0.1% formic acid (Buffer A).

A total of 15 samples of AgNPs and 15 corresponding sectretomes were produced. Due to the low

amounts of protein expected, samples were combined into 5 pooled samples of 3 original samples prior

to analysis. This was done for both sample type yielding 5 AgNP samples and 5 control supernatant

samples. Samples were analysed by mass spectrometry by the Centre for Proteomic Research (University

of Southampton).

Data Analysis

Initial data analysis to convert mass spectrometry results to protein-level results was kindly performed by

Paul Skipp (Centre for Proteomic Research, University of Southampton).

This protein-level data was further analysed. Protein information was retrieved from the UniProt database
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(https://www.uniprot.org) for each accession number.296 Proteins were considered for analysis only if present

in a minimum of 4 replicates (80%) of the same sample type. Proteins with a false positive rate of ≥1%

were excluded from analysis.

Relative abundance was approximated within each replicate using top three matched peptide intensity

sum (A0) compared to the sum of all top three matched peptide intensity sum values (Atotal), as shown in

Eq. 7.1:

Abundance =
A0

Atotal
× 100% (Eq. 7.1)

7.2.5 Determining Protease Activity

The presence of proteolytic enzymes in a sample can make analysis challenging. Therefore, protease

activity was assessed in samples prior to the use of molecular biology techniques. If such activity is

identified, protease inhibitors can be used to prevent degradation of the samples.

Skimmed milk powered was sourced from Sigma Aldrich (UK). Fresh skimmed cow’s milk was pur-

chased from a supermarket on the day of use. LB agar and broth with no added NaCl was prepared as in

Chapter 3.

Effects of Supernatant on Protein Standards

Prior to denaturing, 5 µL of protein standard ladder (Novex Sharp) was added to M. psychrotolerans su-

pernatant and incubated at room temperature for 30 min. The sample was then processed with LDS with

all other SDS PAGE samples. A control of the ladder without supernatant was also denatured with LDS.

Samples were then run on an SDS PAGE. Smearing of the ladder due to fragmentation of the protein

standards can indicate the presence of proteolytic activity.

Milk Coagulation Test

The ability to coagulate milk was used as an indicator for the presence proteolytic enzymes. For this,

0.5 mL of supernatant was added to 4.5 mL of fresh skimmed milk (SM). The solution was then mixed

thoroughly before incubation at room temperature for 24 h. Proteinase K (100 µg mL−1) was used as a

positive control, and diH2O as a negative control. Sterile LB and chemically produced Ag nanospheres

were also investigated. If proteases are present, the proteins in the milk will coagulate and precipitate

observed as clearing of the milk solution.
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SM Agar Tests

SM-agar was prepared by the addition of SM powder to LB agar (with no added NaCl) with a final concen-

tration of 2% (w/v) SM. Wells were made in the centre of plates and 50 µL of CFE was added. The plates

were then incubated for 24 h at room temperature. Proteinase K and sterile LB (no added NaCl) were used

as controls. The presence of proteolytic activity can be observed as clearing of the white and turbid agar.

7.3 Results and Discussion

7.3.1 Visualising the Corona

When AgNPs were imaged by TEM, dark electron dense cores of Ag were clearly visible. However, a lower

intensity area was clearly visible surrounding some particles. This material was considerably less electron

dense than the Ag and was seen to encase both individual and small clusters of washed AgNPs (Figure

7.2 A & B). The composition of this material could not be determined by TEM; the X-ray spectroscopy

techniques available could only give elemental composition and would require a larger sample to get a

sufficiently strong signal. Moreover, the polymer coated grids used make identification of carbon containing

molecules challenging. Despite this, the observed area was present after 3 washes in diH2O and so was

unlikely to be residual supernatant material or growth media components, but instead was thought to be

the corona.

Of the three fluorescent stains used, only SYPRO Ruby was detectable by fluorescence microscopy.

Staining revealed considerable red fluorescence, characteristic of SYPRO Ruby, which was dispersed

throughout the sample, but the resolution of the microscope was insufficient to resolve individual particles

(Appendix Figure E.3). While the visualisation of individual particles is not possible using conventional

microscopes, the apparent staining suggested the presence of protein in the sample.

No fluorescence was observed when staining for lipids or nucleic acids. However, this cannot be used

to rule out the presence of these materials. The method used here lack the reliability and confidence to be

used for the detection of proteins, lipids, or nucleic acids. However, they may be useful as a confirmatory

tool if such molecules are detected by other means first. In general, other more sensitive methods are

more appropriate for this task and should be used with preference over fluorescent stains and this protocol

in its current form without considerable optimisation.
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Figure 7.2: TEM images of AgNPs with low electron density coating. Low-density material can be observed
surrounding an individual AgNP (A) and around grouped and loosely aggregated AgNPs (B). AgNPs were
washed 3 times in diH2O before imaging. Scale bars: 50 nm (A), 100 nm (B).
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7.3.2 Spectroscopic Investigation of Corona

UV-Vis spectroscopy, Raman spectroscopy, and FTIR spectroscopy were used to determine the compo-

sition of the corona. Of these, UV-Vis spectroscopy proved the most successful. As shown in the typical

spectra in Figure 7.3 A, characteristic peaks between 400 nm and 450 nm, which were attributed to Ag

nanospheres, were observed in the spectra of washed AgNPs. However, a second peak was also visible

at 300 nm. Protein can be detected by UV spectroscopy due to the absorption by the aromatic structures

of tyrosine, tryptophan, and phenylalanine at 274 nm, 280 nm, and 250 nm, respectively.297 The intensities

of both peaks decreased with each subsequent wash; this was expected as complete sedimentation of the

AgNPs could not be achieved under these centrifugation conditions. Interestingly, the intensity of the peak

at 300 nm did not decrease at the same rate as the LSPR-associated peak at 400 nm - 450 nm (Figure 7.3

B) and the ratio of the two peaks approached 1.0 with each wash (Figure 7.3 D). Moreover, the position of

the LSPR peak blue shifted with washes (Figure 7.3). It would be expected that the larger particles would

sediment more efficiently meaning the average size of particles would increase after each wash, however,

this would be associated with a red shift peak position. The reason for this blue shift remains unclear.

However, a possible explanation is that cellular debris was being precipitated during washing. While the

AgNPs were filtered (syringe filter with a pore diameter of 0.22 µm), it is possible that smaller cellular com-

ponents may have been present in the samples. However, the centrifuging conditions (21,200 x g for 1 h)

are lower than those reported for the pelleting of prokaryotic ribosomes (100,000 x g for 16 h) and protein

sedimentation.298,299 Therefore, it is unlikely that considerable amounts of cellular material was recovered

after the washing steps and the absorbing material which remained was more likely associated with the

AgNPs.

Despite being used to detect protein and nucleic acids, UV-Vis spectroscopy has very poor specificity

and is not able to distinguish between two molecules which absorb at the same wavelength. Moreover,

DNA and RNA absorb at 260 nm which could overlap with the protein absorbance bands. Additionally,

atomic clusters of Ag have absorbance peaks between 290 nm and 325 nm;300 the dissolution of AgNPs

may result in these clusters forming and being detected. Therefore, although no definitive conclusions

could be drawn from these results, they encouraged further investigation.

FTIR spectroscopy and Raman spectroscopy both offer vibrational bond information and can be used

to identify chemical groups in a sample.301,302 Both methods were used in this study but due to challenges

discussed here, the results were unsatisfactory.

FTIR has routinely been used to identify the presence of peptides, assumed to be from protein or

polypeptides, in biosynthesised AgNP samples.52,75,76,95,103,142 Unfortunately, due to technical limitations,
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the quality of the data collected in this study was not sufficient to be used for the identification of peptides.

Challenges with the preparation of the KBr pellets and the instrumentation used meant significant amounts

of noise were introduced in the recorded data, much of which was due to water and CO2 contamination.

While attempts to reduce this were made, such as by purging the spectrometer with nitrogen for long

periods of time prior to collecting spectra and drying the pellets in a desiccator, they ultimately proved

unsuccessful.

Figure 7.3: Typical UV-Vis spectra of AgNPs washed in diH2O. (A) Spectra of the same sample were taken
after each 1 h wash step at 21,100 x g at 4◦C. (B) Normalised Abs maxima of LSPR peak (400 nm - 450
nm) and presumed protein peak (280 nm and 320 nm) after multiple wash steps. (C) Peak positions (λmax)
of LSPR and protein peak after multiple wash steps. (D) Ratio of LSPR and protein peak Abs maxima after
multiple wash steps.

Raman spectroscopy suffered a similar fate with large amounts of fluorescence detected. The setup

used a 650 nm laser but as the AgNPs investigated in this work scattered 650 nm very poorly due to

their shape and size, the Raman signal was very weak. When examining M. psychrotolerans cells, those

containing AgNPs gave a higher signal than those which did not contain particles (Appendix Figure E.1);

this was thought to be due to surface enhanced Raman effects of molecules on the surface or in close

proximity with the AgNPs. However, as the particles were inside the cells, the information was not that of

the corona, but of any material in the cells near the particles. As a result, many different organic molecules

were detected (Appendix Figure E.2).
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7.3.3 Detection and Visualisation of Corona by Fluorescent Staining

Further attempts to characterise the composition of the corona were made using fluorescent stains, specif-

ically SYPRO Ruby, Nile red, and Syto9 to stain protein, lipids, and nucleic acids, respectively. Both

fluorescence microscopy and fluorescence spectroscopy were employed to detect the stained particles.

The methodology and data are presented in Appendix E. In general, these methods proved unsuccessful

as the scale of the material investigated was too low to be reliably detected and quantified using these

approaches. Further optimisation of these techniques is required to be a useful tool in the characterisation

of biogenic AgNPs.

7.3.4 Protease Activity

The proteins suspected of being on the surface of the particles were examined using molecular biology

tools. However, before such methods could be used, the presence of proteases in the supernatant was

assessed to ensure sample integrity prior to analysis. Many organisms including Morganella morganii are

known to possess secretable proteases.303,304. Indeed, the genome of M. psychrotolerans contains the

genes for numerous proteases (as determined by a search of the UniProt database using the keywords

"Morganella psychrotolerans" and "protease"). To determine if the supernatant of M. psychrotolerans cul-

tures exhibited proteolytic activity, a series of assays were used.

When CFE of M. psychrotolerans cultures was added to skimmed milk, there was no observed coagu-

lation of the milk following an overnight incubation, nor was there any observable clearing or discolouration

of SM agar plates on which CFE was added (Figure 7.4 B & H). Likewise, diH2O and LB (with no added

NaCl) showed the same result in milk solutions and SM agar (Figure 7.4 A, C & F).

Proteinase K, used as a positive control for protease activity, showed a clear zone around the central

well of a SM agar plate and substantial precipitation and clearing of the SM solution (Figure 7.4 D & G).

This indicates the hydrolysis of casein in the milk leading to the loss of the white colour and turbidity of the

medium.305 Together these results indicate no proteolytic activity was detectable. Moreover, the presence

of chemogenic AgNPs did no induce visible precipitation or any observable effects in the SM solution

(Figure 7.4 E).

When run on an SDS PAGE, the presence of clearly defined band (≈ 43 kDa, 38 kDa, 36 kDa, and

31 kDa) in the AgNP samples suggested the samples contained intact or large peptide fragments (Figure

7.5 lanes 3, 5, & 7). When incubated with proteinase K prior to running, the bands were no longer visible

and instead a very large and intense band was seen between 20 kDa and 30 kDa which corresponds with

proteinase K (28.9 kDa), shown in lane 8 of Figure 7.5. Additionally, faint bands were observed between
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Figure 7.4: Skimmed milk assay for protease activity. No coagulation was observed after 24 h in LB (A),
CFE (B), H2O (C), or chemogenic Ag nanospheres (E) when added to fresh skimmed milk. However, pre-
cipitation occurred when proteinase K (D) was added. On SM-agar, a clear zone is visible when proteinase
K was added (G), while no clearing was observed when LB (F) or CFE (H) was added.

10 kDa and 15 kDa; these are likely to have been fragments of the digested proteins. This shows that if

proteases were present in the samples, fragmentation and smearing would likely have had been visible in

the lower molecular weight region of the gels. Moreover, it suggested that the bands observed were protein

and not AgNPs which had migrated into the gel.

Finally, when the supernatant of cultures was incubated with the protein standards used to generate

the ladder of known molecular weights, no degradation of the bands was observed in the visualised gels

(Figure 7.6 lanes 4 & 5). This further supports no protease activity was present in the supernatant.

Together, these results indicated than there was no detectable protease activity present in the samples.

These simple and low-cost techniques offered a quick method for the detection of proteases. However,

more advanced approaches, such as zymography, would likely be more sensitive and yield more informa-

tion if proteolytic activity was detected. For this study, however, the approaches used were considered

sufficient given the lack of activity detected and the quality of the banding achieved by SDS PAGE without

the addition of protease inhibitors.

159



Figure 7.5: SDS PAGE of AgNPs produced by M. psychrotolerans stained with SimplyBlue (top) and
SYPRO Ruby (bottom). Lanes: NovexSharp protein weight standards (1 & 10), the supernatant (2, 4, & 6)
and AgNPs (3, 5, & 7) of 3 M. psychrotolerans cultures. An example of AgNPs incubated with proteinase
K (8), and chemically produced Ag nanospheres (9).
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7.3.5 Separation of Coronal Proteins by SDS PAGE

No bands were observed in the SDS PAGE lane containing the growth medium used (Figure 7.6 lane 2)

signifying that there was no, or undetectable, amounts of oligopeptides or proteins in the yeast extract and

tryptone mix used that could interfere with the visualisation of bacterial proteins in the gels. In contrast,

considerable banding was observed in supernatant of M. psychrotolerans cultures (Figure 7.6 lane 3), as

expected due to the secretion or proteins by the bacterium and through autolysis that occurs in stationary

phase cultures. The banding was more visible when stained with the more sensitive SYPRO Ruby stain

than when post-stained with Coomassie blue-based SimplyBlue (SYPRO Ruby has a higher sensitivity

than SimplyBlue of 0.25 ng vs 7 ng of protein, as reported by the manufacturers).306,307 The faintness of

the bands suggests that the concentration of protein in the samples was low and near the detection limit

of SimplyBlue in many cases. The manufacturer’s instructions report that SimplyBlue is effective as a

post-stain after SYPRO Ruby.

The storage and processing conditions of AgNPs were examined. AgNPs remain relatively stable in

suspension for long periods of time at room temperature when stored in the dark (as discussed in Section

5.3.6). However, when a sample of AgNPs stored under these conditions for over 6 months was run on

a SDS PAGE (Figure E.5 lane 5) no clear bands were observed using SimplyBlue staining but a very

faint band at approximately 40 kDa – 43 kDa was observed when stained with SYPRO Ruby. Due to the

faintness of the band and the long imaging exposure required to make it visible, the quality of the image

was compromised making a clear identification of the band difficult. In addition to this band, a smear was

observed at the top of the lane in both staining methods. This was attributed to the migration of small

AgNPs into the gel. In contrast to the stored samples, freshly prepared samples (prepared less than 24 h

before analysis) were observed to have clearly defined and visible bands indicating the presence of intact

proteins in the samples. It should be noted that the protein loads were not normalised by concentration and

so the differences in the intensities of the bands reflect the different processing and storage efficiencies.

Freshly prepared samples were processed (collected, washed, and stored) at either room temperature

(≈ 24◦C) or 4◦C and on ice. AgNPs from the same production batch were processed under the two

conditions. As shown in lanes 7 and 8 of Figure 7.6, bands were clearly visible in both staining methods in

both lanes. However, the bands in the 4◦C sample appear more intense which would indicate more protein

being present in the bands. As the samples came from the same batch of AgNPs, this would suggest

the 4◦C processing method was more effective at collecting the proteins for analysis. However, no further

quantification of protein concentrations was performed and would be required to validate this conclusion.

When the AgNP samples were separated by SDS PAGE, clear and distinct bands were observed (Fig-
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Figure 7.6: SDS PAGE of AgNPs processed under different conditions with SimplyBlue (top) and SYPRO
Ruby fluorescence staining (bottom). Lanes: NovexSharp protein weight standards (1 & 10), LB (2), CFE
from M. psychrotolerans culture (3), the protein standards incubated with CFE and loading buffer (4), AgNP
sample stored at room temperature for approximately 6 months (5), the protein standards incubated with
loading buffer (6), a fresh samples of AgNPs prepared at room temperature (7) and 4◦C (8 & 9). Bands A
- D are summarised in Table 7.1.
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ure 7.5, tracks 3, 5, & 7). The intensity of these bands was, however, very weak suggesting there was a

very low amount of protein present, although no quantification was performed. The bands were estimated

to be approximately 43 kDa, 38 kDa, 36 kDa, and 31 kDa in mass for A – D, respectively (Table 7.1). The

strongest band at 43 kDa was also clearly visible in the CFE sample (supernatant of bacterial culture not

exposed to Ag) in tracks 2, 4, and 6 of Figure 7.5. Though it cannot be confirmed from this method as the

same protein, this would indicate the protein responsible for the band present was in CFE and bound to

the AgNPs to remain in the sample though the washing steps.

Table 7.1: SDS PAGE bands and possible proteins

Band Estimated Mass (kDa) Possible Proteins

A 43 Elongation factor Tu; Succinate–CoA ligase [ADP-forming] subunit β
B 38 Flagellin
C 36 Glyceraldehyde-3-phosphate dehydrogenase; Flagellar hook-

associated protein 3; Transaldolase
D 31 Malate dehydrogenase

The AgNPs were still present in the samples when loaded in to the gels. After the SDS PAGE had been

run, the wells containing AgNPs were discoloured with a brown/yellow residue (Figure 7.5 lanes 3, 5, & 7).

This was thought to be due to the accumulation of AgNPs in the stacking gel; the brown colour corresponds

to AgNPs observed in colloidal suspension, whereas the yellow is typical of a more size-uniform sample of

AgNPs suggesting that the gel may be able to separate the AgNPs based on size. Moreover, discolouration

and smearing were visible in the high weight region (110 kDa – 50 kDa) of the gels prior and after staining

with both SYPRO Ruby and SimplyBlue stains. To determine if these smears could be caused by the

AgNPs entering the running gel, to confirm this, chemically synthesised PVP-coated Ag nanospheres were

also run in the gel. It can be seen in lane 9 of Figure 7.5 that the similar discolouration of the stacking gel

is observed as with biogenic AgNPs. Additionally, smearing at the top of the lane in the running gel can be

seen. This suggests that the smearing can be attributed, at least in part, to the presence of AgNPs in the

gel.

The evidence from the SDS PAGE images supports previous reports of protein being present in the

corona of AgNPs produced by bacteria.52,75,76,95,103,142,308 Moreover, the multiple bands observed in AgNP

samples indicates more than one polypeptide is present; this could be multiple different proteins or frag-

ments of the same protein. This too supports previous work which identified multiple proteins bound to

Ag2S nanoparticles.308

In contrast to the 4 faint bands consistently observed in the AgNPs samples of this work, Voeikova et al.

observed 11 distinct bands when the corona of S. oneidensis.308 Moreover, in the case of B. subtilis, more
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than 10 bands were observed from supernatant of the cultures while only one band was visible from the

nanoparticle corona.308 Contrary to this, it was observed in this study that similar banding patterns were

present in both the supernatant samples and their corresponding AgNPs samples, as shown in lanes 3 &

4 of Figure 7.6.

7.3.6 Proteomic Investigation of Coronal Proteins

To identify the proteins bound to the AgNPs, proteomic analysis was performed using mass spectrometry

where a total of 10 samples (5 AgNP samples and 5 supernatant control samples) were analysed. Across

all samples, a total of 731 proteins were identified. When comparing replicates, 500 ± 71 proteins were

identified in controls while 87 ± 48 were identified AgNP samples. Proteins identified in the controls

appeared in 3.4 ± 1.7 replicates, whereas in AgNP samples, proteins appear in 2.5 ± 1.3 of replicates. A

comparison is shown in Figure 7.7 of the distribution of proteins identified in each replicate in relation to

its appearance in other replicates of the same sample type. It shows that 329 proteins were found in all 5

replicates of the control supernatant groups, whereas 20 were found in all 5 AgNP replicates. As a large

number of proteins in both sample types were only present in one or two replicates, an occurrence threshold

requiring proteins to be present in 4 out of the 5 replicates for each sample type to be considered. Following

this, 37 proteins were identified bound to AgNPs and 409 proteins were identified in the supernatant. All

of the 37 AgNP-bound proteins were also present in the supernatant; there were no proteins found to be

unique to the AgNPs. For further analysis, the identified proteins were classified in to two groups: bound

and unbound. The bound group consisted of the 37 proteins identified in the corona and the unbound

group consisted of the 372 proteins present in the supernatant but not in the corona (Figure 7.8).

Far more proteins were identified by mass spectrometry in both AgNP samples and control supernatant

samples than bands observed in SDS PAGE images. This is likely due to the superior sensitivity of mass

spectrometry over SimplyBlue and SYPRO Ruby staining. Moreover, as the proteins were fully digested

prior to proteomic analysis rather than being denatured for SDS PAGE, it is possible proteins remained

adhered to the particles and so did not migrate into the gels. This illustrates a benefit of analysing the

corona directly form the AgNPs over using excised gel bands.

Protein Abundance

The relative abundances of proteins in the corona and supernatant, and unbound proteins in the super-

natant were calculated and are presented in Figures 7.9, 7.11, and 7.10, respectively.

With an abundance of 8.14 ± 4.74%, flagellin was the most abundant protein in the corona and super-
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natant where it represented 3.85 ± 0.67% of total protein. The most abundant protein in the supernatant

which was not present in the corona was glutamate/aspartate ABC transporter substrate binding protein

(2.32 ± 0.15%) followed by cold shock protein as the second most abundant. These two proteins were the

second and third most abundant proteins in the supernatant prior to the addition of AgNO3. Moreover, of

the 37 most abundant proteins in the supernatant before Ag+ was introduced, 11 were found in the corona.

Protein Location and Function

When the subcellular locations of the proteins in the bound and unbound groups were examined, it was

clear that the cytoplasm was the origin of the majority of the all of the proteins for which location data was

available (Figure 7.12). In the bound proteins, only 10 have reported subcellular locations in the UniProt

database. Two proteins were secreted into the extracellular environment and one was a membrane protein.

Based on gene ontology data reported in the UniProt database, the functions of the proteins identified

could be classified (Figure 7.13). The largest group classified in the proteins bound to AgNPs translation

related proteins; translation was also the most associated function of proteins found in the unbound group.

Carbohydrate metabolism (including enzymes in the tricarboxylic acid cycle and glycolysis) was the sec-

ond largest group in the bound proteins and was also a considerable proportion of the unbound proteins.

Biosynthetic processes (synonymous with anabolic pathways) was a large proportion of unbound protein,

but accounted for a smaller portion of bound proteins. It should be noted that the analysis does not take

the abundance of each protein into consideration, but rather looks at all proteins identified equally.

Proteins Identified in the Corona

All 37 proteins identified on the surface of the AgNPs were also present in the control samples. This

indicates that the proteins in the corona are expressed under the growth conditions used and were isolated

through binding to the AgNPs during the washing and samples preparation processes. A full list of these

proteins is given in Table 7.2. The two most abundant proteins in the corona (flagellin and a fragment of

the elongation factor Tu) accounted for approximately 15% of the total protein coat.

Flagella are electro-chemical drive systems used by bacteria for motility. The organelles are typically

comprised of 20 different proteins making up the trans-membrane motor and the extracellular filamen-

tous propeller.309 The propeller is a hollow helical structure made of up to 30,000 repeating monomers of

flagellin.309,310 The total flagellum can extend over to 10 µm in length (five time the cell length of M. psy-

chrotolerans);310,311 examples of M. psychrotolerans’ can be seen in Figures 3.2 and 4.5 B. Because of the

larger numbers of monomers used in the formation of a single flagellum, and that motile bacteria typically
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produce 5 – 10 flagella across the cell surface, flagellin is one of the most abundant proteins expressed by

such organisms.312,313

Flagellin was observed as the most abundant protein in the corona of AgNPs produced in this study

by M. psychrotolerans accounting for 8.14 ± 4.74% (Figure 7.9), and was also observed in the coronae of

S. oneidensis and B. subtilis, though the relative abundances were not reported.308 In addition to flagellin,

flagellar hook-associated proteins 2 and 3 were also observed in high abundance in the corona represent-

ing the fifth and sixth most abundant proteins in this study (3.90 ± 3.04% and 3.81 ± 1.35%, respectively);

these proteins were not identified in the previous investigation into the corona of biogenic AgNPs.308 Flag-

ellin was the most abundant protein in the supernatant prior to the addition of AgNO3 accounting for 3.85

± 0.67% of all protein. A high abundance in the environment where the AgNPs form is likely the cause of

the high abundance in the corona, as opposed to specific or target flagellin binding.

Elongation factor Tu is responsible for the delivery of amino acid-complexed tRNA to the ribosome

during protein synthesis. As a result of its crucial role, it is known to be the most abundant protein expressed

in E. coli accounting for 5% – 10% of total cell protein and had the highest copy number of all proteins when

E. coli was grown in LB.313,314 Indeed, ribosomal proteins and those involved in protein synthesis are known

to be the most abundant proteins in the cytosol of E. coli.315 This likely explains why such a large proportion

of the corona was comprised of translation-related proteins, such as ribosomal subunits (Figure 7.13). As

with flagellin, these proteins all appear in the control samples, with elongation factor Tu being the seventh

most abundant. Therefore, they appear to have been enhanced disproportionally to the other proteins in

the supernatant.

Both flagellin and elongation factor Tu were proposed as possible candidates for the banding observed

in the SDS PAGE images due to their molecular weights (Table 7.1). The bands for which these were

proposed were the most intense, especially in the case of elongation factor Tu. The high abundance of

these proteins in the proteomic analysis supports this as higher amounts of protein in the gels corresponds

with greater intensity of bands when stained. The band identified as flagellin in the corona of B. subtilis was

also very intense which suggests it too was a highly abundant component of the corona; the investigation

into B. subtilis used mass spectrometry only of intensely stained bands excised from PAGE gels making

assessments of the abundance relative to the total corona not possible.308

The remaining 35 proteins identified in the corona are predominantly related to translation as either

ribosomal proteins or being involved in translation, or carbohydrate metabolism (Figure 7.13). Neither

flagella, ribosomes, nor carbohydrate metabolism have previously been observed or suggested to be in-

volved in bacterial AgNP bioproduction. The proteins thought to be involved in the reduction of Ag+ include
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NAD(P)H-nitrate reductase, and the Sil family of proteins, particularly SilE, as discussed in Section 2.2.1.

No Sil proteins were identified in any sample analysed in this study. A copper resistance protein was iden-

tified in the control samples, but in only one of the AgNP replicates, below the threshold for consideration.

Limited functional information is available on this protein but it does not appear to be homologous to any of

the Cus proteins.

Taken together, the results presented in this study suggest that while protein is a component of the

corona, the functions of proteins appears to have little influence on their presence on the surface of the

AgNPs. Instead, binding appears to be the result of the physiochemical properties of the proteins. The

presence of these proteins does not infer functional activity on the surface of the particles. Indeed, many

of the proteins identified are constituents of the translation pathways of protein synthesis. However, as

Ag+ is known to disrupt RNA, DNA, and protein synthesis, it is possible that these pathways are not

functional.47,316 It remains unclear, and ultimately the subject of future work, whether the proteins with

catalytic functions remain active when in the corona. Moreover, the involvement of the proteins bound to

the surface in AgNP production (i.e. Ag+ reduction) is unclear. Previous reports have suggested NAD(P)H

nitrate reductase as a crucial reducing component in the mechanism. Nitrate reductase subunit alpha was

observed in all 5 supernatant replicates in this study (abundance = 0.05 ± 0.02%), but was not observed

in any of the AgNP replicates.
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Figure 7.7: Comparison of number of proteins identified in replicates of supernatant control (A) and AgNP
(B) samples. The 37 proteins identified in the AgNPs samples were considered the bound group and the
372 proteins present in the supernatant control were classified as the unbound group.
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Figure 7.8: Comparison of number of proteins identified in at least 4 of the 5 replicates for AgNP (red
circle) and supernatant control (blue circle) samples.
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Figure 7.9: Abundance of all proteins bound to AgNPs present in at least 80% of replicates. Error bars
show ± 1 SD.
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Figure 7.10: Abundance of the 37 most abundant proteins present in at least 80% of replicates that did
not bind to AgNPs. Error bars show ± 1 SD.
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Figure 7.11: Abundance of the 37 most abundant proteins present in at least 80% of replicates in the
supernatant of M. psychrotolerans cultures. Red bars indicate those proteins which were identified in the
corona of AgNPs. Error bars show ± 1 SD.
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Figure 7.12: Subcellular locations of proteins bound (A) and that did not bind to AgNPs (B). n represents
the number of proteins with reported subcellular locations in the UniProt database.
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Figure 7.13: Functions of proteins bound (A) and unbound (B) to AgNPs identified by proteomic analysis.
n represents the number of proteins in the samples with reported biological processes based on gene
ontology in the UniProt database.
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7.3.7 Coronae of Other Organisms

Few studies have been published which have identified the proteins in the corona of biogenic AgNPs.

The proteins which have been identified to date are shown in Table 7.3. As discussed, the coronae of

AgNPs produced by S. oneidensis MR-1, E. coli K12, and B. subtilis 168 have been interrogated by mass

spectrometry.308 Bands were excised from a polyacrylamide gel and analysed as discrete samples; this

is in contrast to the holistic approach used in this work. All of the proteins identified were shown to be

associated with the outer or cytoplasmic membranes.308 While a small proportion of the proteins identified

in the corona of AgNPs from M. psychrotolerans were associate with either the outer cell membrane or the

periplasmic membrane, the vast majority are typically found in the cytoplasm.

Porin OmpA was abundant in the supernatant of M. psychrotolerans supernatant in this study, but not

identified in the corona of AgNPs. In contrast, OmpA and other porins were observed in the coronae of

AgNPs from both E. coli and S.oneidensis. This highlights the apparent species-dependent composition

of coronae.

The surface coverage of the nanoparticles was estimated to be 12%, 22%, and 1% for S. oneidensis,

B. subtilis, and E. coli, respectively.308 This was estimated from the calculated average surface area of

the nanoparticles and the amount of protein bound to the nanoparticles. Assuming a protein size based

from the average molecular weight of the proteins, the surface coverage and number of protein molecules

bound to each particle were estimated. This allows for differences in protein adhesion to be compared

between the species investigate. This could not be done in this work as the amount of bound protein was

not determined (discussed in more detail below). However, it could provide a usefulness to gain insight into

how different conditions affect the formation and composition of the corona over time.

In addition to the 3 bacterial species investigated, AgNPs produced by the fungus Aspergillus tubingen-

sis have been examined.248 A small number of proteins were identified on the surface of the particles but

these, in contrast to those produced in the previously reported bacteria, were not membrane associated

proteins. The proteins, namely acid phosphatase, glycosidase, serine carboxipeptidase, and glucanosyl-

transferase, are parts of metabolic pathways relating to carbon, phosphorus, and nitrogen uptake and

fungal growth.248 Additionally, all of the proteins were acidic with isoelectric points between 4.0 and 5.1,

and varied in molecular weight from 39 to 65.5 kDa, this is comparable to the 39.1 ± 24.1 kDa of bound pro-

teins observed in this study. In contrast to Parikh et al., the binding of proteins to the surfaces of the AgNPs

was thought to be through thiol groups, rather than aromatic carbon atoms, as determined by FTIR spec-

troscopy.52,248. Further analysis into the binding of the proteins onto the AgNPs using X-ray photoelectron

spectroscopy, as used by Parikh et al. may be a useful avenue of future research.52
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Table 7.3: Comparison of proteins identified in the corona of AgNPs produced by other organisms in
previous studies.

Proteins identified in coronae of AgNPs

Shewanella oneidensis MR-1
Arg R-regulated TonB-dependent receptor
TonB-dependent siderophore receptor
TonB-dependent heme/hemoglobin receptor
TonB-dependent vitamin B12 receptor
FadL family outer membrane receptor
Global secretion system secretin TolC
Outer membrane porin
Outer membrane porin Omp35
Flagellin FliC
Protein of the outer membrane OmpK
Protein of the outer membrane OmpW
Protein of the outer membrane A
Outer membrane porin OmpK

Escherichia coli K12
Maltoporin
Outer membrane porin OmpC
Outer membrane porin OmpA
Outer membrane porin OmpX

Bacillus subtilis 168
Flagellin

Aspergillus tubingensis
Hypothetical protein An01g11010 (Glycosidase)
Preproglucoamylase G2
Hypothetical protein An04g08730 (Unknown function)
Acid phosphatase
Glucoamylase G1
Hypothetical protein An03g05200 (Serine carboxypeptidase)
Hypothetical protein An09g00670 (Glucanosyltransferase)

The data from S. oneidensis, E. coli and B. subtilis were reported by Voeikova et al.308 The data from
Aspergillus tubingensis were reported by Ballottin et al.248
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7.3.8 Considerations and Limitations

Soft Corona vs Hard Corona

Hitherto, much of the research on the coronae of AgNPs has come from the field of toxicology where

chemogenic AgNPs are introduced to a tissue samples (e.g. serum or cell cultures) and the proteins from

the host which bind onto the particles are analysed for insights into the effects of the AgNPs.291,317,318

From this work, the corona is considered to be comprised of two main parts: the hard corona and the soft

corona.318,319 The hard corona is a layer of strongly bound protein in direct contact with the surface of the

particles, whereas the soft corona is made of more loosely bound proteins with lower bindings affinities to

the particles. A meta-stable coating is proposed to initially form of high abundance proteins.320 This coating

is under equilibrial flux with unbound proteins in the surrounding environment which have higher binding

affinities but lower abundances that replace coronal proteins with lower binding affinities. This process can

take several hours depending on the conditions such as temperature, the proteins present, and particle

properties.319–322

In this work, the AgNPs were washed multiple times in PBS. Due to the high variation in protein dissoci-

ation rates, the proteins identified on the particles may be susceptible to differences in the methods used for

isolation and analysis with multiple washing steps likely removing proteins with low binding affinities.323 The

results presented in this study are, therefore, likely to be representative of the hard corona. It is unclear,

however, if the soft corona was completely removed, and to what extend it remained if it was not. Analysing

the soft corona remains challenging as it must be preserved sufficiently while unbound material, such as

secreted proteins and growth medium components, are removed, though using size affinity chromatogra-

phy has been proposed as a possible approach. Understanding how the corona of AgNPs produced by M.

psychrotolerans evolves overtime may be valuable when considering the stability of particles in commercial

applications.

Intracellular and Extracellular AgNPs

This study only examined AgNPs isolated from the extracellular environment. As the CFE of M. psychro-

tolerans cultures possesses the ability to reduce Ag+ and form AgNPs, many of these particles are likely

to have formed outside of the cells. However, it is also clear from TEM imaging of cells exposed to Ag+

(e.g. Figure 4.5) that particles form inside or in very close proximity to the cells; previous reports support

this with AgNPs present inside P. stuzeri, Rhodococcus spp., and Bacillus sp.43,121,324 The differentiation

of intracellular and extracellular AgNPs has received little attention. However, the different local conditions

and protein abundances experienced in the cytoplasm or periplasm compared to the culture supernatant
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would likely have considerable impact on the composition of coronal. While an extraction method has been

developed to isolate intracellular nanoparticles, this approach would likely disrupt the corona due to the

use of chloroform and ethanol washing steps.325 Extracting these AgNPs without disrupting the corona

may prove challenging, but comparing the coronal compositions of the intracellular and extracellular Ag-

NPs would likely be of great interest, especially considering the higher tendency to find non-spherical and

larger particles in the intracellular environment. Any differences may shed light on the mechanisms at play.

Quantification of Protein and AgNPs

Although the relative abundances of proteins were estimated, a quantitative approach was not taken

throughout this work; the protein concentrations in the supernatant samples and the amount of protein

bound to the nanoparticles were not determined. Additionally, protein loads were not normalised prior to

SDS PAGE, as is often done.

The quantification of protein bound to AgNPs is challenging, though efforts have been made to develop

a reliable method, albeit with their own limitations.326,327 Challenges emerge due to the small sample size

and the limited sensitivity of the most commonly used colorimetric assays. Additionally, the requirement

of washing the nanoparticles prior to analysis in these assays likely leads to losses of loosely bound

proteins. Caution should also be taken when considering using colorimetric or fluorescence-based assays

as the optical properties of the AgNPs can interfere with the chromophores or fluorophores, for instance by

absorbing at the excitation or emission wavelengths of a fluorophore.

Knowing the amount of protein present is valuable if the size and concentration of AgNPs in the sample

is also known as it would allow the available surface area of the nanoparticles to be calculated, and from

this, the protein coverage could be estimated; such a approach has previously reported.308,321,326 The

protein coverage could be used to assess the stability of the corona under different condition. Therefore,

future work would benefit from the measuring of absolute protein and AgNP concentrations.

Determining the concentration of AgNPs presents its own challenge. As AgNPs follow the Beer-

Lambert law which states that the absorption of a substrate is proportional to its concentration, a simple

calibration curve can be generated using known standards. However, the absorption is also dependent on

the molar extinction coefficient (ε). The εof AgNPs is in turn dependent on the optical properties, and thus

the shape and size, of the particles; this includes the polydispersity of the samples as a more dispersed

sample typically exhibits a broader LSPR absorbance peak. Therefore, generating known standard with

the same εis challenging. The use of a standard with similar, but not identical properties, may be used with

the compromise of a loss in accuracy. Nanoparticle tracking analysis (i.e. NanoSight) was unsuccessfully
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attempted in this work; the scattering properties of the AgNPs used were not comparable with the laser

source available.

It would also be valuable to know if any protein remained bound to the particles after digestion during

the preparation of samples for proteomic analysis. This was not done here but it is possible proteins or

peptide fragments remained bound to the particles were removed from the samples. Peptides with strong

affinities to the particles may be more likely to remain bound and their losses may skew the reported

findings. Employing a matrix-assisted laser desorption/ionisation (MALDI) as a method for generating ions

may allow for the proteins to be ionised directly from the surface of the particles. However, analysis of the

data generated would be more challenging without the predictable digestion with trypsin.

While this would undoubtedly add value to the results presented herein if the protein concentrations

and coverages were known, it was not deemed essential for this project but should be a consideration in

future investigations.

Cell Viability and Corona Formation

Ag+ is toxic to bacterial cells. Attempts to re-culture M. psychrotolerans after long (24 h) incubations with

Ag were unsuccessful. Although more detailed investigations into the fate of the cells were not undertaken,

it would suggest that the cells are metabolically active at normal levels for the whole period. Therefore,

questions remain regarding how much of an effect on protein expression Ag+ at the concentration used

had. Investigations into the viability and activity of the cells during the AgNP production process would

shed light on this question. Tools including time-resolved transcriptomics and proteomics would show how

the cells respond to the stress of Ag+.

7.3.9 Future Work

Binding Affinities of Proteins to AgNPs

The physical and chemical properties of the proteins were interrogated in this study to elucidate the reasons

behind the different apparent binding affinities of proteins with the AgNPs (See Appendix E.3). However,

due to challenges in the methodology used, low confidence was held in the results. Consequently, such

analysis is still required to understand the formation of the corona and is ongoing and the subject of future

work.
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Proteomes in Response to Ag+ and AgNP

Comparison between the native secretome of M. psychrotolerans and the protein excretion after the pro-

duction of AgNPs is of particular importance as it will not only reveal if the protein binding is specific,

but will also likely shed light on the mechanisms involved in AgNP production and Ag+ resistance. Such

work has been performed in P. aeruginosa and B. thuringiensis, but to date has not been reported in M.

psychrotolerans.328,329

Protein-driven Crystal Growth

A number of proteins have been added to chemogenic AgNPs to improve the stability; albumin for instance

is known to reduce the agglomeration of AgNPs.24 However, proteins can also influence the shapes of

AgNP produced. Chakraborty et al. demonstrated that catalase could drive the growth of citric acid coated

seed AgNPs to prismatic geometries while lysozyme resulted in more spherical particles.292 The non-

spherical growth of the particles was attributed to the number of accessible lysine residues present in

the proteins. In a separate study, Pu et al. reported that the LSPR properties of AgNPs produced by

the UV-driven degradation of AgCl could be affected by different proteins present during the reaction.293

While the morphologies were not as anisotropic as the previous report, the results show that different

proteins can influence crystal growth. Therefore, it may be possible to control the morphologies of particles

during production in a bacterial system by altering the proteins present, for instance by up-regulating the

expression of catalase.

7.3.10 Corona of Other Species

From the limited data available and the different methodologies used in the literature, it is difficult to assess

how generalisable the results presented in this work are to other bacterial species.248,308 By characterising

the coronae of other species, it may be possible to gain a better understanding of the mechanisms through

which they form. Moreover, it would allow for consistent trends to be identified which would make identifying

key protein of interest easier. This could be useful in controlling coronae in the optimisation of production

processes for different applications.

7.4 Conclusions

The presence of protein on the surface of bacterially produced AgNPs is of great interest when considering

the applications of such materials. Here, the coronae of AgNPs produced by M. psychrotolerans was
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investigated. SDS PAGE revealed multiple proteins present in the corona. Proteomic analysis identified

37 proteins in the corona. All of which were also present in the culture supernatant prior to the addition

of AgNO3. The binding of proteins to the AgNPs appears to have been driven by the abundance of and

physiochemical properties of the proteins rather than selective binding for functional activity. Gaining a

better understanding of the mediating factors involved in protein-AgNP binding would be required.

When compared with the proteins identified in the coronae of other organisms, it is clear that there is

little overlap. This highlights the need to characterise the coronae of AgNPs produced by multiple species

to be able to gain a better understanding of the factors affecting the coronae during formation. Moreover,

the dynamic nature of the corona makes it important to consider the processing methods and analytical

tools used.
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Chapter 8

Discussion and Conclusions

8.1 Project Summary

AgNPs hold great potential in applications ranging from medical wound dressings to prevent infection, to

optical coatings on vehicles. However, persisting challenges with the production of this material in chemical

or physical processes are hindering their widespread use on industrial scales. Bacterial synthesis of AgNPs

offers a possible alternative production route with a more environmentally friendly process for producing

stable particles. This project aimed to develop a production method for these stable particles using bacteria

and to explore ways in which the process could be optimised for larger scale production. Alongside this,

insights into the mechanisms underpinning the biology and chemistry of the results observed was gained.

8.2 Summary of Key Findings

Effects of Reaction Conditions

A series of reaction conditions were explored for their effects on AgNP bioproduction. It was evident

that while some conditions, namely reaction duration, concentration of Ag+, and pH, had an impact on

the amount of production observed, the absorption spectra of the particles produced under the different

conditions did not change. This suggested that the particles being produced were morphologically similar.

The ability to change the shape of the particles away from spherical or quasi-spherical does not appear

to be achievable by simply changing the reaction conditions examined. An interesting and somewhat

serendipitous observation of enhanced production was observed when samples were exposed to sunlight.

With a substantial increase in production yield, the effects of light on production were examined further.
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Photo-Enhanced AgNP Bioproduction

In chapter 4, LED light was used to enhance AgNP production. By utilising LED lighting over halogen,

tungsten, or xenon lamps, meant the energy usage and heating could be minimised. Production was seen

to greatly increase on exposure to white light and through examination of different filters and a UV lamp,

it was evident that production favoured shorter wavelengths of light with blue and UV light yielding the

greatest amount of AgNPs. The mechanism for this activity is thought to be the result of photo-induced

fragmentation of small molecules such as amino acids. Indeed, considerable production was observed in

sterile growth media when exposed to light. Though, importantly, the stability of the AgNPs produced in LB

was lower than those produced in the presence of M. psychrotolerans cells.

Rapid AgNP Production Enhanced by Laser Light

Following the use of LED lights and UV lamps for AgNP production, lasers were investigated (Chapter 5).

The high intensity of laser light allowed for the rapid production of AgNPs to be achieved on a time scale of

seconds, rather than hours or days. The particles produced were spherical or quasi-spherical with smaller

and more uniformly distributed sizes when prepared in CFE than whole cell cultures. By measuring the

temperature throughout the production, it was concluded that heating was likely not responsible for the

observed results, and rather it was a photo-catalytic mechanism. The particles produced were stable for

150 days with little change in the UV-Vis spectra.

Photo-Driven AgNP Bioproduction in Flow

The translation of batch reactions of photo-driven AgNP bioproduction to flow reactors proved successful

in Chapter 6. Through the use of low-cost and easily manufactured prototypes, bespoke reactors were

used to test a series of design elements to ultimately develop a viable flow system. Challenges regarding

reactor fouling with the deposition of AgNPs on the internal surfaces of the reactors remains to be over-

come. Investigations into reactor materials, surface coatings, and flow patterns are required for further

optimisation.

Investigation of Corona Composition

Many previous reports have suggested the presence of protein on the surface of biogenic nanoparticles;

the findings of Chapter 7 support these. Due to the small size of the corona, it proved challenging to in-

terrogate its composition by spectroscopic techniques. However, TEM imaging revealed a possible visual

184



confirmation of the corona. When separated by SDS-PAGE, a number of bands were clearly visible indi-

cating the presence of multiple protein or protein fragments. Following this, proteomic analysis was used to

identify these proteins. A total of 37 proteins were identified in the coronae of AgNPs. The proteins tended

to be in high abundance in the supernatant of cultures which had not been exposed to Ag. Therefore, it

was concluded that the protein corona is made of abundant proteins which bind strongly to the AgNPs,

rather than proteins with specific functions in nanoparticle synthesis.

8.3 Review of Project Aims and Objectives

The primary aim of this project was to develop an environmentally friendly and scalable method for the

production of stable AgNPs through the use of bacteria. This was achieved as AgNPs have been produced

by biologically sourced reducing agents which omits the need for more hazardous chemicals, such as

sodium borohydride. The development of a flow reactor which is capable of producing AgNPs continually

allows for this method to be scaled with relative ease.

The ability to control the morphologies of the particles produced in bacteria is yet to be obtained.

Although some non-spherical particles were observed, the reasons behind their formation are unknown.

Despite efforts to reproduce them and replicate the work of others, they could not be formed with the

apparent relative ease reported in previous work.57

8.4 Potential Applications of the AgNPs Produced in this Project

The purpose of this project was to develop a method for producing AgNPs which could ultimately be used in

real-world applications. Initial intentions were focused on the shape-specific uses in optically-active surface

coating, for example low observable materials or energy saving glazing. However, as the ability to produce

prismatic particles was not achieved, this remains a future goal. The particles synthesised in this study may

see use in applications which do not require strict optical properties, for instance antimicrobial coatings, or

chemical catalysts. The commercial viability of biogenic AgNPs remains to be determined but increasing

production yields through the use of flow reactors will likely make it a more competitive material.

8.5 Shortcomings and Limitations of this Project

While efforts were taken throughout to maximise the power of the reported results, some limitations should

be taken into consideration when interrupting the conclusions herein:
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• M. psychrotolerans was use throughout this project. While E. coli and P. fluorescens were briefly in-

vestigated, no other organisms were studied. This limits how the findings, especially those pertaining

to the biological aspects of the project, can be generalised across all bacteria. Further investigations

into other organisms will be required to see if the results can be transferred. The Sil genes are known

to exist in the PMG101 plasmid, and are found in multiple species. Likewise, NAD(P)H reducatases

are ubiquitous in bacteria. It is possible, therefore, that the mechanism of AgNP production is similar

in many of the reported strains. How the corona composition varies between species is unclear and

will require further proteomic analysis to be determined.

• UV-Vis spectroscopy was used extensively throughout this project as the primary tool of detecting

AgNPs and estimating the morphologies of the particles. While this is a routinely used method,

minority populations of non-spherical particles may not be detected. For examples, TEM revealed

a small number of triangular particles in this project but there was no spectroscopic evidence to

support their presence. Ideally, TEM would be used to examine every sample produced in detail, but

this would be prohibitively time consuming and expensive.

• This project used UV-Vis spectroscopy to estimate the relative amounts of AgNPs in samples. As

discussed in Section 2.3, UV-Vis spectroscopy utilised the Beer-Lambert law to relate the absorbance

at a given wavelength to the concentration of an analyte. However, this linear relationship only exists

between given absorbance values which are dependent of the analyte of interest, the spectrometer,

and the software used to collect data and control the machine.

As shown in Appendix Figure C.4, the concentration range of AgNPs in the Lambda 35 spectrom-

eter (PerkinElmer) use in this work was linear up to an absorbance of 2.5. Beyond this limit, errors

could be introduced into the data. If absorbance values were recorded above this limit, samples

were diluted to reduce the absorbance and then the values were scaled by the dilution factor. Ide-

ally, all sample would be diluted equally, but due to the high variation between samples, especially

in experiments using light exposure, this was not always possible as some samples had very low

concentrations and diluting further would introduce considerable noise into the signal.

• The composition of the nanoparticles has been assumed to be Ag throughout this project. This was

because the UV-Vis spectra of these particles matched what is expected from AgNPs. However, with-

out elemental composition and crystallographic analysis, the particles cannot be completely identi-

fied. Ag oxide, Ag chloride, and Ag sulphide nanoparticles have been reported and often have similar

absorption properties.153 It is important to confirm the composition of these nanoparticles in future
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work as their behaviour may differ and impact their use in certain applications.

• Throughout this project, LB with no added NaCl was used to culture M. psychrotolerans. While this

modified LB is routinely in similar studies,51,52,57,99 its use should be reported with the caveat that

it may not be consistent between studies, or experiments as it is not a chemically defined medium.

The variation comes from the non-standardised sources of the ingredients as it is comprised of

10% tryptone and 5% yeast extract. Tryptone is produced as the enzymatic digest of pancreas,

whereas yeast extract is produced from the autodigestion of Saccharomyces cerevisiae. These are

not perfectly defined sources as the nutritional compositions are not precisely controlled. As a result,

there can be considerable batch-to-batch variation. The differences in medium composition may

explain some of the conflicting or different results observed in the literature and this study.51,57

Most nutritionally-rich media, such as LB, MHB, and tryptic soy broth, contain ill-defined components.

Their widespread use is permitted due to their convenience and effectiveness with the trade-off of

less controlled composition. Avoiding these media in place of better-defined minimal media, such

as M9, that do not contain digests or extracts of biological materials, may help to improve the inter-

experiment comparisons in this field. Special considerations also need to be made, however, for the

use of halides, especially chlorides, in the media due to the involvement of Ag+ and its tendency to

form insoluble precipitates.

8.6 Remaining Research Questions and Proposed Future Work

Biological Mechanism

The biochemical mechanisms underpinning AgNP bioproduction remains to be fully elucidated. While

efforts have been made to identify the key components of any such pathways, large gaps remain.4,6,62

Questions also remain over the generalisability and specificity of some of the previously reported mech-

anisms. NAD(P)H-dependent nitrate reductases have been cited as contributors to fungal and bacterial

AgNP production. However, limited evidence exists to suggest this is an exclusive pathway, and indeed,

additional mechanisms likely exist and operate in parallel.

To expand this understanding, molecular biology and “omics” techniques would likely be valuable. In-

vestigations which explore how global gene and protein expression levels change with the addition of

sub-bactericidal concentrations of Ag+ in the context of AgNP production would be insightful to gain an

understating of not only a possible AgNP synthesis mechanism, but also the overarching Ag resistance

systems, no doubt useful in medical applications for Ag-based antimicrobials.
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Morphology Control of AgNP Bioproduction

Non-spherical AgNPs were observed in TEM images, though they were very rare and elusive. The

source of these particles remains a mystery and the inability to reproduce it was frustrating. Neverthe-

less, it shows that non-spherical morphologies are possible in bacteria systems, supporting previous find-

ings.43,57,65,75,108,120

The corona of the nanoparticles plays an important role in stability of colloids, but also the morpho-

logical stability of the particles by protecting the surface from oxidisation and etching.319 This protection

is one of the appeals of biosynthetic production routes. However, this protection also appears to act as

a double-edge sword. The particles are too stable and resistant to surface alterations which makes mor-

phological control during or after the growth stage challenging. The effectiveness of citrate as a capping

agent to preferentially drive facet-selective crystal growth in chemogenic synthesis is due to the binding

affinity of citrate to the 100 facet being higher than to the 111 facet.21 If a protein could be identified which

exhibits similar preference for a crystal facet, it may be possible to use to grow non-spherical AgNPs with

much higher efficiency than observed in this project. This has been achieved in a chemical system, but

translating this to a biological system may be challenging.292 If these methods do prove successful at driv-

ing particle growth towards non-spherically shaped particles, their translation into a flow system will be a

critical achievement for larger scale production.

Mechanism of Photo-assisted AgNP production

The mechanism of AgNP production in CFE and growth media is thought to involve the photo-fragmentation

of small molecules such as tyrosine and tryptophan. By knowing the which ingredients in the growth media

are critical, the reaction mixture can be simplified and optimised. This would not only reduce the costs, but

it would likely result in a more uniform product as any minor reactions and interactions could be removed

allowing for a single mechanism to dominate production.

Moreover, if a specific protein can be identified as being crucial to the stability of the nanoparticle, it

may be possible to use a reaction mixture consisting of just three reagents: the photo-reducing agents (e.g.

tyrosine), the stabilising protein as a capping agent, and AgNO3. This mimics chemical reduction reactions

for AgNPs and substantially simplifies the process. When considering large scale production, the simplicity

of a process is attractive as it reduces the cost of reagents and the complexity and costs of reactors.
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Flow Improvements

Future research with the reactors developed in this project, especially Reactor 5, would likely benefit from

pumps which utilise a continuous mode of operation (i.e. drawing from an open reservoir), rather than the

finite volumes of syringe pumps. Continuous cycle syringe pumps would offer the benefits of high-pressure

outputs, required for the large reactor volumes, and the precise flow rate control, while overcoming the

issue of finite reservoir volumes. Peristaltic pumps offer good control over flow rates and can draw from

large and refillable reservoirs, but often struggle to supply the required output pressures of larger reactors.

Additional benefits could be gained if in-line product clean-up and particle size isolation could be developed.

This would be critical to becoming competitive with existing production methods.

Metals Beyond Silver

Nanoparticles have been made using a wide range of metals and non-metals. Indeed, M. psychrotolerans

has previously been reported to produce Cu nanoparticles in a similar fashion to AgNP production here.239

Exploring whether the photo-enhanced production methods reported here can be applied to produced

nanoparticles of other metals, non-metals, or alloys would be an exciting avenue of research, especially if

translatable into a flow system.

8.7 Concluding Remarks

The limitations of conventional production methods are restricting the exciting potential of AgNPs in a

myriad of applications. Biological routes to producing AgNPs may be a useful tool in the future. However,

the ability to control the geometries of particles in biological systems remains to be achieved. Nevertheless,

in applications where the shape of particles is less important, such methods present exciting avenues of

investigation and will likely see real-world use before the higher precision particles. The viability of future

use will flow from the use of reactors to continually produce large volumes of products. To contend on

an industrial scale with existing technologies for lower-quality products, the benefits of biosynthetic AgNPs

must be financially competitive.
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Appendix A

Effects of Reaction Conditions on

AgNP Bioproduction

A.1 Culturing of M. psychrotolerans

A.1.1 Cell Counts and Viability

The cell density of cultures was determined using turbidity measurements at 600 nm (OD600) measured

using a PerkinElmer Lambda 35 UV-Vis spectrometer. Cell counts were performed via colony-forming unit

(CFU) plates prepared with 30 µL of serially diluted culture in PBS plated on LB agar and incubated at

22◦C for 4 days.

A.1.2 Growth Kinetics

The growth of M. psychrotolerans was measured by CFU counts and the data shown in Figure A.1. Cultures

took approximately 3 days to reach stationary phase when grown aerobically in LB with no added NaCl at

22◦C.

A.2 Assessment of AgNP production by E. coli and P. fluorescens

E. coli and P. fluorescens were cultured aerobically in LB (no added NaCl) for 24 h at 37◦C with orbital

shaking (150 RPM). AgNO3 was added directly to cultures to a final concentration of 9 mM. Samples

were then incubated for a further 24 h under the same conditions with protection from light. Cells and
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Figure A.1: Growth Curve of M. psychrotolerans grown aerobically in LB with no NaCl at 22◦C.

debris was then removed by centrifugation (10,000 x g for 5 min) and the supernatant analysed by UV-Vis

spectroscopy.

E. coli samples changed from pale yellow to brown, accompanied by an absorbance peak between 400

nm and 450 nm (Figure A.2). This indicated the formation of spherical AgNPs had occurred. No evidence

of AgNP production was observed by P. fluorescens.

A.3 Sectioned TEM Imaging of M. psychrotolerans

To investigate the location of nanoparticles on or in cells, ultra-thin stained sectioned samples were pre-

pared. For this, Cultures were centrifuged at 7500 RPM for 10 min and the supernatant discarded. The

pellet was then resuspended in the fixative solution [4% formaldehyde, 0.1% glutaraldehyde, 0.1% 1,4

piperazinediethanesulfonic acid (PIPES) buffer] at room temperature for 1 h. The fixed cells were added

to alginate and rinsed in PIPES buffer. Osmium tetroxide was used as a post-fixative and uranyl acetate

was added as a contrast agent followed by graduated dehydration with ethanol. A 50:50 acetonitrile:Spurr

resin solution was then used to start embedding the sample overnight. Following this, the specimen was

embedded in 100% Spurr resin overnight at 60◦C. Ultra-thin sections (≈50-80 nm) where then cut using

an ultra-microtome and supported on a copper grid. Reynold’s lead solution was used to stain the grids

prior to imaging using an FEI Tecnai T12 microscope, as in Section 3.2.3.
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Figure A.2: UV-Vis spectra of E. coli and P. fluorescens culture supernatant following 24 h incubation with
AgNO3
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Figure A.3: TEM images of sectioned M. psychrotolerans after incubation with Ag+. Image (B) shows the
red box in image (A) at a higher magnification. Scale bars: 1 µm (A) and 500 nm (B).
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Appendix B

Visible and ultraviolet light enhances

AgNP synthesis by M. psychrotolerans
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Figure B.1: Emission spectra of LED bulb with coloured filters.
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Figure B.2: Size distributions of AgNPs associated with M. psychrotolerans cells in dark conditions and
exposed to white light.
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Appendix C

A Rapid Green Process for AgNP

Production Through Laser-Assisted

Photoreduction
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Figure C.1: Calculations for laser intensity. (A) The laser was held approximately 4 cm above the cuvette
and adjusted so the beam was expanded to cover the bottom surface. (B) The surface area of the laser
spot at the air-liquid interface was calculated and used for intensity calculations.
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Figure C.2: UV-Vis spectra of supernatant of by M. psychrotolerans challenged with AgNO3 in the dark at
24◦C and 35◦C after 10 min.

Figure C.3: UV-Vis spectra of AgNPs produced in the presence of CFE (A) and sterile growth medium (B),
before and after centrifugation.
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Figure C.4: Relationship between concentration of AgNPs and absorbance at 420 nm measured on a
PerkinElmer Lambda 35 UV-Vis spectrometer. Particles diluted in diH2O.
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Appendix D

Photo-Assisted Biosynthesis of AgNPs

Using Cell-free Extract in Flow

Reactors
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Figure D.1: Comparison tr in reactors at a TFR of 1 mL min−1. Insert: Magnified view of the selected
area in the green box. Numbers are of Reactors as shown in Table D.1.
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Appendix E

Non-Specific Binding of Proteins Form

Coronae of Biogenic AgNPs Produced

by M. psychrotolerans

E.1 Spectroscopic Investigations of the Corona of AgNPs produced

by M. psychrotolerans
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Figure E.3: AgNPs stained with SYPRO Ruby.
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E.2 SDS PAGE of AgNP Proteomics Samples
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E.3 Analysis of Protein Properties

As discussed in Section 7.3.9, analysis of the properties of the proteins in the corona and supernatant

was attempted. However, the confidence in the presented results is low and caution should be taken when

interpreting. The uncertainty comes from the apparent discrepancy between the statistical results and the

graphical representations.

E.3.1 Methods

The physical-chemical properties of the proteins (isoelectric point, grand average of hydropathy (GRAVY)

value, instability index, and aromaticity) were calculated from the amino acid sequence of each protein

using the BioPython library.330 Amino acid residue composition was determined by the frequency of each

amino acid (n) as a percentage of the sequence length (L), as shown in Eq. E.1. When comparing amino

acid groups, the combined frequency of all amino acids in the group was used.

Composition =
n

L
× 100% (Eq. E.1)

Two-sample Kolmogorov-Smirnov tests were used to check for differences in the distribution of the

data in each group. Parametric data were then compared using un-paired t-test. Levene test was used to

assess the homogeneity of variance and Welch’s t-test used if the variance of each group were significantly

different. Non-parametric data were compared using Mann-Whitney U test. A p-value of less than 0.05 was

considered significant. Statistical analysis were performed using SciPy.252

Physical and Chemical Properties of Proteins

Only 9% of proteins present in the supernatant were observed to be bound to the AgNPs. To explore

possible reasons for this discrepancy in protein binding, the physical and chemical properties of the proteins

were examined.

The molecular weight of each protein was calculated from the sequence data. The mean molecular

weight of bound protein was 39.2 ± 24.0 kDa and the unbound proteins had a similar molecular weight of

39.1 ± 24.1 kDa. The distributions of the molecular weights were also near identical. This reveals the size

of the proteins does not have an effect on the preference for binding to the particles.

Based on the molecular weights of the proteins identified on the surface of the AgNPs, possible proteins

which may be responsible for the bands observed in the SDS PAGE experiments were proposed (Table
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Figure E.7: Amino acids grouped by properties of proteins unbound and bound to AgNPs. (A) Basic
(arginine, histidine, and lysine), (B) acidic (aspartic acid, glutamic acid), (C) aromatic (phenylalanine, ty-
rosine, and tryptophan), (D) aliphatic (alanine, glycine, isoleucine, leucine, proline, and valine), (E) amidic
(asparagine, glutamine), (F) hydroxylic (serine, and threonine), and (G) sulphur-containing (cystine, me-
thionine) residues were analysed.

7.1). The positions of the bands relative to the known standards were used to estimate the molecular

weight of the stained peptides. Identified coronal proteins with molecular weights were then selected using

a tolerance of ± 2,000 kDa.

The amino acid composition of the protein sequences were analysed, as shown in Figure E.6 and

Table E.1. In addition to individual amino acids, the properties of the amino acids were investigated (Figure

E.7). Significant differences were observe in the compositions of most residues. However, the apparent

statistically significant results is not reflected in the graphical representation of the data. It is clear that

further analysis and investigation is required. A summary of the statistical results is presented in Table E.1.

Properties for the proteins could be estimated from the amino acid sequences. As shown in Figure E.8

A, the mean isoelectric point for bound proteins was 7.2 ± 2.2 and 6.2 ± 1.6 for unbound proteins. The

isoelectric point is the pH where a protein has no overall electric charge. The isoelectic point can be used

to approximate how acidic or basic a protein is as acidic proteins require a lower pH to have a net charge of

0, while basic proteins require a higher pH. Based on the calculated isoelectric points of the two groups of

proteins in this work, the neutral and slightly basic conditions of the isoelectric points suggest the proteins

were not strongly acidic or strongly basic.

The GRAVY value represents the sum of the hydropathy values for every amino acid in a sequence

divided by the total length of the sequence using the scale developed by Kyte and Doolittle.331 A positive
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Figure E.8: Physiochemical properties of proteins bound and unbound to AgNPs. The isoelectric point
(A), GRAVY value (B), instability index (C), and aromaticity (D) were estimated from the protein sequence
data of proteins which did and did not bind to the AgNPs from the supernatant.
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GRAVY value suggests the protein is hydrophobic whereas a negative value suggests the protein is hy-

drophilic. For example, membrane-embedded hydrophobic proteins tend to have higher GRAVY scores.331

In this work, the GRAVY scores were calculated to be -0.3 ± 0.2 and -0.2 ± 0.2 for bound and unbound

proteins, respectively (Figure E.8 B). The negative average GRAVY values in both protein groups suggests

that the proteins tended to be hydrophilic rather than hydrophobic, though the large standard deviation

demonstrated a high degree of variation in the proteins.

Based on the work by Guruprasad et al.332, the instability index of a protein can be estimated. By

examining the frequency of dipeptides within the protein sequence and estimating the stability of the bonds,

a value representing the instability of the whole protein can be calculated. Proteins with an instability index

of >40 tend to be unstable, where as stable proteins typically have instability index values of <40.332 In

the corona of AgNPs, the instability index was 30.9 ± 10.3 indicating that the proteins were stable (Figure

E.8 C); proteins supernatant tended to be less stable in an instability index of 34.4 ± 9.9. As the AgNPs

were washed prior to analysis, it is possible that unstable protein was lost resulting in an deflated instability

index.

Parikh et al. have previously shown that aromatic rings in the proteins bound to AgNPs are in direct con-

tact with the Ag surface.52 To explore if this had influenced the protein binding in this study, the aromaticity

of the proteins was calculated (Figure E.8 D). The relative frequency of the aromatic amino acid residues

(phenylalanine, tyrosine, and tryptophan) was calculated; a higher value represent more aromatic residues

present the protein.333 Unbound proteins had 7.1 ± 2.5% aromatic residues, whereas bound proteins were

5.7 ± 1.8% aromatic.

Further analysis and investigation into the proteins bound and not bound to the AgNPs is required to

gain an clearer understanding of the mechanism behind corona formation.
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Table E.1: Amino acid compositions in bound and unbound proteins

Amino Acid Bound (%) Unbound (%) P-Value

Ala 10.5 ± 2.77 9.9 ± 2.94 0.020
Arg 6 ± 2.95 5.1 ± 2.32 <0.001
Asn 4.2 ± 1.59 4.2 ± 1.59 0.266
Asp 5.7 ± 1.37 6.1 ± 1.66 0.001
Cys 0.5 ± 0.48 0.9 ± 0.74 0.000
Gln 3.8 ± 1.62 4 ± 1.84 0.040
Glu 6.7 ± 1.36 6.7 ± 2.34 0.987
Gly 8.7 ± 2.52 7.7 ± 2.35 0.000
His 1.6 ± 0.99 2 ± 1.36 0.000
Ile 5.9 ± 1.76 6.1 ± 1.77 0.252
Leu 8 ± 1.83 8.5 ± 2.08 0.001
Lys 7.4 ± 1.76 6.2 ± 2.48 <0.001
Met 2.7 ± 1.1 2.8 ± 1.13 0.284
Phe 2.8 ± 0.84 3.5 ± 1.44 <0.001
Pro 3.5 ± 1.26 4 ± 1.46 <0.001
Ser 5 ± 1.76 5.5 ± 1.76 0.001
Thr 5.5 ± 1.5 5.6 ± 1.7 0.223
Trp 0.6 ± 0.51 0.9 ± 0.76 <0.001
Tyr 2.3 ± 1.22 2.7 ± 1.37 <0.001
Val 8.7 ± 2.44 7.3 ± 1.99 <0.001
Aliphatic 7.6 ± 3.12 7.3 ± 2.85 0.003
Aromatic 1.9 ± 1.31 2.4 ± 1.65 <0.001
Acidic 6.2 ± 1.45 6.4 ± 2.05 0.099
Basic 5 ± 3.2 4.5 ± 2.76 <0.001
Hydroxylic 5.3 ± 1.65 5.6 ± 1.73 0.001
Sulphur 1.6 ± 1.4 1.8 ± 1.35 0.002
Amidic 4.7 ± 1.8 5.1 ± 2.04 0.003
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