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ABSTRACT  

 

This thesis describes novel research using Portobello mushroom spores (PMS) as a 

biotemplate and reducing agent that may be used to produce nanocomposites and 

replicas with societal benefits. 

First, the use of PMS as a green eco-friendly bioreagent for the biosynthesis of Ag, Au 

and TiOx nanoparticles (NPs) and their hybrids is described. These have been 

characterised using SEM, TEM, XRD, FTIR, UV, SIMS, DLS and TGA (where a full 

list of acronyms is to be found on page iv). The spherical shape, location and mean 

diameter of the PMS-held (5-30nm) Ag and Au NPs were confirmed. PMS functional 

groups are comparable with those in plant sources and allow them to act as 

reducing/capping/stabilising agents. 

Second, the sequential biosynthesis of PMS-held Ca2+, CaCO3 and nanohydroxyapatite 

(nHAp) is described where surface nucleation and growth are facilitated by biotemplate 

surface hydrophilic polar groups (-OH and -COO-). XRD and HRTEM suggest that the 

nHAp so formed has lower crystallinity and greater directed growth in the (002) 

direction than commercial nHAp (e.g. Bio-Oss), making PMS-routes useful for the 

delivery of artificial bone (after subsequent PMS removal). Furthermore, PMS-held 

nHAp showed more rapid in-vitro mineralization in simulated body fluid (SBF). 

Third, it is shown that ascorbic acid (AA), haemoglobin (Hb) and insulin (In) can be 

loaded into/released by PMS through its cell walls faster than with synthetic hydrogels 

(PVA); the transdermal use of PMS nanocomposites is considered in the context of drug 

delivery nanotechnology, avoiding size-dependent toxicity. 

Fourth, it is shown by traditional diffusion and novel methods that the antimicrobial 

activity especially of Ag/PMS, but also TiOx/PMS and Ag-TiOx/PMS (but not 

Au/PMS) is good in the inhibition of the growth of E.coli and S.aureus bacteria. The 

highest activity of Ag/PMS is attributed to Agx+ release. 

Fifth, the synthesis of NPs/PMS and biomimetic TiOx/PMS has shown to lead to good 

photocatalysis for the removal of coloured organic pollutants (e.g. methyl orange) from 

water, with faster rates of removal in molecules/mg/s and turnover numbers (TON) (s-1) 

than commercial anatase-rutile TiO2 (P25) possibly as the texture of the titania replicas 

raises the number of multiple reflections of light. 
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1- Biomimetic TiO2 formation from interfacial sol-gel chemistry leading to new 

photocatalysts. 

The surfaces of Portobello mushroom spores (PMS) have been used to produce Au and 

Ag nanoparticles, which are held thereon. They have then been overcoated with TiOx. 

These adsorbed more methyl orange (MO) pollutant from water than commercial P25 

TiO2. After calcination they form biomimetic TiO2 (PMS) and removal of the 

biotemplate, they catalyse faster rates of MO from water (molecules/mg/s) than P25 

anatase-rutile. Other biotemplates are now anticipated that will yield biomimetic 

photocatalysts with higher turnover number (s-1) removal of endocrine disrupters from 

water. 

2- Nanoengineering the antibacterial activity of biosynthesized nanoparticles of 

TiO2, Ag and Au and their nanohybrids with Portobello mushroom spores 

(PMS) (TiOx/PMS, Ag/PMS and Au/PMS) and making them optically self-

indicating. 

Nanoparticles (NPs) can be biosynthesized at room temperature on the reductive and 

chelating surfaces of Portobello mushroom spores (PMS). Using this green approach 

TiOx, Ag, Au, Ag-TiOx and Au-TiOx NPs have been prepared. These were 

characterized by TEM, SIMS and FTIR-FTIR. TiOx/PMS, Ag-TiOx/PMS, Au-

TiOx/PMS and Ag/PMS were active in bacterial inhibition towards Escherichia coli and 

Staphylococcus aureus, but Au/PMS was not active (suggesting a strong Au-PMS 

interaction). TiOx/PMS, Ag/PMS and Ag-TiOx/PMS were equally active in an 

antibacterial and an antifungal sense when tested against Asperillus.spp and 

Candide.spp. All samples (except Ag-TiOx/PMS and Au-TiOx/PMS) showed an 

interesting interaction with DNA. We report on the process of fine-tuning these 

antibacterial properties, progress on making these nanomaterials optically self-

indicating and movement towards optical control of their antibacterial activity. Au-

TiOx/PMS shows a surface plasmon resonance (SPR) with a maximum at 518nm that 

might be useful in following its anti-bacterial properties (i.e. making the 

bionanomaterial self-indicating). The future of such green bio-nanomaterials is strong. 
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Chapter 1: General introduction 

______________________________________________________________________________ 

In this chapter, a brief review is undertaken of the concepts of biomimicry, nanotechnology, 

nanoparticles (NPs) of Ag, Au and TiO2, their properties and their applications as antimicrobials 

and in photocatalysis. Finally, the aims of the proposed PhD research are considered.  

 

 Biomimetic material 

 

In the 1950s Otto Schimdt described biology/technology transfers as biomimetic. Organic 

syntheses were the initial realm of biomimetic chemistry, but its impact has progressed to bio-

inorganic interfaces with benefits to materials design. With biomimetic evolution, many living 

plant and animal species have constructed species-specific biocomposite-structures that have 

nano-architectures. In biomimetic materials, researchers learn from (and replicate) nature’s three-

dimensional self-assembled biotemplates (whether there be 8.7 million or 20 million species on 

Earth) through transformation of hybrid nanostructures to develop novel inorganic 

nanostructures. Nanochemistry aims thereby to extend the traditional length scales of synthetic 

chemistry. Applying lessons from nature allows the synthesis bio-inspired, biomimetic and 

biominerals materials of evermore fascinating complexity and properties [1].  Nature has 

different objects and processes with different function from macro- to nano- scale. 

Understanding these processes, can lead to imitation and production of them at a nano-scale. 

Biological materials derived from nature are biomimetic.  Many terms are used such as 

biomimicry, biognosis and bionics. The field of biomimetics is a multidisciplinary science that 

refers to human-made processes, substances, devices or systems that imitate nature or that take 

their inspiration from models in nature and aims thereby to solve human problems. Biomimetic 

approaches to materials chemistry relate to the supply of new methods for the synthesis and 

assembly of nanomaterials [2].  

Biomimetic science is when systems that have several functions learned and copied from Nature. 

It is the study of the structure and function of biological substances materials (i.e. enzymes and 
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silk) [3], biological mechanisms and processes (e.g. protein synthesis and photosynthesis) used 

in engineering, chemistry design and electronics [4].  

 
 

Figure 1.1: Different natural objects and their selected functions [5]. 

 

 Nano-chemistry has been developed to take advantages of chemistry and physical properties of 

biomolecules for progress towards the next generation of nanoscale materials [6]. Recently,  

scientists and researchers have shifted their thinking in the field of nanotechnology to ensure that 

we learn from nature [7]. For example, studies of the surface of lotus leaves (that emerge pristine 

and clean from muddy waters) suggested this is a result of their surface filaments with inherent 

surface roughness and structure/chemical anisotropy; this led to a ‘lotus leaf’ (due to super-

hydrophilic surface), paint surface that is antibiotic, self-cleaning and pollution controlling.  All 

biological materials contain water at some concentration, which is critical to organization, 

functioning and hierarchy and can provide a biomimetic solution to engineering materials. All 
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interactions between living species and their environment takes place at their surfaces or 

interfaces [8]. There are various materials from nature that serve as the inspiration of technology 

development [5] (see Fig. 1.1). 

 

  Nanotechnology  

 

In 1959, the physicist Richard Feynman was the first scientist who proposed the concepts of 

nanotechnology and described molecular machines built with atomic precision. He said, “there’s 

plenty of room at the bottom’’ [9]. At that time, he discussed the benefits of manipulating 

materials at a small scale. In 1974, Professor Norio Taniguchi (Tokyo University of Science) 

defined nanotechnology and used it as a scientific field at first time; his paper was ‘Taniguchi, N. 

(1974) On the Basic Concept of Nanotechnology; Proceedings of the International Conference 

on Production Engineering, Tokyo, 18-23’. From 1980, nanotechnology developed for many 

applications in medicine and industry when the first paper published in 1980 by K. Eric Drexler 

[9]. Nanotechnology entered a more public arena in 2001 when President Clinton brought 

worldwide attention to nanotechnology [10]. In recent years, nanotechnology has become one of 

the more significant and exciting new fields at the interface of chemistry, physics, engineering 

and biology [11]. There are many new branches of nanotechnology emerging such as 

nanomedicine, nano-biotechnology, nanoelectronics [10] and nanofibers [12] etc. 

 

1.2.1  Definitions of nanotechnology  

Nanotechnology means any technology that has applications on a nanoscale.  It can be defined in 

many ways: (i) as the design and application realised by controlling size and shape at nanoscale 

and using materials (atomic/molecular), devices and machines, making use of unique properties 

that occur for such structures at these small dimensions [13]; (ii) the broad-based science 

involving electrons, protons,  atoms and neutrons which can be manipulated by different 

methods to generate new materials that can be used to solve many problems in different fields 

[14]; (iii) it is the study and application of small-scale  (materials) across many fields as (e.g. in 

chemistry, physics, biology and material science) [15]. ‘Nanotechnology is the principle of atom 

manipulation atom by atom, through control of the structure of matter at the molecular level. It 
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entails the ability to build molecular systems with atom-by-atom precision, yielding a variety of 

nanomachines’ [16]. 

• Important definitions 

1- Bio-nanotechnology is the science that combines the principles of biology with chemical 

and physical methods to generate nanoparticles (NPs) with specific functions [11]. 

2- Nanomaterials possess unique material characteristics; they are nanoscale and 

manufactured by design to exhibit novel characteristics, compared to the same material 

without nanoscale [13]. 

3- Nanoparticles are particles of any shape with dimensions in the size range 1x 10-9 and 1x 

10-7cm (1nm = 10-9m) [17].  

4- Nanoscience is the study of nanomaterials whose properties differ from those of large 

scale materials. 

5- Nanomedicine is the use of nanomaterials to improve medicine and drug delivery, and 

6- Nano-toxicity is the study of toxic effects of nanomaterials on human health and the 

environment.   

 

1.2.2  The importance of the nanoscale 

Nanotechnology deals by definition with dimensions below 100 nm (10-9m). Such a nanoscale is 

very important [18]. For instance, bulk gold is not active; therefore, it is used as jewellery. 

However, at a nanoscale, gold clusters become very active and are used in catalysis and medicine 

for cancer treatment [19]. 

 Figure 1.2 shows examples of objects on different scales and nanoscales (such as a virus of 

about 200 nm size, protein molecules which are nearly 1-10nm in size, DNA 10nm (each base 

pair DNA =0.34nm) and a red blood cell 7000nm in size). The properties of adjacent molecules 

can be changed by their proximity to nanomaterials that have a comparatively large surface area 

per unit/volume, when compared to the same mass of material produced in microscopic form. 

This can make these molecules more chemically reactive [19].  



Chapter 1: Introduction 

5 | P a g e  

 

 
Figure 1.2 The scale of different objects [18]. 

 

Nanoscale materials (nanomaterials) or nanoparticles (NPs) exhibit unique properties, which 

differ from bulk materials: physical, chemical, biological, optical, thermal and mechanical 

properties. These properties come precisely from their nano-size, size distribution and shape. 

From another perspective, NPs can act as bridge between molecules or atoms and bulk materials 

due to their nm size. Their surface area to volume ratio increases when bulk materials become 

sufficiently small.  This affects their chemical and physical properties [20].  

 

A 
 

B 

Figure 1.3: A) Schematic of energy levels in NPs and B) UV absorption [19]. 

 

Some materials can be produced that are nanoscale in one, two or three dimensions as very thin 

surface coatings (semiconductor, metal, carbon), nanowires and nanotube or nanoparticles [13]. 

With their small size NPs are exited leading to increasing band gap energy and lower 
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wavelength. (Quantum confinement is change of electronic and optical properties when the 

material sampled is small size typically 10nm or less, see Fig. 1.3). Quantum dots improve the 

effacing by generating multiple exciton (e-hole pairs) after collision with one photon.   

1.2.3 Types of nanotechnology 

There are three types of nanotechnology: (i) dry nanotechnology which involves chemistry, 

physics, the surface science and gives significant fabrication of structure for inorganic materials, 

(ii) wet nanotechnology deals with enzymes, cellular components and membrane for biological 

systems, and (iii) computational nanotechnology involving simulation and modelling of the 

complex nanometer scale structures. All these can inter-relate with each other [21]. 

 

1.2.4  Synthesis of metal NPs 

There are two methods of nanomaterial processing: top-down and bottom-up. A unit can be 

designed to self-assemble (which is similar to self-organization where a material grows layer by 

layer) [22].  

• Top-down approach 

The top-down approach is a simple and fast technique for engineering a nano-structure. It 

involves the breakdown or fabrication of the bulk materials or device structure via monolithic to 

nano-sized particles. It is inherently simple and depends on removal or division of bulk material 

to produce the desired nano-structure with appropriate properties. The top-down approach is used 

in the electronic industry and includes as chemical vapor deposition (CVD) and physical vapor 

deposition (PVD) [11] sputtering, grinding and milling [23] and laser ablation. The generation of 

a biomimetic plant surface includes a top-down approach in which the structure is applied to a 

material by moulding. [7].  

• Bottom-up approach 

In contrast, with bottom- up approach, the required structure is produced from molecules or ions 

using chemistry. Thus, the bottom-up approach produces the desired nano-structure by building 

it up from small units (single molecules or ions). This approach assembles structure from atom-

to-atom, molecule-to-molecule, and cluster-to-cluster interactions say at the surface of a base 

substrate to give a bigger structure. In this case, the nanoparticles grow in size by self-assembly 



Chapter 1: Introduction 

7 | P a g e  

 

or by chemical reactions. Chemical self-assembly utilizes the selective attachment of units to a 

specific surface or specific functional group. Here, the bonding between the atoms or molecules 

producing self-assembly is covalent or non-covalent; it can produce metal (e.g. Au and Ag) or 

metal oxide [24] (e.g. TiO2 overcoats) aggregates and NPs  (see Fig 1.4).  

 

 
Figure 1.4: Top–down and bottom–up approaches to the synthesis of Au NPs [25] exploiting different 

physical, chemical and biological methods. 

  

1.2.5  Preparation of NPs 

Many approaches have been used to prepare metal NPs: (i) chemical (including chemical and 

photochemical reduction, hydrolysis, thermal decomposition co-precipitation and (ii) physical 

laser ablation and vapor deposition. Functionalization of NPs can include: (i) electrostatic 

adsorption (of positive charged adsorbate), (ii) chemisorption (e.g. thiols have an affinity noble 

metals and covalent binding of bifunctional linkers occurs on metals and (iii) affinity-based 

functionalization of NPs (with affinity sites in the biomolecules [26]). Self-assembly can be used 

to produce nanostructures by selective attachment of molecules to specific surfaces via covalent 

and non-covalent binding [27]. Nature exploits self- organization of soft materials in many ways, 

to produce cell membranes, biopolymer fibers and viruses [28]. Principles drawn from biology 
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have helped in understanding the fundamentals of self-assembly, and have stimulated the 

development of new strategies and new applications such as base pairs in DNA [29]. Self-

assembly is the step after NP nucleation in a mixture and growth-stable agglomeration. Here, 

larger NPs may be thermodynamically blocked and also biomolecules can help the NP self-

assembly and aggregation. The particle shape are defined in this stage [20].  

 

 Green chemistry  

 

Phytochemicals (which found in many different plant sources) have been used in green 

chemistry.  The conventional chemical routes to NPs can be hazardous (using toxic reagents or 

chemicals). This has driven researchers to develop alternative methods for NPs synthesis that are 

safer, more eco-friendly, simpler, readily, available and more efficient one-step processes. 

Biological synthesis has therefore been preferred universally for the synthesis of NPs using 

microorganisms and plants (bacteria, fungi, algae and others). Others use vitamin C, chitosan, 

glycerol, starch, Ca-alginate, honey, sponge and diatoms. Phytochemistry is considered a major 

mechanism of green synthesis for plants assisting reduction ions. Recently, the combination 

between green chemistry and nanotechnology has created new NPs. The mechanism of green 

synthesis of NPs involves the significant use of plants as reducing, capping and stabilizing agents 

(see Fig. 1.5) [25]. 

 

 

 

 

 

 
Figure 1.5A:  Diagram of literature 

published (2000-2016) on green 

synthesis of Au NPs using different 

natural sources. 
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Figure 1.5B:  Diagram of literature published (2000–2016) on green synthesis of Au NPs and keywords in 

the literature used for phytosynthesis of Au NPs (2000–2016) [25]. 

 

 

1.3.1 Bio-Reducing agents 

The bio-reduction to give NPs uses a combination of biomolecules, which are present in plants 

and enzymes (proteins and amino groups, acids, polysaccharide and vitamins).  For example, 

synthesis of silver nanoparticles can be by bacteria Bacillus licheniformis (including the enzyme 

nitrate reductase in the nitrogen cycle). Conversion of nitrate NO3
- to nitrite NO2

- as an electron 

was shifted to the incoming Ag ions) depends on the enzyme NADH hydrogenases 

(Nicotinamide Adenine Dinucleotide) which may transform Ag+ to Ag°. This enzyme is a 

significant factor in the biosynthesis of metal nanoparticles [30] (see Fig.1.6). Moreover, alkaline 

conditions (pH 10) have been reported to be a better condition for NPs formation. Thus their 

formation is faster and does not  need agitation to get NPs formed in alkaline solution [31].  
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Figure 1.6: Possible mechanism of Ag and Au NPs interaction with bacteria [30], (pink square 

shape is AgNO3 and pink cycle shape is Ag+ ). 

 

1.3.2  Capping agent 

Capping or stabilizing agents are added to prevent NPs from aggregating (due to their high 

surface energy and growing in all directions without a stabilizing agent) [32]. There are many 

stabilizers that act as ligands (e.g. polymers and surfactants, proteins, biomolecules (DNA and 

RNA), microorganisms, bacteria and extract of plants [33]).  

The capping agent or surfactant surrounds the nucleated NPs. For example, Au NPs are 

stabilized with soft thiol base groups that bond (Au-S) with the soft acid (Au) due to their higher 

affinity (coordination and complexation) with the NP surface than the solvent. These reagents 

should have a functional group or an atom lone electron pair that can react with Au particle. 

There are two basic modes of stabilization: (i) generation of electrostatic repulsion forces 

between NPs that repulse each other by forming a charged coating at the NPs surface (Fig. 1.7) 

and (ii) nonionic bulky agents that generate steric repulsion between particles forming a steric 

coating around the NPs surface [33].  
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A B 

Figure 1.7: Strategies Au NPS stabilization by: A)  electrostatic repulsion and B) steric repulsion 

[33]. 

  

 Properties of gold and silver    

 

Gold and silver are malleable transition metals. They have a high electrical and thermal 

conductivity. Silver has been known for its antibacterial and antifungal activities and used more 

to prevent infection due to increase the resistance of bacteria to antibiotics. Ag NPs is used in 

dressing for injuries (causes by burns) and wounds (caused by surgery) [34]. 

Table 1.1: The physical properties of gold and silver. 

 gold silver 

 

Group 11 11 

period 6 5 

block d d 

Per shell 2,8,18,32,18,1 2, 8, 18, 18, 1 

Atomic number 79 47 

Relative atomic mass 196.967 107.868 

Electron 

configuration 

[Xe] 4f145d106s1 [Kr] 4d10 5s1 

Oxidation states 5, 4, 3, 2, 1, -1 1, 2, 3 

Crystal structure Face centered cubic 

 (fcc) 

  

When two metallic atoms combine, they form metallic bonds, which are non-directional.  

Metallic bonds consist of positive charge metal atoms in constant positions, surrounded by sea of 

delocalized electrons with small excitation energies (ΔE). There is a decrease in ΔE as the 

number of atoms exhibiting increase orbital overlap increases. 
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1.4.1  Surface Plasmon Resonance (SPR)  

When materials possess a real negative charge with a small imaginary positive dielectric constant 

(k, a quantity measuring the ability of substance to stone electrical energy in an electric field) 

they can support a surface plasmon resonance. “Plasmons are pseudo-particles representing 

electron gas quantum fluctuations in the conducting material. Resonant excitation of these 

vibrations by electromagnetic waves in a thin layer of the conducting material, placed between 

the two media with different refraction index (n), is named surface plasmon resonance” [35]. 

SPR is a coherent oscillation of the surface conduction electrons. This is excited by 

electromagnetic radiation. Au NPs and Ag NPs have many benefits in biomedical applications 

owing to their unique localized surface plasmon resonance (LSPR) [36]. The LSPR band 

depends on the size and shape of NPs. The colour exhibited by Ag NPs and Au NPs is due to the 

coherent excitation of all free- electrons with the conduction band causing (SPR), an in-phase 

oscillation (see Fig. 1.8). 

 

 
                                     A                                                                 B 

Figure 1.8: Schematic of the localized surface plasmon resonance (LSPR) of metal NPs A) excitation 

by electric field and B)  field intensity distribution around a nanoparticle with excited plasmon [35]. 

 

1.4.2 Sol-gel method 

A sol-gel method (see Fig. 1.9) is one of the most suitable methods to synthesize different metal 

oxides as NPs due to its low processing temperature, easy of fabrication and control, and its 

higher reagent purity and homogeneity. It includes the progression transition of a system from a 

liquid (sol) into solid phase (gel). Usually, it starts with inorganic salts or alkoxides and alcohols. 

The hydrolysis and condensation (polymerization) reactions are main process in the sol-gel 
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method to form a colloidal suspension or sol. When sol is cast into a mould, then a gel will form 

progressively. Sol-gel chemistry can be acid or base catalysed  [37]. 

 

 
Figure 1.9: Scheme of acid catalyzed hydrolysis of silicon alkoxide [37]. 

 

 Antibacterial activity  

 

The development of increasingly of resistant strains of bacteria creates a vast challenge for 

society. Scientists are now attempting to respond to antimicrobial resistance by discovering new 

therapeutic strategies. This  requires the evolution of  a new effective bactericide [38]. There are 

two approaches: (i) to reverse the selective advantage of resistant bacteria competing with their 

sensitive drugs, and (ii) to drive a resistant bacterial population back toward drug sensitivity. 

Fighting against antimicrobial resistance (AMR) is necessary to preserve potent antimicrobial 

drugs for both humans and animals. The rational use of the existing antimicrobials and the 

combined use of new strategies is a key strategy to solve the problem of AMR. Combining 

existing antimicrobials with compounds that inhibit their specific resistance mechanisms would 

be a good choice. There is renewed interest in the investigation of alternative essential cellular 

processes, including bacterial central metabolic pathways, as the drug targets for the next 

generation of antimicrobials. Moreover, metallic NPs can both kill bacteria and inhibit biofilm 

formation. With single-drug therapy, there is always a selective advantage to resistance. Specific 

combinations of drugs can inhibit bacterial growth while disfavoring resistance to the individual 

components [39].  

 

1.5.1  Plant derived antimicrobial (PDAm) 

Plant-derived antimicrobials (PDAm) mostly originate in secondary metabolites. The importance 

of these plants that is their antibiotic activity has no resistance, because plants have an unlimited 
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ability to give a range of secondary metabolites (almost all of which are aromatic compounds). 

These have an ability to treat and control infections. Table 1.2 shows that a phenol derivative in 

these compounds (glycosides, alkaloids, quinones, flavonoids, steroids and tannins) have an 

ability to reduce pH and increase the membrane permeability. PDAms are classified as 

antimicrobials in a dose range 100-1000 µm/mL for MIC [40].  

 

Table 1.2: Plants derivatives with functional groups and properties [40]. 

Plant-derived antimicrobial 

groups 

Structure 

 

Chemical properties 

Quinones  

 

Conjugation cyclic-dione 

structure 

Alkaloids  

 

Naturally occurring amines 

having nitrogen in heterocyclic 

ring 

Lectins and polypeptides  

- 

 

Lectins are carbohydrate binding 

proteins (phytoaglutinin) with 

MW around 17000-400000 

Flavones/flavonoids/flavonols  

 

Are ubiquitous in plants ‘parts, 

fruits, seeds, flowers and even 

honey. Flavones are hydroxylated 

phenolics containing one 

carbonyl group. 

coumarins  

 

- 

 

 

Are phenolic substances made of 

fused benzene and alpha pyrone 

ring forming toxic compounds 

found in plants. 

Terpenoids and essential oils - 

 

Isoprene derivatives having a 

general C10H16. 

Tannins  

 

Large polyphenolic compound 

containing sufficient hydroxyls 

and other suitable groups. 
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In general, bacteria are classified as Gram-negative and gram-positive. Furthermore, their 

structural differences lie in the organization of a key component of the membrane 

(peptidoglycan). Gram-negative bacteria exhibit only a thin peptidoglycan layer (2-3nm) 

between the cytoplasmic membrane and the outer membrane. In comparison, Gram-positive 

bacteria lack the outer membrane but have a peptidoglycan layer of around 30 nm thickness [41]. 

Ag and Au NPs are not toxic to human cells; at the same time, they kill fungi and bacteria. 

Indeed, they have important biocompatibility. For example, bacteria cannot easily develop a 

resistance to Ag NPs due to the NPs multiple effects on the bacteria membrane cell [42]. Silver 

NPs are an effective antimicrobial agent against different pathogenic microorganisms and many 

microbes reduce metal ions to metals (see Fig. 1.10) [43]. 

 

 

1.5.2 Ag NPs 

Silver exhibits lower toxicity to mammalian cells, while exhibiting higher toxicity to 

microorganisms, compared with many metals [44], because Ag NPs can be immobilized when 

coated onto a filter for water purification or coated onto medical devices or in dental resin 

components to reduce the ratio of infection [45].  Ag NPs allow new strategies in the treatment 

of multidrug-resistance in bacteria. Firstly, Ag NPs have multi-functionality (e.g. anti-fungal and 

anti-bacterial). Secondly, Ag NPs can be a control vector in transmitted infection (e.g. that have 

an important contribution to many diseases). Thirdly, Ag NPs can be employed for wound 

healing and as part of an anti-vector-born disease strategy [46].   

 

1.5.3 Au NPs  

Au NPs are important materials because they exhibit unique properties (e.g. resistance of surface 

oxidation, surface-enhanced emission, higher Fermi potential and the chemical inertness and 

their large surface-to-volume ratio) [47]. Au NPs have a large number of atoms available to 

attach with the surface of bacteria [21].  Recent studies suggest that biosynthesised Au NPs are a 

promising candidate for the preparation of drugs and other medical applications (i.e. anti-tumor, 

labeling, imaging, apoptosis and interactions with DNA) [26]. In medicine, many studies show 

that Au NPs are worthy of more attention, because they have biocompatibility (which is a key 

advantage). Thus, Au NPs are compatible with the human body cell and yet have resistance to 
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corrosion [27]. Au NPs show a significant anti-bacterial activity depending on their size and 

shape as well as the type of bacteria [28]. 

The Antibacterial mechanism of NPs   

Several mechanisms appear to be involved in defining the effect of Ag and Au NPs:  

• reaction with biomolecules (like DNA, RNA or enzymes during an electron release 

mechanism) leading to weaker DNA replication. Ag ions form a complex with DNA 

[39]. 

• combination with proteins (causing denaturation and inactivating them by reducing 

bacterial proteins levels [48]). Ag NPs could lead to the denaturing of protein. For 

example, Ag ions react with nucleophilic amino acid residues in protein and attach to 

amino, carboxyl, imidazole, thioyl (R-SH), and phosphate groups of membrane or 

enzyme proteins, finally leading to cell death [49]. Moreover, it could lead to form Ag 

complexes [50] with electron donors containing S, O, or N (thiols, carboxylates, 

phosphate, hydroxyl, amines, imidazoles and indoles) [49].  

• Ag NPs attach and anchor to the surface of cells causing a change in the structure and 

causing damage, significantly disturbing vital cell functions, affecting permeability, 

causing pits and gaps, depressing the activity of respiratory chain enzyme and leading to 

cell death [22]. Interaction and attachment to the cell membrane surface and disturbance 

of respiration and permeability [18]. For example, Ag and Au NPs have strong binding to 

the bacterial cell wall (via electron donating groups), allowing them to disrupt the 

bacterial cell membrane, causing leakage of nucleic acids and cytoplasm. [53]. Silver ion 

could be reduced by the enzyme leading to formation of silver nuclei that inhibit several 

functions in the cell [50]. 

• increase in ATP (where ATP generation is a significant part in the respiration chain of 

bacteria via the NAD+/NADH reaction) intercellular ATP levels, leading to bacterial 

death. Induction of photo-mutagenic processes in the presence of the light; (inducing free 

radical generation, causes damage to DNA and essential proteins). Also, catalyzed 

oxidation reactions, produce (ROS) that leads to the death of bacteria [26]. 
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• Silver nanoparticles inhibit the multiplication of bacteria and do not need direct contact 

with the bacteria because they produced ROS that diffuses from fibers or pads to the 

surrounding environment [26]. 

 

 
 

Figure 1.10: Mechanisms of toxicity of Ag and Au NPs against bacteria and their ions can 

produce free radicals, resulting in reduction of oxidative stress which is reactive oxygen 

species ROS, leading to bacteria death [38]. 

 

 

Furthermore, it is reported that a Ag NP possesses cytotoxicity and genotoxicity. A Ag NP 

reduces the ATP content (adenosine triphosphate (ATP) is a nucleotide which performs many 

essential roles and provides the energy of the cell) of living cells leading to the mitochondrial 

dysfunction. The formation of ROS (oxygen is metabolized and converted to O2
-) by several 
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components of the mitochondrial respiratory chain [54]) leads to  damage of DNA and 

chromosomal dysfunction [55].  

 

 

 Photocatalysis 

 

Photo-activated chemical reactions include the interaction of a photon with chemical compounds 

to generate free radicals. Such free radicals can be produce from H2O2 or O3 as oxidation 

compounds under UV because of low λ and high energy radiation. Another method to generate 

free radicals is to use a semiconductor such as TiO2 photocatalyst. It has a band gap 

semiconductor and it generates highly oxidizing species as OH. on its surface [56].   

Photocatalysis is a photoinduced reaction process which is accelerated by a catalyst. These 

reactions are activated by the absorption of photons of sufficient energy (greater than the band 

gap energy of the catalyst). Heterogeneous photocatalysis is a combination of photochemical 

reaction and catalysis operating together [57]. That means, chemical reactions are carried out 

using both light and in the presence of a catalyst (homogeneous or heterogeneous)  [58].  

The main advantages of photocatalysts are that they: (i) can  use sunlight as a source of 

irradiation (especially useful in developing countries)  [59], and (ii) lead to complete 

mineralization and degradation of the organic pollutants to CO2 and H2O in moderate condition. 

It can be performed at normal pressure and temperature with atmospheric oxygen as an oxidant. 

Nowadays, many studies have reported on how one can to raise the efficiency of existing 

photocatalytic processes. However, new nano-materials are often required to enhance 

photocatalytic performance [60] (see Fig. 1.11A). 

 

1.6.1  Semiconductor (SC) materials 

SCs are materials having a band gap between the valence band and conduction band that is larger 

than for metals (e.g. 1.4eV) and less than for insulators (e.g. 9eV) (see Fig. 1.11B). There are 

two types of semiconductor at a  p-n junction: n-type (increasing electrons, with donor atoms and 



Chapter 1: Introduction 

19 | P a g e  

 

Fermi level is near to the valence band) and p-type (increasing holes, with acceptor atoms and 

Fermi level is near to the conduction band) [62]. 

 

A 
 

B 

Figure 1.11: A) Schematic representation of the photocatalytic mechanism of TiO2 [56] and B) Diagram 

of band gap [61]. 

 

 Photocatalytic processes are initiated by electron excitation from the valence to conduction band 

when semiconductors absorb photon with energy equal or great than band gap, leaving an 

electron vacancy known as a hole in valance band. Thus, this hole is assumed to behave as a 

particle with positive charge and effective mass.  The electron- hole recombination must be 

prevented in order to have a photocatalysis [58].  The valence band holes are considered 

powerful oxidants and conduction band electrons considered good reductants. The band gap 

energy is inversely proportional to the size of semiconductor NPs [63]. The minimum 

wavelength to excite an electron depends on band gap energy of photocatalyst, which is 

calculated according to Eq (1.1): 

 

∆𝐸 (𝑒𝑉) = 1240
𝜆𝑚𝑎𝑥

⁄ 𝑛𝑚      − − −  (1.1) 

 

The defect levels are produced by atom ion vacancies created by oxygen. The defect on the 

surface of the photocatalyst acts as a temporary surface trap for charge carriers (holes or 

electrons), leading to non-radiative relaxation. This greatly reduces the quantum yield by 
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preventing radiation recombination. Along with the NPs revolution, the optical properties of SCs 

add to their dimensionality, and so a function of size and optical properties become strongly 

dependent on the size owing to the quantum confinement of holes and electrons [64]. 

 

1.6.2 TiO2 NPs 

Titanium dioxide (TiO2) NPs have received much research attention in last decade as  

photocatalysts [65]; titania is a semiconductor. It exists in three phases: anatase, rutile and 

brookite (see Fig 1.12A). These phases have high refractive indexes (anatase = 2.488, rutile = 

2.609, brookite = 2.583); rutile is the stable phase at higher temperature. Its optical band gap is 

3.0eV (corresponding to λ=415nm). Anatase is formed at lower temperature (rarest of the 

naturally occurring forms); it has an optical energy gap of 3.2eV (corresponding to λ=380nm). 

Furthermore, anatase is used a significant photocatalyst because it is thermodynamically less 

stable than rutile and undergoes transition to rutile phase (at 450-1200oC) [58]. This 

transformation is dependent on many factors as initial phase and particle size, preparation 

conditions and temperature. 

 

 
              A                                                                       B                                              C 

Figure 1.12A: TiO2 crystal structures:  a: rutile, b: brookite and c: anatase  [64]. 
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Moreover, it exhibits a shorter wavelength absorption edge (an absorption discontinuity or a 

sharp discontinuity in the absorption spectrum). These discontinuities occur at wavelengths 

where the energy of an absorbed photon corresponds to an electronic transition or ionization 

potential (see Fig. 1.12B) [60]). Both anatase and rutile have the same symmetry (tetragonal) 

despite having different structure. Anatase has octahedrons of TiO2 that share four edges hence 

the four-fold axis. Rutile has sharing of two edges of octahedron forming chains. Brookite has an 

orthorhombic crystalline structure. For all phases, each titanium atom coordinate with 6 oxygen 

atoms and each oxygen atom coordinate with three titanium atoms [64].  TiO2 is an intrinsic n-

type (similar to ZnO) semiconductor and it has oxygen 2p character iv valance band and its 

conduction band is principally Ti 3d2 4s2 in character. In the atomic limit, each TiO2 unit 

contributes for 2p orbitals (two filled oxygen) and 2p orbitals (four half-filled oxygen) and four 

titanium valance electrons. In the pure material, 2p orbitals have the four titanium valance 

electrons (filling the vacant oxygen level). When an oxygen atom is removed three oxygen, 2p 

orbitals are removed, but only 4 electrons. The remaining two electrons are forced to reside in Ti 

3d orbitals, i.e. the conduction band [66]. 

 

 

Figure 1.12B: TiO2 crystal structures, corresponding band gaps [64]. 

 

TiO2 can only be activated by UV light due to the anatase (2.9eV) and rutile (3.0eV) band gaps. 

This translates to a small part of the solar light (around 4-5%) that reaches the Earth [60]. UV 

https://en.wikipedia.org/wiki/Absorption_spectroscopy
https://en.wikipedia.org/wiki/Molecular_electronic_transition
https://en.wikipedia.org/wiki/Ionization_energy
https://en.wikipedia.org/wiki/Ionization_energy
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radiation consists of UVA (400-315 nm), UVB (315-290 nm) or UVC (290-200nm) in the near 

UV. The UVB and UVC regions are filtered out by the ozone layer [67]. 

During recent years, efforts have been directed at getting nanostructured TiO2-based 

photocatalysts with a large specific surface area [64]. Nanoparticles show very different features 

than bulk materials because of their high surface area to volume, as they have more active atoms 

sites at the surface compared to inner atoms. Thus, in this case, the increased surface energy 

associated with sites of the NPs leads to an increase in the rate of chemical reactions on the 

surface of NPs [58] because surface-to-volume ratio is very high in NPs [65]. 

Nanostructured TiO2 spheres (which are considered zero-dimension nano-materials) usually 

possess many features: a large specific surface area and a high pore size and volume. Therefore, 

increasing the accessible surface area is beneficial, provided the rate of mass transfer leads to 

organic pollutants adsorption is good. Moreover, TiO2 spheres allow as much light as possible to 

access inside NPs, thus increasing the light-harvesting capabilities of the TiO2 [67]. 

The photocatalytic performance of TiO2 is predominantly influenced by improving the photo-

quantum efficiency law (is observed when the size of the particles is too small to be comparable 

to the λ of electron) by various parameters (such as concentration, specific surface area per unit 

volume or contact area, crystalline phase and presence of other phases [59], controlling size and 

shape of NPs, structure composition, reducing the fast recombination of photo-generated electron 

and photo-generated hole pair (e--h+) and extending the absorbance of TiO2 photoresponse into 

the visible light) [68], λmax and initial organic contaminates (OCs) [67]. 

The important factors affecting the process are: amount of catalyst, presence of ions, agitation to 

overcome diffusion-limitation, temperature, initial organic contaminant concentration, pH, 

irradiation time and light λ intensity and flux. There are many advantages to using TiO2 as 

photocatalyst: (i) a strong activity for the decomposition of organic pollutants (ii) nontoxicity, 

(iii) chemical stability, (iv) long durability, (v) low cost (the abundant presence on Earth) (vi) 

bio-compatibility  [67], (vii) physical/optical/electrical properties and transparency to visible 

light, and (viii) high specific area [64]. TiO2 has a more negative conduction band edge potential. 

This means a higher potential energy for photo-generated electrons, that are relatively easy to use 

and produce,  exhibiting higher photo reactivity (photonic efficiency 10%) [59], and a high 
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tolerance to light-induced corrosion. Furthermore, TiO2 is recognized as one of the most 

important semi-conductors, because of this it has been extensively used in many fields: ( e.g. 

sensors, solar energy conversion devices, photochromes and especially as photocatalysts for  

water purification and to decompose organic contaminants in air  [69]). In bio-medicine, it is 

used for: (i) photo-dynamic therapy for cancer therapy. (ii) biological sensors (iii) and cell 

imaging [65]. Moreover, commercially, TiO2 NPs are used in sun creams that absorb UV [70]. It 

is also utilized as a pigment (brilliant white) owing to it is resistance to discoloration, its 

brightness and it is high refractive index. It can be found in food coloring, in toothpastes, tiles, 

self-cleaning surface and tents are coated with TiO2 unique photoinduced super hydrophilicity 

[59]. TiO2 has distinctive physicochemical properties as result of their many properties such as: 

shape and size (ΔE α 1/size depending on quantum efficiency law), crystal structure, electronic 

structure and doping [65]. 

1.6.3  TiO2 and hybrid system 

Major challenges have been identified that remain to be solved to enhance TiO2 photocatalytic 

activities: reducing its large band gap (3.2eV) causing low efficiency because of its narrow λ 

range of light operation range and its inability to absorb in the visible region. Moreover, the 

recombination rate of photo-induced electron-hole pairs is fast. [58].  Three methods are found to 

control these problems and raise the efficiency of TiO2: (i) harvest more visible sunlight, (ii) 

increase the particle size, and (iii) doping with a metal or nitrogen, sulfur or carbon atoms which 

could shift it to longer wavelengths (above 400 nm). Recent literature has revealed how the 

efficiency and selectivity of TiO2 photocatalytic reactions should rise [60]. Many strategies have 

been employed involving modified TiO2 NPs to be more effective owing to different 

physicochemical properties [71]. Some dopant, metals are NPs that have unique properties such 

as high surface area to volume ratio [65]. That means novel spectral and optical properties (like 

Ag and Au NPs). Depositing Ag and Au NPs onto TiO2 NP surfaces leads to efficient electron 

transport and maximizes electron-hole separation and the important factor is surface plasmon 

resonance in Ag and Au NPs. Hence, electrons in the metal surface can transfer to the SCs by 

UV light reducing recombination of electron-hole pairs and effective separation. Also, 

significantly preventing metal NPs form erosion in real applications [67]. (see Fig.1.14A). 

Recently, it has been demonstrated that Ag and Au NPs with TiO2 (as dopant or core@shell) 

structure considerably improves photocatalysts because they induce electron transfer to TiO2 
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causing charge separation, shifting the band gap to the visible region. Also, TiO2 NPs doped with 

metals have significant attention in photocatalysis for water purification because these NPs show 

superior efficiency to pure TiO2 [68].  However, TiO2 doped with metals have some limitations. 

For example, it is difficult to narrow the band gap because of recombination sites of photo-

excited charge carriers [72]. In addition, defect-induced charge trapping with M-TiO2 has a lot of 

electron traps. So, this leads to be favourable for the separation of photo-induce electron-hole 

[68]. 

 

1.6.4  Surface plasmon resonance (SPR) and TiO2 NPs 

The surface plasmon resonance absorption by metal NPs is a promising method for the 

development of visible-light-responsive TiO2 photocatalysts. Ag and Au NPs [73] have been 

considerably investigated owing to their unique electron, optical and magnetic properties which 

are based on surface plasmon resonance (SPR) [17].  

The presence of activation metal or ions in TiO2 introduces new energy level to the transition 

metal inside the band gap of TiO2. Thus, the absorption shift to visible light region comes from 

metal energy level to the conduction band of TiO2 [75] (see Fig.1.14). 

 

 

 

A 

Figure 1.14A: Schematic diagram of photocatalytic of the photocatalytic mechanism of Ag-

TiO2 [75]. 

 



Chapter 1: Introduction 

25 | P a g e  

 

 

 
Figure 1.14B: Schematic diagram of photocatalytic for water splitting by Ag-TiO2 based on the SPR 

effect and surface plasmon oscillations in spherical Ag NPs [75]. 

 

 

 Green chemistry and photocatalysis  

 

Green chemistry methods of synthesis/processing have come into favour in preference to 

chemical and physical approaches due to its environmentally-friendly nature. Amongst them, 

biomimetic methods of preparing TiO2 with different bio-materials (that show a high absorption 

of light and a good conductivity) are particularly useful. Moreover, bio-materials were used 

because the extracts and organisms act both as capping and reducing agents in synthesizing NPs 

[76]. Active carbon was used for dye removal from waste water from one form to another form. 

More recently, many studies have reported that different biotemplate structures has received 

attention to synthesis a number of nanoparticles like proteins, viruses, DNA and yeast [77]. 

Photocatalysis has attracted great interest in recent years due to its compliance with green 

chemistry. The main challenge resides in enhancing photocatalytic performance, through higher 

chemical stability, more efficient electron transfer and larger surface areas [68]. 
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 Aims of present research 

 

In the light of the above literature reviews the aims of the present research were to use Portobello 

mushroom spores (PMS) as: 

1-  surfaces to synthesize TiOx, Ag, Au to form NPs/PMS and their nanohybrids as TiOx-

Ag, TiOx-Au and Ag-Au NPs and in addition immobilized, nCa2+, CaCO3 and nHAp, 

2-  a template for TiOx(PMS) biomimetic photocatalysts for control of water pollution by 

organic and coloured pollutants, 

3-  a natural microsphere for drug delivery system, and 

4- a new antimicrobial. 

The author believed that this would add new novel information to the scientific literature and 

might lead to positive nanotechnology outcomes for communities.   
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Chapter 2: PMS and Related Works 

______________________________________________________________________________ 

An assessment of the literature on the general green synthesis of TiO2, Ag and Au NPs, HAp, 

drug delivery, antibacterial and photocatalysis using plant, bacteria and fungus is presented in 

this chapter. 

 

2.1 Introduction 

 

At present, much of the relevant literature reports on the use of different types of mushroom 

extract for the biosynthesis of Ag, Au NPs. The biosynthesis of TiOx, Ag and Au NPs using PMS 

is new and no one has prepared this before. Subsequent sections summarize and discuss literature 

reports which are available currently.  

The importance of PM as a living organism is based on its ability to produce complex materials 

with interesting structures and morphologies due to different natural-selection functions. These 

functions have the potential to solve many global problems biologically. Some of these problems 

are medical issues (as disease therapy and microbial resistance) and others relate to pollutant 

removal. In biomineralization, often the mineral formation is normally motivated and controlled 

via organic materials as polysaccharides and collagen. These materials can organize inorganic 

crystallization at various stages: nucleation, growth, phase, orientation and assembly. Many 

researchers have reported on the novel properties of biogenic materials [78]. 

 

2.2 Biosynthesis of NPs 

 

Despite the success of chemical methods (using reducing agents) and physical methods (e.g. 

evaporation-condensation and laser ablation) in preparing NPs, there are still some limitations: 

(i) the release of hazardous by-products, (ii) long time of processing and (iii) purification may be 

difficult. Therefore, biosynthesis of NPs using biological organisms may be a better alternative 

method using enzymatic reactions and the photochemical characteristics of bacteria, fungi, plants 
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and algae. These biological methods have been suggested as possible eco-friendly, easily 

available, acting as reducing and capping agents. These biomaterials may therefore offer 

alternative ecofriendly routes to NPs and  act as natural NP bio-factories [20]. 

 

2.2.1 Green synthesis of NPs and antimicrobial resistance (AMR) 

Generally, antimicrobial resistance (AMR) is one of the important global health problems 

impacting on health and safety [79]. The infections will cause deaths of about 300 million people 

in the next 35 years if not effectively treated. Hence, this was one focus of the present research. 

Recently, one study highlighted that the availability of information technology (e.g. electronic 

surveillance) about AMR infections will facilitate the prevention and containment of such 

emerging infectious diseases [80]. Several studies have suggested that the development of new 

antimicrobial agents could help fight against AMR. This can be a rational and combinational use 

of existing old antimicrobial drugs and combinational use of anti-resistance [39]. Further, this 

chapter summarizes 2015 publications relating to antimicrobial resistance in the environment 

(involving plant in wastewater,  agriculture and hospitals) [81]. 

 

2.3 Toxicology and NPs 

 

The toxicity of NPs has an important impact on human health and the environment. This can be 

from their high surface to volume ratio (i.e. their particle size), but also their morphology, degree 

of aggregation and concentration and because of all these they interact uniquely  with the 

surrounding environments [20]. Often their toxicity increases as particle size decreases, possibly 

due to their: (i) ease of penetration of cell walls, (ii) high solubility and vapour pressure (Kelvin 

equation), (iii) higher reactivity with large number of defects and lower number of nearest 

neighbors (N) and (v) low stability metastable structures.  

• Particle size effect  

Particle size effects have long been known in metal catalysts [82] and can be attributed to the 

increasing fraction of metal surface atoms as the particle size decreases say from 10nm to 2nm. It 
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was reported that the greatest inhibition of algal growth was seen with ZnO NPs with weaker 

inhibition by Fe2O3 NPs. The EC50 values (the concentration of a drug that gives half-maximal 

response) were in the order ZnO (2mg/L) > NiO > CuO > TiO2 > Fe2O3 (76 mg/L) [83]. It ought 

to relate to particle size effects seen in other spheres of chemistry, e.g. catalysis of structure-

sensitive and insensitive reactions over small metal particles notes at Brunel in the 1980s. Some 

reactions can be structure-sensitive and others structure- insensitive depending on the specific 

sites most suited to catalysis of a reaction  [84]. The toxicity of smaller Pt NPs is of concern, but 

it is thought this toxicity may be reduce by increasing the particle size [85]. While the 

bioactivity-toxicity of 8-9nm cerium dioxide (CeO2) NPs is also of concern. The disinfection 

effect of Ag-CeO NP is clearer in E.Coli than S.aureus [86]. 

It seems to the author that for metallic and oxide nanoparticles their (i) ease of penetration 

through cell walls, (ii) metastability, (iii) reactivity-bioactivity-biotoxicity, (iv) structure, (v) 

solubility and (vi) vapour pressure will all be affected by particle size and morphology. 

 

2.4 Related works 

 

There are many studies of the synthesis of NPs and antimicrobials using plant material (e.g. 

leaves, seeds and roots) [87]. The next section will describe some of the relevant literature that 

was published during 2016-2018. 

 It was reported that ZnO and MgO NPs were active against two pathogenic fungal species at 

different concentrations. This study confirmed that higher concentrations of NPs were most 

effective in inhibiting the germination of fungal spores at 12mg/L [88].  

 

2.4.1 Ag NPs  

A simple biosynthesis of Ag NPs (14 nm the size) was reported [89] using the aqueous extract of 

stem bark of Syzygium cumini (SC) plant. Ag NPs have antibacterial activity at 3mM dependent 

on their size and shape.  If the size of Ag NPs is less than 10nm, there is an interface with E.coli.  

producing electronic interaction [89]. 
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Phyto-Ag NPs have received research attention using several species of plant extract 

combination of biomolecules (e.g. proteins, carbohydrates, terpenoids, alkaloids, tannins, 

phenolic acids and saponins) that can play a vital role in the reduction and stabilization of NPs. 

Several studies have been reported the biosynthesis of Ag NPs in 1mM of AgNO3 [23]. The eco-

friendly thermal route to the preparation of 70-192nm sized Ag NPs using an aloe vera plant 

extract showed that these have antibacterial activity but  no cytotoxicity towards human 

peripheral blood mononuclear cells [90]. Numerous studies have shown that spherical 14nm Ag 

NPs were produced using brown algae-seaweed and seagrasses [20].  In another study, 

phytochemical molecules in Seabulckthorn (SBT) leaf extracts were useful as reducing agents to 

synthesize 10-40nm SBT@Ag NPs. These NPs exhibited antibacterial activity with minimum 

inhibition concentration at 2µg [91].  

Green synthesis of Ag NPs using Prunus persica [92], Citrullus lanatus fruit [93] and saffron 

(Cocus sativus L.) waste has been reported.  12-20nm Ag NPs exhibited significant antibacterial 

effect against Escherichia coli and other five types of bacteria [94]. A similar study using 

Eriobotrya japonica leaf extract attempted the synthesis of spherical 20nm Ag NPs with 

antibacterial activity [95].  In another study, an extract of plant Radix Puerariae was used to 

synthesize 10-35nm spherical-oval Ag NPs at pH 9 and for 9h. Also,  the results showed shorter 

reaction times, higher reaction rates, reusability of catalyst and the potential for a variety of 

desirable products being synthesized [96]. 

 

2.4.2 Au NPs 

There are many studies reporting the synthesis of Au NPs using plant materials and their extract 

such as Menta piperita, Cinnamomum zeylanicum, Sebania drummondii, Breynia rhamnoides 

and Acalypha indica [97].  The green synthesis of 10-50nm Au NPs used the extract of Acacia 

nitotica twig bark after 10 min at room temperature (RT). These were characterized by XRD, 

TEM, FTIR and UV-Vis. Au NPs exhibited a high sensitivity and good selectivity for the 

detection of nitrobenzene [98]. 

In addition, Au NPs are widely used in biomedical applications, as well as for cell tracers, bio-

sensing and bio-diagnostics, because they easily bind with thiol and amine groups enabling 

surface modification with amino acids and the DNA [99]. It has been reported that 3.5nm Au 
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NPs capped by lysine are biocompatible and not immunogenic [99]. It has been stated that PMS 

can be a bio-template in an innovative approach to combine the advantages offered by NPs and 

devices with medicine and surgery to treat disease and enhance life. Moreover, it can be used to 

reduce and prepare NPs. These NPs could be used as nano-medicine as Ag and Au NPs as 

antibacterial and antifungal because NPs enhance these properties [100]. 

Biogenic synthesis of 50nm spherical Au NPs using extracellular membrane fraction of E.coli 

K12 was investigated at RT and without pH adjustment. It was observed that reduction and 

stabilization of Au NPs was due to certain membrane-bound peptides of E.coli K12, affecting its 

heterogeneous photo catalytic activity in degradation of 4-nitrophenol [101]. 

Bioreactor bacteria had the ability to bio-reduce Au ions to Auo NPs in an eco-friendly approach 

after 4h; TEM and XRD confirmed that the average size of the product Au NPs was 9nm [102]. 

Other green synthesis of Au NPs used the aqueous extra of Elettaria cardamomum [103], 

polysaccharides [104] and Indian propolis [105]. 

Better drug release was reported to be due to nanoconjugates with π-back bonding between Au 

NPs and the polyesters. The carboxy group in polyester play an important role via π-back 

bonding to Au NPs-multi block copolyester producing nanoconjugates.  This could be used as a 

prospective drug carrier or drug delivery system [106]. 

 

2.4.3 TiO2 NPs 

Recently, some studies reported photocatalytic hydrogen generation using TiO2 NP/carbon nano 

tubes (CNTs) under visible light irradiation. They have concentrated on visible light 

photoinactivation of E. coli bacteria by using CNT/TiO2 and thin films under visible light 

photoinactivation at various CNT contents [107]; some reports also indicate photoinduced 

antibacterial activity of TiO2 by using UV irradiation. Importantly, it has been reported that the 

toxicity of TiO2 NPs depends on the crystalline phase present (anatase more active than rutile) as 

much as the size of such particles. Anatase can interact with DNA double strands and change 

their secondary structure [54]. TiO2 NPs and nanohybrids (e.g. TiO2-Ag/PMS and TiO2-Au 

NPs/PMS) have been reported to be useful as more active photocatalysts [108]. 
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2.4.4  HAp biotemplate  

There are many methods of preparing HAp/biotemplates. It was reported that nano-HAp (nHAp) 

was produced using natural CaCO3-eggshells as a direct source of calcium precursor by a simple 

solid-state sintering method. This study revealed that the relative density and grain size played a 

significant role in governing the properties of the HAp-eggshell samples [109]. Other studies 

demonstrated that HAp crystals are generally obtained on a nanoscale rather than at a microscale 

using conventional methods (e.g. in-situ deposition or mineralization within a 

biomacromolecular matrix), because it is comparatively difficult to synthesize microscale HAp 

particles. Using CaCO3 as a template has allowed the synthesis of  carbonated-hydroxyapatite 

microspheres from the conversion of CaCO3 spherulite templates within a collagen matrix under 

mild conditions [110]. Hollow microspheres of HAp nanosheet/nanorod-assembled hierarchical 

nanostructures can be prepared with a nanoporous structure by a microwave-assisted 

hydrothermal method using a disodium salt of biocompatible creatine phosphate [111]. Another 

study has reported on the importance of plant-derived natural biomicromaterials in tissue 

engineering; the possibility of using mushroom as a designer scaffold was one focus. Mushrooms 

are often used in biomedical applications and more than 100 species of mushrooms are 

documented by traditional Chinese medicine for treatment of a wide range of ailments. [112]. 

Some studies have concentrated on the use of mushroom-derived chitosan (linear 

polysaccharide; Poly-(D) glucosamine) as a component in calcium-based cements in the 

development of bone substitutes and other novel biomaterials for tissue regeneration. It is 

reported that nano-fiber coated mushroom is a novel 3D scaffold for bone generation, without 

any threat of fungal infection while animal studies prove the efficacy of this biological scaffold. 

This revelation proves that the botanical scaffold can be used in medical applications for 

spatially-defined bone regeneration [112]. Moreover, it is revealed that bacterial cellulose was 

modified by chitosan and citric acid, with HAp deposition after soaking treatment in CaCl2 and 

NaHPO4 solutions increased soaking cycles. The absorption capacity was thought to be key to 

the study of binding of Ca2+ into modified bacterial cellulose that affected HAp. The Ca/P ratio 

was of 1.1 for such low crystallinity of HAp [113]. The scientific information on medicinal, 

reishi mushroom (G. lucidum) relates to anti-osteoporotic activity. It acts by improving the 

minerals (e.g. Fe, Ca and P in the concentrations ranged by (1-5%) affected by daily diets, drinks 

and food supplementation) content of serum that is related to the bone health [114]. Using a 
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freeze-drying approach, 3D composite scaffolds have been prepared for bone engineering. This 

was composed of chitosan, fucoidan and natural nano-HAp. The composite revealed a suitable 

micro architecture for nutrient supplementation and cell growth [115].  

 

2.4.5  Drug delivery 

There are many studies that have shown that the design of drug delivery systems can be natural, 

involving biocompatibility, eco-friendly and morphology (surface shape and size). Pollen of 

Betula pendula was used for microcapsule drug delivery when loaded with a cancer therapeutic 

agent. The results showed that cumulative drug release was 65% for 24h sitting in PBS. 

However, it was completed within 1h from a control and so it had potential to be used as an oral 

drug delivery system [116]. Another study [117] showed that pine pollen microcapsules had a 

morphology compatible with being a drug delivery system after protein removal. The result 

showed that pollen microcapsules were 3 times better than natural pine pollen [117].  

It is said that eco-friendly Bacillus spore was an oral carrier [118]. Spores were loaded by 

curcumin for cancer therapy and it had the ability for inhibiting colon cancer cells [118]. 

Moreover, two oral drug deliveries of lycopodium clavatum spore capsules was investigated. In 

the first, the outer walls of spores included target objects. In the second, alginate microgranules 

were studied. The load level of peptide was controlled using molecular mass and the mechanism 

release from two loadings was suggested [119]. Hollow microcapsules have been prepared for 

oral drug delivery used with sunflower sporopollenin exine, where the microcapsule was loaded 

with protein of bovine serum albumin that was released, reaching100% after 2h in simulated 

gastric fluid (SGF) and after 8h in simulated intestinal fluid (SIF). The results showed that 

hollow microcapsules of sunflower are a versatile platform as oral drug delivery [120]. 

Recently, a redox strategy was used for oral drug delivery using Fe3+-crosslinked alginate 

aerogel that was co-impregnated by AA and ibuprofen. The results showed that a marked 

acceleration of release ratio of AA was achieved in both phosphate buffer saline (PBS) and HCl 

solution.  AA reduced the crosslinking of Fe3+to Fe2+. The latter did not react strongly with 

alginate leading to hydration of the chains.  However, ibuprofen released was faster in PBS (pH 

7.4) than HCl solution (pH 2) due to the greater degree of swelling of the alginate matrix that 

caused fast dissolution in PBS [121].  
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Another alginate matrix (Ca2+crosslinked alginate-maltose composite) has been prepared via the 

template method. The resulting microneedles were loaded with insulin and applied for 

transdermal delivery on diabetic rats. A clear effective hypoglycemic effect was noticed with 

biodegradable microneedles due to better insulin release. It was suggested that Ca2+ crosslinked 

alginate-maltose could be used to encapsulate insulin and then utilized in transdermal delivery 

[122]. Moreover, others used glucose [123] and proteins [124] for transdermal delivery. An eco-

friendly method was investigated using pelargonidin plant on diabetic rats. Nano capsulation 

(via emulsion-diffusion-evaporation) was thought to be a method to overcome the limitations of 

using this free plant.  The results showed that poly lactide-co-glycoside NPs were more effective 

in controlling the diabetogenic effects than free plant. This was due to improved dissolution; the 

release was slow and had a long-acting effect on the flavonoid present in NPs [125]. 

Many studies have indicated that insulin can be encapsulated in NPs, peptides, chitosan/alginate 

[126] and polymeric NPs [127]. It has been reported that acrylamide-crosslinked polymer (and 

its derivatives as a hydrogel) could be loaded with insulin (50UI) whose release could then be 

studied. The hydrogels show fast insulin release because of the large channel and pore size of 

these hydrogels [128]. It indicated that nanocarriers were prepared using insulin-loading poly-

lactide-co-glycolide which were modified with chitosan for oral drug delivery [129]. Further, 

there are many routes to drug delivery of ascorbic acid (AA) (e.g. AA-dissolving microneedle 

[130], AA-2-glucoside-hydaluronic acid [131]), haemoglobin (e.g. Hb-Au NPs [132] and croton 

bonplandianum leaves extract-Ag NPs-Hb [133]) and insulin (e.g. insulin infusion pump [134] 

and insulin in treatment [135]).  Other various routes include aerogels-hydrogels (e.g. AA-Fe3+-

alginate aerogel [121]) and Ca2+-alginate for transdermal delivery of insulin [122], insulin-smart 

hydrogel [136] and Hb-ternary polymeric [137]), thermogel [138], nanomaterials [139], NPs 

[140] (e.g. pelargonidin-capsulated NPs [125] and silica NPs [141]), microneedles (e.g. 

multiplexed transdermal as based sensor [142], polymers [143], PVA [144]), and microneedles 

(e.g. nanocarriers [145], microcapsules (e.g. bovine serum albumin [120]), spores and pollen 

(e.g. Cu- Trichoderma viride spores [146], spores capsules of Lycodium clavatum [119], pollen 

of Betula Pendula [116] and pine pollen [117]) and HAp networks [147].  

Encapsulation can involve Lycopodium spores-loaded with bovine serum albumin and alginate 

using vacuum loading [148]. Another study used ibuprofen loaded as a drug in to sporopollenin 
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exine capsules (SEC). The results show that the SEC has a low drug loading, but is thought to be 

safer for drug delivery [149]. 

 

2.4.6 Cytotoxicity  

The necessary chemical composition used depends on the intended application. In biomedical 

imaging, Au NPs and iron oxide are used as contrast agents with magnetic properties.  For 

medical devices, Ag NPs can be used for their antibacterial activity [150]. Therefore, different 

NPs can have different effects on physiological systems. It has been reported that copper and 

zinc oxide NPs caused cytotoxicity due to DNA damage. However, iron oxide NPs caused only a 

small cytotoxicity effect. Interestingly, Au NPs are considered safe although their long-term 

toxic effect is sufficiently characterized. Moreover, 18nm Au NPs do not have cytotoxicity 

towards cells (human red blood corpuscles (RBCS)) up to 250µM. Au NPs prepared with 

cysteine glucose surface modifiers were not toxic at concentration up to 25µM [151] .  On the 

other hand, 13nm Au NPs reduced actin (globular proteins) stress fibers leading to a  major 

inverse effect on the cells [99]. 

 

2.4.7  NPs and natural photocatalysts 

Recently, air pollution is seen as a major problem in the world, alongside bacterial 

contamination. Methods intended to solve these problems include adsorption, photodegradation 

and ultrafiltration etc. Further, there are many eco-friendly  methods (using natural products 

[152] and their extracts [153]) to remove color and contamination. Preparation used fruit peel, 

(mangos, orange and banana) seeds, leaves (neem and loquat) [154] and leaf extract (Calotropis 

gigantean) [155]. 

Recent literature has revealed that different biotemplate structures can be used to synthesize 

nanomaterials, such as dandelion pollen for good TiO2 photocatalytic activity towards methylene 

blue. Cai el al reported green chemistry provided a route to increase photocatalytic activity using 

flower-shape TiO2 nanocrystals through the assembly on graphene oxide sheets. Enhancing the 

photocatalytic TiO2 depends on its surface area, size, morphology and crystallinity [77]. Using 

orange peel can enhance photocatalytic activity possibly because it contains hydroxyl and 

carboxyl groups which are very active sites for metal sorption (absorption and adsorption) [60]. 
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Kondo el al. reported that TiO2 hollow spheres have a high specific surface area and enable 

multiple diffractions and reflections of light [67]. Compared with conventional methods, there 

are many advantages to this approach which show unique features, such as being 

environmentally friendly, having a higher surface area, more catalytically active sites (hydroxyl 

and carboxyl groups), significant enhancement of photocatalytic activity, low cost and mild 

reaction conditions at RT and pressure, providing simplicity for the synthesis route. This rout is 

complete in one or two steps in a reaction time of a few minutes [69]. The use of green 

biosynthesis is an attempt to remove Mg2+/Ca2+ from water using activated melon (Citrullus 

lanatus). The maximum times required for Ca2+ (20min) and Mg2+ (25min) were moderate. 

Thermodynamic parameters were computed and it showed that the sorption process was 

spontaneous and exothermic (ΔGº = ΔHº-TΔSº) [156]. Ahmad el al. attempted to prepare 

nanohybrid Ag-TiO2 using a sol-gel approach. Different characterizing techniques were used as 

XRD, TEM and SEM. The antibacterial activity exhibited 100% inhibition of Gram-positive and 

Gram-negative bacteria growth at 0.2-0.1 M of Ag-TiO2 NPs [157]. Similarly, the hydrothermal 

technique green method was used to synthesize TiO2-Ag NCs. TiO2-Ag composite material that 

promoted photoactivity towards the MB solution under solar light and antimicrobial properties.  

Ag NPs (5nm) decorated on compact aggregates of TiO2 were prepared using 

polyvinylpyrrolidone (PVP) as the stabiliser or reducing agent.  

The synergistic relationship between Ag and TiO2 clearly indicated a synergy. When the size of 

NPs decreased, it induced better antimicrobial activities against Gram negative (Escherichia coli) 

and Gram positive (Bacillus subtilis) [158]. An eco-friendly method was attempted to synthesize 

SnO2 NPs using the extract of root bark from C. spinosa. The synthesized 47nm SnO2 NPs were 

spherical. GC-MS results confirmed that 7-hydroxy-6-methoxy-2H-1benzopyran-2-one had a 

higher area 67%. Also, it clearly revealed the maximum rate of photodegradation of Congo red 

dye (industrial effluent) [159]. A new study has evaluated a novel technique where TiO2-assisted 

laser desorption/ionization (LDI) mass spectrometry was utilized for faster metabolites analysis 

to detect AMR. This study revealed a novel implementation through pathway and network 

analysis proving the feasibility of metabolomic analysis against E. coli. and four other clinical 

strains. This method is simple with faster preparation analysis than many traditional methods 

such as liquid chromatography (LC), nuclear magnetic resonance (NMR) spectroscopy and gas 

chromatography (GC) [160]. 
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Chapter 3: Experimental Techniques 

_________________________________________________________________________ 

This chapter outlines the basic characterisation methods used in this study: scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction 

(XRD), secondary ion mass spectrometer (SIMS), Fourier transform infrared spectroscopy 

(FTIR) and micro-FTIR, NanoDrop-UV spectroscopy Electrophoresis and white light 

interferometry (WLI). 

 

3.1 Electron microscopy (EM) 

 

Electron microscopy is a powerful tool to examine solid samples. In this section, the types 

of electron microscope will be described in more detail, including the benefits, 

disadvantages, operating principles and method preparative of each.  

EM is a type of microscopy that uses a beam of electrons instead of light to create an image 

for a sample with higher magnification and resolving power than a light microscope. Here, 

EM allows viewing of very small objects in finer details. However, the electron beam 

(which has a high current density) can generate heat and subsequently char non-metallic 

samples due to the confirmed area. In EM, electromagnetic lenses are used to control the 

path of electrons.  The electron beam passes through the center of solenoids (a coil of wire 

around the outside of a tube) on its way down the column of the EM towards the specimen. 

Electrons are very sensitive to magnetic fields and can be controlled by changing the 

current through the lenses [161].  

The resolving power of EM is related to the wavelength of the irradiation used to form 

images. Therefore, when electrons travel faster their wavelengths are shorter and the 

resolution increases when the accelerating voltage (quoted in kilo voltage keV) of the 

electron beam is increased. [162]. According to Abbe’s resolution equation, the resolution 

of EM increases due to reduction in the wavelength (see Eq. 1) [163]. 
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𝑘𝑒𝑉 =  1240
𝜆⁄         − − − (3.1) 

 

For example, for the accelerating voltage at 10keV an electron beam has a λ = 0.123nm 

[163]. EM is used to investigate samples to understand: (i) chemical and biological 

structures of specimens to enhance our understanding of mechanisms, function, chemistry 

and physiology, (ii) characterization of surface and surface changes and (iii) metals, ions, 

NPs crystallinity [164]. 

 

Types of Electron microscope (EM) 

There are several types of electron microscopes that include: scanning (SEM) and the 

transmission (TEM) electron microscopes. Both provide 3D sample structure [165]. To 

compare these two techniques:  

Firstly, an electron emission source (gun) is used in both to produce the electron beam. The 

gun is usually fitted with a tungsten filament cathode, which is the source of the electron 

beam.  An anode is used to accelerate the electron beam, and electrostatic and 

electromagnetic lenses help to focus the beam on the sample. When the electron beam 

passes at the surface (SEM) or through the specimen (TEM), it is scattered and provides an 

image of the microscopic structure of the specimen, which can be viewed through the 

objective lens of the microscope. A vacuum system allows the electrons to travel [166]. 

Secondly, the electron beam is scanned across of the specimen in a raster pattern to induce 

magnified images or mapping of the sample. In SEM, electrons interact with the surface of 

the sample. As a result, the images from an SEM can be good representations of the real 

shape of the specimen. However, in TEM, the electrons in the primary beam are 

transmitted through the sample and it is capable of building up a bigger and greater depth 

of view of the image of sample (see Fig. 3.1) provided this is partially electron transparent. 

Therefore, the resolution (the ability to see two items as separate areas) of TEM tends to be 

better than that achieved with a SEM. 
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Figure 3.1: Diagram of EM beam of electrons scanning: A) the surface of a specimen in SEM [167] 

and B) during transmission through the sample in TEM [168]. 
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SEM uses a secondary electron (SE) generated from the interaction at the surface of the 

sample leading to the use of low accelerating voltages (the difference in electric potential 

between two points) to prevent the beam scanning the sample. Here, it can use the low 

range of keV (1-5keV) for biological specimens [169] and can reach 50keV for metals. 

TEM prevents beam going into the sample and the range of keV reaches to 200keV. TEM 

resolution can be down to 0.2nm. SEM is able to resolve details of about 2nm.   

3.1.1 Scanning electron microscopy (SEM) 

SEM can be used to reveal morphological details of specimens (chemical and biological) 

with better resolution than in optical microscopy because the wavelength of the electron 

beam is less than that of visible light [164]. However, they must be conducting and able to 

withstand vacuum conditions. Here, SEM uses a beam of electrons to see samples smaller 

than the wavelength of visible light.  For example, a 100keV of TEM electron beam has a 

wavelength (3.88 pm) x 104 smaller than an optical microscope using light at 400 nm 

related to Eq. 3.1.  

 

 

 

 

 

Figure 3.2A: SEM at Brunel 

University London. 

 

 SEM images are typically obtained by scanning a focused beam of electrons across the 

sample of interest, in an evacuated chamber. This beam is produced using an electron gun, 

typically employing a tungsten filament. This filament is heated electrically until it emits 
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electrons, which are focused using magnetic lenses. This loses energy as it passes through 

[163] and is converted to another type of energy such as (secondary electrons, heat, light 

and backscattered electrons). The primary electron beam excites and interacts with the 

specimen surface which emits secondary electrons (SE). Then, the detector (located on the 

top to record SE) is used to form an image from the SE by scanning across the surface (see 

Fig 3.2B) to produce an image of 3D structure of sample [161].  

 

 

Figure 3.2B: the principal design of  SEM [170]. 

 

• Preparation of samples 

 

In SEM specimens tend to charge when scanned by the electron beam, and especially in the 

secondary electron imaging mode. This causes scanning faults and other image artifacts. 

Samples are therefore usually coated with an ultrathin layer of electrically conducting 

material (graphite or Au), deposited on the sample either by low-vacuum or by high-

vacuum evaporation. 

Most PMS samples were analyzed by supporting on double carbon tape on aluminum SEM 

stub using SEM with energy dispersive X-ray (EDX) after one of the following 
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preparations: For example, one drop of a liquid suspension was placed on the stub surface 

and left to dry at RT (see Fig.3.3A). The sample on the stub was coated with gold under 

vacuum using the sputter coater (uses an electric field and argon gas). The rate of gold 

coating depending on sputtering rate (as a function of current and voltage; see Fig.3.3B). 

When the sample was placed inside the chamber, the voltages should adjust it. Au /PMS 

samples were coated with platinum 1keV, using plasma current 10mA and for 45s (3 

times). Ag, Ti and all samples were coated with gold 1.5keV, 1.5mA. Then, the sample was 

put inside the chamber of SEM and the operation of acceleration voltage was 5keV.  For 

EDX analysis, the samples were not coated with gold (as this would have made elemental 

analysis inaccurate) but the acceleration voltage was dropped to 20keV to minimize 

charging.  Additionally, coating may have increased the signal/noise ratio for samples of 

low atomic number (Z). As a result, an improvement arises because secondary electron 

emission for high-Z materials is enhanced.  

 

 

A B 

Figure 3.3: the images of samples preparations: A) an aluminum stub (orange color) with one drop 

of each sample under carbon tape (black color) and B) SEM sputter coater at Brunel University 

London. 

 

For SEM study of anti-bacterial activity, agar/Petri dish samples a fixation process was 

necessary to prevent deterioration. The electron beam has a huge current density and it can 

focus into very tiny areas in a specimen. This area becomes hotter with potential drying. 
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Therefore, some steps were followed to prepare such biological specimens for SEM: 

replacing water by ethanol using osmium tetroxide to keep lipid structure and 

glutaraldehyde (2%) for crosslinking proteins and drying samples at RT and Au coating to 

prevent the charging of bacteria.  

Furthermore, increasing the quantity of SE from the surface area of bacteria, can increase 

the signal to noise ratio [161] (see Fig. 3.4). For biological samples, there are two problems 

to get high resolution SEM imaging: (i) enough contrast, (ii) for bacteria, a conducting 

surface is important to reduce charging at magnifications higher than 1000x [164].  

 

A  B 

 C  D 

Figure 3.4: Some samples analysed by SEM: A) fresh agar on glass slid, B) agar heated to 60oC, 

C,) Ag/PMS on agar/filter paper with bacteria and D) on the holder. 

 

Surface morphology and particle size were examined by scanning electron microscopy 

(SEM, Supra35 VP) with EDX after Pt or Au coating using a sputter coater (Polaron 
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Range). Energy dispersive X-ray (EDX) analysis was used by EDAX detector (silicon dzijt 

detector (SDD) type)). 

3.1.2  Transmission electron microscope (TEM) 

The transmission electron microscope directs a high voltage electron beam towards the 

specimen and thereby creates a magnified image of the sample. The most significant 

limitation of the TEM is the requirement for very thin samples, usually less than 100 nm. 

As a result, most biological specimens need to be chemically fixed and dehydrated in order 

to be embedded in a polymer resin so that it can be viewed with a TEM [171] as a stable 

microtomed section. 

• Preparation of samples  

 

For preparation of samples/PMS, many steps should be following for the embedding 

process. This process can be polymerized inside a hardened block for sectioning as slides 

using microtome.  

TEM samples were prepared by two methods: (i) a few mg of chemical solid samples (as 

Bio-Oss and HAp alone) were dispersed with ethanol by ultrasonic bath (ultrasonic waves 

made compression produce cavitation bubbles in solution due to rare fraction cycles) for 

1min then, adding one drop of the dispersed sample on carbon Cu-grid and left to dry at RT 

(see Fig. 3.5A). (ii) adding a few mg of the samples/PMS and mixing these with low 

viscosity resin. These resins offer many advantages: (i) good contrast, (ii) rapid penetration, 

(iii) stability under the electron beam and (iv) easy sectioning. 

 

 

 

 

 

 

 

 

Figure 3.5A: Cu-grid used in TEM. 
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A B 

Figure 3.5: Electron microscope images for: A) a microtome, B) TEM at Brunel University 

London. 

 

 

A suitable mixture preparative for a medium hardness block is: 12g of low viscosity resin 

(Taablv), 4 mg low viscosity VH1 hardener, 9 mg of low viscosity VH2 hardener and 

0.65mg LV accelerator. After embedding into the resin block, they were put into a small 

vial (1mL) and left at 60oC overnight to reduce their viscosity. Then, after setting, 

a microtome was used to make thin slices of sample. The cut sample was floated on water, 

in order to eliminate wrinkles and distortion in the sample (a process known as 

ultramicrotomy). Usually, sections of 50nm thickness are collected onto the TEM grid 

which was 400 mesh (mesh = 37µm). Sectioning the sample allows one to look at a cross‐

section of the sample in order to view its internal (ultra) structure [164]. The resin wasn’t 

stable above 80keV beam energy.  Transmission electron microscopy (TEM, Jeol 2100f, 

field emission gun (FEG) was used to assess morphology and particle size using a Gatan 

camera/imaging software (Gatan microscopy suite, version 3). The TEM operated at 80kV 

(for images) and 200keV (for fast Fourier Transform FFT). 
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3.2    X-Ray Diffraction (XRD) 

 

X-ray diffraction (XRD) was been carried out on samples using software TOPAD Rietveld 

analysis with a copper anode (Cu Kα) radiation (λ= 1.54056Å) over the 2θ range of 10-70o. 

The XRD peak positions were calibrated with Al2O3. The 3D structure of crystalline 

minerals is defined by regular, repeating planes of atoms to form a crystal lattice. XRD 

technique can provide detailed information about unit cell lattice parameters of phases (a, b 

and c) and related cycle of materials. Material properties are highly dependent on their 

structure [172].  

 XRD consists of an X-ray source and detector to read the reflected beam when X-ray beam 

interacts with these planes of atoms in the sample. Part of the beam is transmitted, absorbed 

by the sample scattered, refracted and diffracted. Diffraction of an X-ray beam by a 

crystalline solid is analogous to diffraction of light. X-rays are diffracted by each mineral 

phase differently, depending on the crystal lattice and how these atoms or ions are 

arranged. When an X-ray beam hits a sample and is diffracted, one can measure the 

distances between the planes of the atoms that constitute the sample by applying Bragg's 

Law (d is the distance between adjacent planes of atoms (the d-spacing), and θ is the angle 

of incidence of the X-ray beam; (see Fig. 3.6). 

  

A 

Figure 3.6A: schematic of XRD [173].  
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Figure 3.6B: XRD instrument at Brunel University London. 

 

3.2.1 Determination of crystal size using the Scherrer Equation 

The Scherrer equation can always be used to estimate the size of the crystallite (D) based 

on the width of the diffraction peak at half intensity, FWHM (2θ): 

 

𝐷 =   𝐾λ 
𝛽1/2𝑐𝑜𝑠𝜃ℎ𝑘𝑙

⁄     − − − (3.2) 

 

D        = the volume weighted crystallite size (nm), 

K        = the shape factor (K= 0.94), 

λ         = the radiation wavelength (0.154060nm for Cu-Kα), 

β1/2 (hkl) = instrumental-corrected integral breadth of the reflection (in radius) = the   

broadening (band width) of the hkl diffraction peak at half-height (θ) in radians, and 

θhkl       = the Bragg diffraction peak angle [174]. 
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Generally, crystallite size (D) is a measurement of the size coherence diffraction domain 

and it acts as poly-crystalline aggregates. Crystallite size is not the same as particle size; 

often, it is smaller [175].   
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Figure 3.7: A) Peak profiles indicated to full-width at half-maximum (FWHM) intensity 

and B) Effect of lattice strain on the d-spacing in crystal structure. 

 

 

There are two factors causing deviation from perfect crystallinity and effectiveness of the 

Bragg peak; crystallite size (D) and lattice strain (ε) leading to: (i) increased peak width 

(broadening), (ii) shift in the position of Bragg angle, (iii) effect of intensity peak [174]. 

Analysis of XRD peak profiles indicated that full width at half-maximum (FWHM) is 

sensitive to the variation in nanostructure and stress–strain accumulation in the material 
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[174]. The main properties extracted from the width of peak analysis are lattice strain (ε) (is 

a measure of distribution of lattice constants arising from crystal imperfections) and 

crystallite size (D) (see Fig. 3.7A). The Scherrer method is known to calculate crystallite 

size. This equation has not taken account peak broadening reducing from other factors such 

as instrumental effect and inhomogeneous strain.  

 

𝛽(ℎ𝑘𝑙) =  [(𝛽ℎ𝑘𝑙)
2 

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
−    (𝛽ℎ𝑘𝑙)

2 
𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡

]1/2     − − − (3.3) 

 

X-ray diffraction peak broadening reveals the β, D, ε,  Elastic modulus (Ehkl) and tensile 

stress in the materials (see Fig. 3.7B) [174]. 

 

3.2.2 Determination of crystallite size (D) and lattice strain (ε) using the Williamson-

Hall approach 

The Williamson-Hall approach (W-H) equation is a simple approach both crystallite size 

(D) and lattice strain (ε) induced broadening are not complex due to considering the peak 

width as a function of 2θ [175]. The Williamson-Hall approach (W-H) is given by:  

 

𝛽(ℎ𝑘𝑙) cos 𝜃ℎ𝑘𝑙 =    𝑘𝜆
𝐷⁄   +   4ε sin 𝜃ℎ𝑘𝑙    − − − (3.4) 

 

𝑦 = 𝑧 + 𝑚𝑋             (Linear equation with intercept) 

 

From plot β(hkl) cosθhkl along Y-axis and sin θhkl along X-axis, lattice strain (ε) can be 

calculated from the slope (m) which is equal 4ε. Also, crystallite size (D) can be calculated 

from the intercept (Z) of the linear fit made to the plot which is equal to  Κ λ/D. Assuming 

the lattice strain (ε) is uniform in the materials, this indicates the isotropic nature of the 

crystal [174].  

Elastic modulus (Ehkl) is the constant of proportionality being the modulus of elasticity and 

it is a Young’s modulus in the perpendicular direction to the set of crystal lattice plane (hkl) 

hexagonal crystal phase. Also, it is related to their elastic compliances Sij and for a 

hexagonal HAp crystal phase Elastic modulus (Ehkl) is according to equation (9) [174]. 
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𝐸ℎ𝑘𝑙 =  
[ℎ2 +

(ℎ + 2𝑘)2

3
+ (

𝑎𝑙
𝑐

)
2

]2

𝑆11  (ℎ2 +
(ℎ + 2𝑘)2

3
)

2

+ 𝑆33(
 𝑎𝑙
𝑐

)4 + (2𝑆13 + 𝑆44)(ℎ + 
(ℎ + 2𝑘)2

3
(
𝑎𝑙
𝑐

)2

− − −  (3.5) 

 

 

The elastic compliances and their standard handbook values are given: 

S33 = 10.9 x 10-12 

    S44 = 15.1 x 10-12 

    S13 = -4.0 x 10-12 [174]. 

Hook’s Law can be used to determine the lattice deformation stress (σ) by Eq. 3.6 

  

𝜎 = 𝐸ℎ𝑘𝑙 ∗  𝜀                    − − − − −                   (3.6)              

 

When modified Eq. 3.6 is given by: 

 

𝛽 𝑐𝑜𝑠𝜃 =  
𝐾𝜆

𝐷
 + 4 

𝜎 𝑠𝑖𝑛𝜃

𝐸ℎ𝑙𝑘
  − − − − − −   (3.7)    

 

Lattice deformation stress (σ) can be extracted from the slope and crystallite size (D) from 

the intercept of linear fit made to the plot. 

Powder samples were supported on a silica wafer and placed on the diffractometer holder 

which loaded into the instrument. X-Ray diffractometry used was a Bruker Advance D8 

including a Cu-Kα (λ=0.154060nm) tubes for routine analyses and a Lynx Eye detector. 

The equipment has two settings for routine phase identification and a ¼ cradle setting for 

residual stress, multi-layer and polar analyses. The software used in characterization of the 

crystal structure of present samples was TOPAS. 
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3.3    Secondary ion mass spectrometer (SIMS) 

 

Secondary ion mass spectrometry (SIMS) is used to investigate surface composition 

through fragment’s energy. It is one of the most sensitive techniques available for analysis 

of the distribution of trace elements in biological specimens [176] when they interact with a 

primary beam of heavy particles. The principle of SIMS is the interaction of the primary 

ion beam ((usually O2+, O-, Cs+, Ar+, Ga+ or neutrals) with the sample (under vacuum). 

These provide sufficient energy to ionize many elements in the sample surface; charged 

particles (secondary ions) are ejected from a sample surface. Most atoms and molecules 

removed from the sample surface (referred to as sputtering) are neutral, but a percentage is 

ionized. If the primary beam is composed of positively charged ions, the resultant 

ionization favours production of negative ions. If the primary beam is of negative ions, then 

this favours generation of positive ions. These ions are then accelerated, focused, and 

analyzed by a mass spectrometer ( see Fig.3.8)  [177]. 

The secondary ion mass spectrometer (SIMS) used was the KORE (Z-7861-M). The 

sample was prepared by placing one drop on a silicon wafer and leaving it to dry. The 

software used was Texture and Elemental Analysis Microscopy (TEAM).  

 

 

 
Figure 3.8 A:  Schematic of SIMS [177]. 
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Figure 3.8 A:  Schematic of SIMS [177]. 

 

 

 
Figure 3.8 B:  SIMS instrument at Brunel. 
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3.4    Fourier transform infrared spectroscopy (FTIR) and micro-FTIR 

 

FTIR spectroscopy is a type of molecular spectroscopy that is used to identify the 

functional groups (in materials that have changed in dipole moment in molecules). The 

infrared light has frequency to interact with the vibrations (stretching and bending) of 

chemical bonds. Depending on the vibration of each functional group, the molecules will 

be absorbed at different wavenumber. The software with Fourier transform (FT) algorithm 

converts the interferogram to FTIR spectrum (T% versus wavenumber (400-4000cm-1)). 

The FTIR method is simple, rapid and economical, since samples can be measured as found 

in nature without any chemical pre-treatment [178]. Micro-FTIR (µ-FTIR) provides 

simultaneous spatially resolved and chemically-resolved information in the µm size range. 

It also reveals the chemical composition and the structure of suitable materials.  The 

intensity scale associated with each image depended on the density scale (Beer-Lambert 

Law) as a blue and red color area and corresponded to low and high absorption values as 

given by spectral integration. The main advantages of µ-FTIR are (i) composites and 

mixtures analyzed to determine where chemical components could be found, (ii) small 

samples can be tested allowing for particles as small as ~5µm to be examined [179] (see 

Fig. 3.9A). 

 

A B 

Figure 3.9: A) µ-FTIR and B) FTIR at Brunel University London. 
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A 

 
 

 

B 

Figure 3.10: A) Attenuated total reflection cell in FTIR at Brunel University London and C) 

schematic attenuated total reflection cell in FTIR [181]. 

 

 

In addition, IR spectra of a sample always includes interference signals due to nonchemical 

effects, such as light scattering due to sample morphology and changes in the refractive 

index. For example, light scattering is directly related to bioparticle morphology, which 

varies substantially in shape, size, and texture across plant and fungi. In addition, scattering 

effects are dependent on the refractive index of the bioparticle and refractive index 

variations within a bioparticle, due to variation in chemical composition [180]. The FTIR 

sample was placed on the attenuated total reflection (ATR) stage which is an accessory 

that operates by measuring the changes that occur in an internally reflected IR beam when 

this comes into contact with a sample. An IR beam is directed onto an optically dense 

crystal with a high refractive index at a certain angle. This internal reflectance creates an 

evanescent wave that extends beyond the surface of the crystal into the sample that is held 

in contact with the crystal. There a drop of sample dispersion was micropipetted or a few 

milligrams were deposited on a holder for FTIR analysis and stainless steel for µ-FTIR.  

FTIR spectra of the samples were recorded on a IR-affinity-1 (Shimadza; FTIR-8400S). µ-

FTIR micrographs were collected with a rapid scan system consisting of a Bio-Rad 

spectrometer using a Perkin-Elmer Spotlight equipped with a mercury-cadmium-telluride 

focal plane array (FPA). FPA consists of 16 gold-wired infrared detector elements. An 

aperture size of 6.25µm x 6.25µm was used, meaning that each pixel sampled a 6.25µm x 
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6.25 µm area on the sample plane, with 32 co-added scans per pixel. The spectral 

resolution is 16 cm-1. No transformation or post-processing of the spectra was carried out. 

 

 3.5   NanoDrop-UV spectroscopy 

Spectrophotometer measures 1µL samples with high accuracy and reproducibility. The full 

spectrum (220-750nm) spectrophotometer utilized a sample retention technology that 

employs surface tension alone to hold the sample in place which eliminates the need for the 

containment sample devices (e.g. cuvettes) and allows for clean-up in seconds. In addition, 

the NanoDrop 1000 Spectrophotometer had the capability to measure highly concentrated 

samples without dilution (50X higher concentration than the samples measured by a 

standard cuvette UV-Vis spectroscopy (see Fig. 3. 11). 

 

 
 

Figure 3.11: NanoDrop at University of Basrah. 

 

UV/Vis spectrophotometry is simple for samples as small as 1µL using the NanoDrop 1000 

spectrophotometer. The small sample requirement and ease of use make the NanoDrop 

1000 ideally suited for measuring: (i) nucleic acid concentration and purity of nucleic acid 

samples up to 3700ng/µL (dsDNA; ds means double strand) without dilution, (ii) 

fluorescent dye labeling density of nucleic acid microarray samples, (iii) purified protein 

analysis (A280) up to 100mg/mL bovine serum albumin (BSA), (iv) expanded spectrum 

measurement and quantification of fluorescent dye labeled proteins, conjugates, and 
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metalloproteins, (v) Pierce Protein 660nm Protein Assay and (vi)  cell density 

measurements [182]. There a 1µL of a sample dispersion micropipetted was on a holder 

and the result was obtained as the nanogram concentration (ng) of sample.  

 

3.5   Electrophoresis 

 

Electrophoresis (EP) is a method for separating molecules from each other on: (i) charge: 

(molecules with a negative charge (anions) will be attracted to the positively charged node 

(anode) such as proteins, (ii) size: shorter molecules move faster and easily through the 

pores of the gel such as DNA (this phenomenon is called sieving) and (iii) shape: 

configuration. 

 

 
Figure 3.12: Electrophoresis diagram. 

 

 

The basis of separation depends on how the sample and gel are prepared. Electrical charge 

employs electromotive force to move molecules through a porous gel. The gel is a cross-

linked polymer whose composition and porosity is chosen based on the specific weight and 

composition of the target to be analyzed [183]. To separate proteins and small nucleic acids 

(RNA or DNA), the gel normally used is polyacrylamide.  In contrast, polyacrylamide is a 

neurotoxin and must be avoided it. When larger nucleic acid (bigger than a few hundred 

bases) the matrix is purified agarose (a poly saccharide matrix was used as a diagnostic tool 
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to visualize DNA molecules) composed of long unbranched chains of uncharged 

carbohydrate without cross-links leading to gel with large pores allowing for the separation.  

There are advantages for using agarose: (i) easily cast and handled because agarose setting 

is a physical rather than chemical change, (ii) the sample is easily recovered, (iii) the gel 

resulting can be stored in refrigerator and (iv) this gel can be used for the separation of 

DNA fragments ranging from 50 base pairs (bp) to several millions of bases. The rate of 

migration depends on many factors (i) composition (ii) percentage of agarose and (iii) ionic 

strength of buffer solution. The buffer solution used for EP was Tris-acetate-EDTA (TAE) 

(for acidic) and tris-borate-EDTA (TBE) (for basic). TAE is better than TBE because borate 

can polymerize or react with cis diols in RNA. Therefore, TAE is the best because it has the 

lower buffering capacity but provides the best resolution for larger DNA [183]. The 

negatively charged groups create a flow of water in the opposite direction to the movement 

of DNA (depend on size) in a process called electroendosmosis (EEO) and can therefore 

retard the movement of DNA and cause blurring of bands.  Ethidium bromide is a 

fluorescent dye that intercalates between bases of nucleic acids and allows very convenient 

visual detection of DNA fragments in gel (orange) [183].  

• Preparation of samples  

 

The samples were prepared using the following conditions: (i) ethidium bromide-stained 

agarose gel electrophoresis containing total genomic DNA on of PMS alone, (ii) control 

which was DNA in TE (buffer solution), (iii) samples in the light at RT and in the dark at 

37oC. Here, electrophoresis (Fisher Scientific, USA), Eppendorf tube (Fisher Scientific, 

USA) and Incubator (Binder, Germany) were used. 

 

 3.7   White light interferometry (WLI) 

 

White light interferometry (WLI) is a technique which is used to characterize the surface 

roughness and texture. Moreover, WLI is used to be a complementary technique in the 

biotechnology application due to the ability to resolve the texture of large surface area with 

sub-nm resolution. Furthermore,  WLI is used for  monitoring the topology of samples like 

measuring the thickness, surface area and roughness [184].  
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Many techniques were used but they have many limitations. Comparison of advantages, 

disadvantages and errors of the various methods used: (i) high resolution limits view field 

(ii) they normally include destructive or charged preparation of the samples when used with 

SEM [185] (iii) the samples exposed to high vacuum conditions. Therefore, WLI is a 

unique technique which combines a large field of view and high resolution [184]. It has 

many advantages as (i) non- distractive, (ii) non- contact, (iii) high sensitive and (iv) 

repeatability (see Fig. 3.13) [185].  

 

 
Figure 3.13: White light interferometry (WLI). 

 

 

 3.3 Conclusions   

The selected techniques chosen have advantages and disadvantages. For example, TEM 

analysis is very effective but only nano gram of samples are probed. One the other hand, 

XRD requires larger samples, but the structural analysis may therefore be a better average 
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are must weigh up and appreciate these differences. Other techniques such as Extended x-

ray absorption fine structure (EXAFS) were not available in the timescale available. The 

author returns to consider error and uncertainties in chapter 13.  
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Chapter 4: Materials and preparative methods 

_________________________________________________________________________ 

This chapter explains the materials used and preparation methods used in PMS harvesting 

and their use in preparation of TiO2, Ag, Au NPs/PMS and their nanohybrids. Also, the 

chapter will describe the experimental techniques used to investigate and analyze the 

nHAp/PMS, AA, Hb and insulin loaded into PMS. In addition, it outlines the antimicrobial 

and photocatalysis experimental methods.  

  

4.1  Materials 

 

Brown fresh Portobello mushrooms spores were purchased from the market (PMS; 

Sainsbury’s; London), The reagents used included: titanium(iv) isopropoxide Ti(OC3H7)4 

(ACROS organics 98%), ethanol (Sigma Alidrich,99.9%), 2-propanol (IPA Fluka,99.9%), 

tri-sodium citrate dihydrate (C6H5Na3O7.2H2O) (tri-sodium citrate TSC, Sigma Aldrich, 

99%), sodium borohydride (NaBH4, BDH, 95%), silver nitrate (AgNO3) (Fisher chemical, 

above 99%), gold (III) chloride hydrate (AuCl3.xH2O) (Sigma Aldrich 99.9%). ethidium 

bromide (100%, BDH), TBE 10X (tris- boric acid-EDTA) (100%, bio base) and NaCl. 

DNA extraction Mini Kit (Geneaid Company) was also used for NPs/PMS biosynthesis. 

The reagents which were used for HAp/PMS and drug delivery samples preparation were 

calcium chloride (CaCl2.2H2O, Sigma, 99%), sodium carbonate (Na2CO3; Sigma; 99%), 

sodium dihydrogen phosphate (Na2HPO4; Fisons; 99.5%), poly (vinyl alcohol) (PVA; 

BDH; RMM 115000), glutaraldehyde (C5H8O2; Sigma; 25%), calcium chloride 

(CaCl2.2H2O; Alfa Aesar; 99%), sodium bicarbonate (Na2HCO3; Sigma; 99%), potassium 

chloride (KCl; Sigma; 99%) sodium chloride (NaCl; Fisher; 100%). Bio-Oss (Geistlich) 

and Nano HAp powder (Sigma; 97%). All were used as received. For drug delivery studies 

the following were used:  ascorbic acid (Sigma; 99%), hemoglobin human (Sigma) and 

insulin (Actrapid; Novo Nordisk LOimited). For antibacterial activity studies, two bacterial 

strains (pathogenic) were used during the testing: Staphylococcus aurous (Gram positive) 

and Escherichia coli (Gram negative). In addition, Aspergellis. spp. and Candida. spp. were 
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used as fungi from University of Basrah. Escherichia coli-K12 (MRB-150-300) was bought 

in the UK from Breck land scientific (lyophilized bacteria as powder to avoid any 

contamination). For photocatalytic studies, methyl orange (Sigma Aldrich; 85.9%; RMM 

327.33; MO) and commercial titania (P25; Sigma Aldrich; 35-65m2.g-1) were used. 

 

4.2 Preparative Methods 

 

1.  Portobello Mushroom Spores (PMS) 

The caps of fresh Portobello mushroom (different size) were cut and placed upside down in 

a glass petri dish (10-14cm size) without shaking the caps for 2-4 days (see Fig. 4.1A). A 

fine brown deposit of spores was obtained after a few hours. The best harvest method   left 

the mushroom to release their spores for a long time to ensure that almost all spores were 

released and collected. (see Fig. 4.1B). Portobello mushroom spores (PMS) were stored at 

RT (see Fig. 4.1C).  

 

 

A B 

 

Figure 4.1: A) A Portobello mushroom, B) Portobello mushroom spores. 
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Figure 4.1: C) SEM of untreated PMS at RT. 

 

 

4.2.1 Preparation of TiO2 NPs/PMS 

4mg of PMS were dispersed in 5mL of IPA with magnetic stirring. 5mL of 

titanium(iv)isopropoxide (Ti(OC3H7)4) solutions in IPA at different concentrations (0.03, 

0.3 and 3mM) were added dropwise, with continued magnetic stirring for 1h at RT [186] 

separately. The sample was decanted and washed with further IPA and then dried in air at 

RT. During Ti(OC3H7)4 treatment, it was expected that surface-OH groups on PMS would 

react to give Ti-O-C linkages. After dry in air, hydrolysis with moisture in air would give 

surface TiO2 on PMS.  

 

4.2.2 Preparation of Ag NPs/PMS 

Four solutions were prepared as follows:   

(a) Citrate-derived Ag NPs  

50mL of AgNO3 (1mM) was heated to its boiling point and 5mL of 1% sodium citrate 

dehydrate (C6H5Na3O7.2H2O) (tri-sodium citrate TSC) was added dropwise as a reducing 
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agent with magnetic stirrer. The color changed after 30 min to a greenish yellow and the 

solution was cooled at room temperature. The pH of the solution was adjusted [187] to 10. 

(b) Borohydride-derived Ag NPs 

20mL of NaBH4 (2mM) was placed in a flask with magnetic stirrer and cooled as reducing 

agent. 2mL of AgNO3 (1mM) was added dropwise for 20 min (one drop per second). The 

color changed to greenish yellow [187]. The pH of the solution was adjusted to 10.3. 

 

(c) Citrate-Borohydride derived Ag NPs  

20mL of NaBH4 (2mM) solution was mixed with 1mL of tri-sodium citrate dehydrated 

(TSC) as reducing agent (2mM) and heated to 60oC with magnetic stirrer for 30 min in the 

dark to give a reductant solution. Then, 10mL of AgNO3 (1mM) was added drop by drop 

increasing the heat to 90oC for 20 min. The pH of the solution was adjusted to 10.5 by 

adding NaOH (0.1M) and the color completely changed from colorless to greenish yellow 

after 30 min. The product was cooled at room temperature [188]. Here, these reagents are 

the reducing agent for aldehyde and ketones groups to alcohol.  

(d) 1mM of AgNO3 

This solution was prepared to react directly with PMS without any reducing agents to know 

how PMS reduces Ag ions to NPs, which is the next step. 

(e) Using Portobello mushroom spores (PMS) and bio-synthesise Ag NPs  

The spores were washed twice with water and acetone. 4mg of PMS was dispersed in 5mL 

water and 5mL/AgNO3 (1 and 3mM) was added. Then, the pH of the solutions adjusted 

under magnetic stirrer for 1h. During these reactions, it was expected that functional groups 

on the PMS surface support synthesis Ag NPs on/in the PMS surface faster, better and at 

RT than other three reducing agents above.  

 

4.2.3 Preparation of Au NPs/ PMS 

4mg of Portobello mushroom spores (PMS) were washed twice with water and acetone 

respectively. Then, the PMS were dispersed in 5mL water using an ultrasonic bath (30w) 

for 2 min. At this point, 5mL of AuCl3 solution (with concentrations of 0.1M, 1mM and 

0.2mM) were added to the PMS dispersion under magnetic stirring at room temperature. 
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The pH of the suspensions was 1.4 and adjusted to around 4, 7, 8, 9 and 10 by adding 

NaOH (0.1 and 0.01M). These solutions of Au NPs/PMS were left for 1h under magnetic 

stirring. The color changed for some solutions after 1-2h. Here, it was expected that thiol 

(SH) groups on PMS surface support synthesis Au NPs on/in PMS surface faster, better and 

at RT. 

4.2.4 Preparation of nanohybrids/PMS 

• Method No.1: TiOx-Ag NPs/PMS (mixed TiO2-Ag then added to PMS) 

5mg of PMS was dispersed in 5mL in IPA by ultrasound for 2min. Then, 5mL of Ti 

(OC3H7)4 (3mM) in IPA was mixed with 5mL AgNO3 (1mM) in IPA under magnetic 

stirring for 30 min. This solution was added to the PMS suspension with magnetic stirring 

and mixed for 1h. The same steps were used to prepare TiOx -Au NPs/PMS in IPA and Ag-

Au NPs/PMS in water.  

 

• Method No.2 (added in same time) 

This method will explain which ions (TiO2 or Ag) will react on the PMS to produce surface 

held NPs/PMS: 

1-TiOx-Ag NPs/PMSIPA 

4mg of PMS was dispersed in 5mL of IPA with ultrasonic agitation (30w) for 2 min. One 

drop of KOH/IPA (0.1M) was then added to the above suspension under magnetic stirring. 

5mL of Ti(OC3H7)4/IPA (1mM) and 5mL of AgNO3 in IPA (1mM) were then added to the 

PMS suspension simultaneously and magnetically stirred for 30 min. The color changed to 

brown. The same steps were used to prepare TiOx-Au NPs/PMS in IPA and Ag-Au 

NPs/PMS in IPA.  

Here, it was expected that nanohybrids of TiO2-Ag ions, TiO2-Au ions react with PMS 

surface and then metal ions depended on redox reactions. Core@shell could be formed 

between Ag and Au NPs on PMS surface possibly involving redox reactions. 
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2- Au-Ag NPs/PMSH2O 

Ag-Au NPs/PMS was prepared by adding 4mg of the PMS to 4mL water and 1mL of 

buffer solution (pH 10) under magnetic stirring. To this was added 5mL of (1mM) AuCl3 in 

water and 5mL of AgNO3 (1mM) in water simultaneously for 20 min under magnetic 

stirring for 30 min. The color changed to pink. The sample was decanted and washed with 

water. 

• Method No.3 

All samples prepared had a lower wt.% metal suggested by EDX analysis and then another 

metal was added to it: 

1- Ag-TiO2 NPs/PMS IPA 

4mg of PMS was dispersed in 5mL in IPA ultrasonically for 2 min. Then, one drop of 

KOH/IPA (0.1M) was added to the above suspension under magnetic stirring. 5mL (1mM) 

AgNO3 in IPA were added to the PMS suspension under magnetic stirring for 30min. The 

sample was decanted and washed with IPA. 5mL of Ti(OC3H7)4 (1mM) in IPA was then 

added to the Ag NPs with PMS under magnetic stirring for 1h. The same steps were used to 

prepare Au-TiO2 NPs/PMSIPA. 

2-Ag- Au NPs/PMSH2O 

4mg of PMS was dispersed in (4mL water and 1mL of buffer solution), pH 10 under 

magnetic stirring.  5mL of AgNO3/water (1mM) was added to the PMS suspension with 

magnetic stirring for 30 min. The sample was decanted and washed with water and 5mL 

AuCl3 in water (1mM) were added to Ag NPs with PMS suspension under magnetic 

stirring for 30 min. The colour changed to light pink. The NPs/PMS were decanted and 

washed with water. It was expected that nanohybrids of TiO2 with Ag ions, or Ag ions react 

with PMS surface and then Au ions depended on redox reactions.  
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4.2.5 nHAp/PMS 

1. Preparation of ions/PMS (Ca2+/PMS, CO3
2-/PMS and PO4

3-/PMS 

A sample of (4-4.1mg) PMS was washed twice with water and acetone respectively and 

then dispersed in 5 mL water (ultrasonic bath 15 min) and then CaCl2 solution (5 mL; 

5.5mM) was added dropwise. Then, the solution was left for 1h under gentle magnetic 

stirring 37Co and left overnight, filtered and dried to get Ca2+/PMS.  

CO3
2-/PMS were prepared in a similar way using Na2CO3 (5 mL; 5.5mM). 

 HPO4
3-/PMS was prepared in a similar way using (5mL; 1.3mM Na2HPO4) (see Table 

4.1). 

2. Preparation of nano-CaCO3/PMS  

 A Na2CO3 solution (5mL, 5.5mM) was quickly added into the suspension of PMS with 

magnetic stirring 37Co [189] for 1h and then dried. CaCl2 solution (5mL, 5.5mM) was 

added to CO3
2-/PMS. [110]. 

3. Preparation of nano-HAp/PMS 

Na2HPO4 solution (5mL, 1.3mM) was added drop-wise to two suspensions  of CaCO3/PMS 

separately with magnetic stirring 37Co for 1h and then left 3 days and dried [110] (see 

Table 4.1). 

Table 4.1: The steps to preparations nHAp/PMS. 

Solutions Conc. (mM) V (mL) Suspensions 

CaCl2 5.5 5 Ca2+/PMS 

Na2CO3 5.5 5 CO3
2-/PMS +  CaCl2    =   CaCO3/PMS + Na2HPO4   =   

nHAp/PMS 

Na2HPO4 1.3 5 PO4
3-/PMS 

 

4. Preparation of nHAp/PMS in poly (vinyl alcohol) PVA  

A sample (6mg) of PMS was mixed with 7.5mL 5% PVA, cross-linked (0.269mL, 3% 

glutaraldehyde (1mol % for the monomer unit of PVA), 0.112 mL 0.1M HCl and 1.5mL 

water mixed for 2h at RT. The sample was then dried for 2 days. The formation of 

nHAp/PMS on PVA cross-linked was prepared via 3 steps: step 1: the dimensions of 

PMS/PVA crosslinked polymer (27.9 mg; the diameter is 2x1.8 cm) was immersed in 15 



Chapter 4 

  

67 | P a g e  

 

mL (5.5mM) Na2CO3 solution for 1 hour at 24oC and dried using filter paper. Step 2: the 

sample was immersed in (5.5mM) CaCl2 solution for 1h. Then, the samples were washed 

and dried on filter paper. Finally, the sample was immersed in 1.3mM Na2HPO4 for 1h. 

This procedure was repeated for 8 reaction cycles  [190]. Lastly, the sample was held at  

37oC for 3 days [110].  

 

4.2.6 Bioactivity studies 

Study of bioactivity has been widely used for clinical applications because of the ability to 

enhance bone-tissue formation on the sample's surface. The samples could also be bonded 

with the living tissue. Now the samples (described in section 4.2.5) were immersed in 

biological simulated body fluid (SBF) at 37oC for 14 days and the solution was changed 

every 2 days. The SBF solution changed leading to more reliable, accurate and perfect 

simulation of the bioactivity.  Evaluation of weight % was calculated using the wt.% after 

14 days of immersion in SBF according the % equation (4.1) [191]. 

 

% =  
(𝑤2 −  𝑤1)

𝑤1
 𝑥 100   − − −  (4.1) 

where W1 and W2 are the weight of sample before and after immersed in SBF. 

 

1. In vitro bioactivity evaluation 

Simulated body fluid (SBF) is purposed to (i) predict bioactivity of the samples by the 

apatite formation and (ii) prepare HAp surface coatings on samples [192]. SBF was 

prepared to be similar to human blood plasma using the Kokubo method/reagents in double 

distilled-water and explained in Table 4.2 [193].  

Bioactivity was evaluated by immersing the Bio-Oss, Nano HAp, nHAp/PMS and 

nHAp/PMS- PVA hydrogel samples in standard simulated body fluid (SBF) whose pH of 

SBF was adjusted to 7.4.  The temperature was kept at 37oC. Every sample (1mg/mL) was 

immersed in SBF for 14days. The solution was renewed every 3 days in order to encourage 

apatite deposition [194]. After incubation for 14 days, the samples were removed, washed 

gently with deionized water and dried at RT for 2 days in a fume hood. Finally, the 
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formation and growth of HAp layers was investigated by measuring  the solution 

concentration of Ca and phosphate ions, pH and wt.% HAp developed [194].  

 

Table 4.2: The compositions of reagents used to prepare the SBF. 

Reagent g/L Reagent g/L Reagents g/L 

NaCl 7.996 CaCl2 0.278 1M HCl 40mL 

NaHCO3 0.350 Na2SO4 0.071 MgCl2 6H2O 0.305 

KCl 0.224 (CH2OH)3CNH2 6.057 K2HPO4 3H2O 0.228 

 

 

2. In vitro dissolution evaluation 

Naturally, HAp associated with collagen/extracellular matrix proteins in the human body 

leads to superior mechanical properties of bone. This HAp has a slow rate of formation and 

a slow rate dissolution [195]. nHAp/PMS are ideal to combine HAp with biomolecules to 

take advantage of their material properties.  The present dissolution studies were 

undertaken in a phosphate buffer saline (PBS) with the following samples: Bio-Oss, Nano 

HAp, nHAp/PMS and nHAp/PMS- PVA hydrogel at pH 7.4 during incubation at 37oC for 

30 days with agitated 50rpm. The concentration of samples was (1mg/mL). The 

concentrations of Ca ions and pH were monitored every 2-3 days [194]. Finally, the 

samples were removed, washed gently with deionized water and dried at RT for 2 days in a 

fume hood. The in vitro dissolution was determined by changes in Ca ions, pH and surface 

morphologies of samples. 

 

4.2.7 Methods of Assessing the Uptake and Release of AA, Hb Protein and 

Insulin 

10mL of 0.1mM of AA solution in water (pH 6.8) was added to 3mg of PMS mixed for 5 

min and left to adsorb at RT for 5h. AA has an absorbance maximum and was measured at 

265nm. This was measured to assess AA solution concentrations. A similar method was 

used for nHAp/PMS and PMS/PVA hydrogel (10%) and a similar method was also used 

for 2mg Hb in 10mL which had an absorbance maximum at 404nm and 400µL insulin 

(40IU) in10mL H2O) which had an absorbance maximum at 270nm. This gave a maximum 

loading ratio: 
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Loading ratio =   (
𝐶2

𝐶1
⁄ ) × 100 − − −     (4.2)  

and a swelling ratio (Q): 

 

𝑄 = ( 𝑊𝑠 −  𝑊𝑑/ 𝑊𝑑 ) × 100  − − − (4.3)  

 

where Ws and Wd the weight of swollen and dried PVA hydrogel. 

 

To investigate AA release from pre-loaded PMS, 3mg of AA-loaded PMS was immersed in 

10mL of phosphate buffer saline (PBS; pH 7.4), mixed for 5 min and left to desorb AA at 

37oC for 24h in an incubator. As in AA uptake experiments, the absorbance was measured 

at 265nm. A similar method was used for HAp/PMS and PMS/PVA hydrogel and 

HAp/PVA microsphere.  PVA microspheres were prepared as the literature  [196]). A 

similar method was used for Hb and insulin uptake (λmax= 404nm and 270nm) in distilled 

water and simulated intestinal fluid (SIF) and simulated gastric fluid (SGF) (λmax = 272nm). 

Each sample was immersed in water (pH 6.8) as a control for AA, Hb and insulin.  The % 

drug release was thereby studied as a function of time. Samples pre-loaded with insulin 

were immersed separately in 10mL simulated intestinal fluid (SIF; pH 7.4), simulated 

gastric fluid (SGF; pH 1.2) and distilled water (pH 6.8). 

 

4.2.8 Cytotoxicity test  

Cytotoxicity tests of NPs/PMS were undertaken against fresh human red blood corpuscles 

(RBCs) [197] using a suspension of NPs/PMS (100µL same antibacterial activity 

concertation). IPA was the standard and blood was a control:  2mL of human blood was 

mixed with 40mL of a normal saline solution (NaCl pH 7.4). The solution was divided into 

4 test tubes, each one containing 2mL of mixed (human blood and normal saline solution). 

At this point, every test tube (1 and 1 ̴) contained 100µL of PMS sample and were left at RT 

in duplicate. The standard test tube contained 100μL IPA (solvent) that was mixed with 

human blood and normal saline solution. The control test tube contained 100μL mixed of 
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human blood and normal saline solution). Finally, turbidity of the mixture was examined 

after 15, 30, and 60 min before the blood cells were hemolyzed completely (see Fig. 4.2). 

 

 
Figure 4.2: The approach used in cytotoxicity tests of NPs/PMS. 

 

4.2.9 Study of the effects of NPs/PMS on DNA 

1. Samples collection DNA extraction 

From volunteers, 3mL of venous blood was collected in an EDTA tube and was then used 

freshly to extract the human genomic DNA. Human genomic DNA was extracted from all 

fresh blood samples using the DNA extraction Mini Kit, according to the kit protocol. DNA 

quantity and quality were assessed by Nanodrop (Nanodrop/optizen system) at 260nm 

respectively. DNA with PMS and NPs/PMs was visualized by 0.8% agarose gel 

electrophoresis which was stained with ethidium bromide and using the reagent 1X- Tris 

borate EDTA (TBE) buffer solution [198]. Study of the effects of NPs/PMS on DNA were 

performed by preparation of 1.5mg of PMS dispersed with 1mL of tris- 0.1M HCl and 

0.01M EDTA solution (TE buffer). The purpose of the TE buffer was to solubilize DNA 

while protecting it from degradation. Then, 10µL of DNA in TE was mixed with 10µL of 

PMS suspension. The mixture was divided into 4 vials: 2 vials were left in the dark at 37oC
 

and another 2 vials were left under light (neon 50Hz) at RT for 1h. The PMS- DNA mixture 

was electrophoresed for 15 min at 60eV on a (0.8%) agarose gel in 1X TBE buffer. The gel 

was stained with ethidium bromide and photographed under UV light. The same steps were 

used with DNA- TiO2, Ag and Au NPs/PMS.  
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2. Detection of DNA by agarose gel electrophoresis  

DNA was visualized by agarose gel electrophoresis according to Sambrook and Russel 

using the reagents: preparation of (0.8%) agarose gel 1X- TBE buffer (25mL) was mixed 

with 0.2g agarose. The solution was boiled until completely dissolved.  The gel was left to 

cool down to about 50-60°C. Then 2μL of ethidium bromide was added to the gel [183]. 

The comb was put in one of the cast endings and the agarose solution was poured in the 

cast after the endings were blocked to avoid leakage and left to cool to RT. Then the cast 

was put in the electrophoresis cavity after lifting the comb which were fixed [183]. 

 

3. Migration of DNA on agarose gel and NPs/PMS 

The electrophoresis tank was filled with 1X-TBE buffer about 3mm above the gel.  9μL of 

extracting DNA was added to 3μL of bromophenol blue, and then loaded in the walls of 

agarose gel. Electrodes of electrophoresis apparatus was linked to the power supply system 

at (60V and 120 mA), so that the black electrodes in the electrophoresis apparatus would be 

linked to black electrodes in the power supply system and the same thing was undertaken 

for the red electrodes. The loaded dye was left for 30 min to migrate from the walls to the 

other side. 

 

4. Visualizing DNA on a UV transilluminator  

The gel was tested with a UV light and a digital photograph of the fluorescent ethidium 

bromide-stained DNA separation pattern was taken. 

5. The effect of prepared NPs/PMS on human genomic DNA  

The effect of the prepared NPs/PMS on DNA was studied by mixing 10μL of DNA with 

10μL of NPs/PMS solutions, then the mixture incubated at 37°C for 1hour in the dark and 

another 1h under light at RT [183]. To study the effect of/on PMS-based samples on 

genomic human DNA, 10µL of each sample was mixed with 10µL of human genomic 

DNA. The mixture incubated at 37oC for 1h; then the absorbance of mixture was measured 

at 260nm [199] and the DNA concentration was thereby assessed. 
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4.2.10 Determination of Median Lethal Dose (LD50) 

• Animal and experimental design 

All the animal experiments reported here were carried out in compliance with the national 

regulation governing animal experiments. The mice were obtained from central animal 

facility (Veterinary Medicine College, University of Basra). Animals were acclimatized to 

standard laboratory conditions of light-dark (14-10h) and temperature (22±3oC) for 3 days 

prior to experiments. The mice were fed water and standard laboratory diet. All the mice 

were housed in polyacrylic cages (3 mice per cage). Total number of mice was 60 healthy 

male and female albino mice (one of the two white-coloured varieties of the domesticated 

house mouse). Albino mice were then divided into the following studies (weight about 

35±5): 10 groups, each group contained 6 mice (3 male and 3 female) [200]. 

 

• Dose preparation and administration 

Albino mice were fasted for 18h prior to dosing. TiO2, Ag and Au NPs/PMS were 

dispersed in distillate water and administered once orally by using a stomach tube with 

different doses in the range 50,100 and 200µg/kg [197]. The group C was given 0.5mL 

normal saline only to represent a control group. The mice were observed for 2, 24, 48 and 

72h for any toxic signs and symptoms [200]. 

 

4.2.11 Antimicrobial Measurements  

Antibacterial activity was determined in duplicate using Mueller Hinton agar. PMS and 

NP/PMS samples were dispersed in (and diluted with) IPA or H2O. The antibacterial 

activity of NPs/PMS was assessed against two pathogenic bacteria species: Staphylococcus 

aureus (Gram positive) and Escherichia coli (Gram negative) in the agar well diffusion 

method. Overnight cultures were used. After 24h of incubation, bacterial suspension 

(inoculum) was diluted with sterile physiological solution, for the diffusion test, to 108 

CFU/mL (colon forming unit) (turbidity = McFarland barium sulfate standard 0.5) [201]. 

The control sets (IPA and H2O) were maintained under the same conditions. The bacterial 

inoculums were uniformly spread using a sterile cotton swab on a sterile Petri dish 

containing agar. 50μL of the PMS or NP/PMS samples were added to each well (6 mm 
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diameter holes cut in the agar gel, 20mm apart from one another). The plates were 

incubated for 24 h at 37oC, under aerobic conditions. After incubation, confluent bacterial 

growth was observed. The diameter of the zone of inhibition was measured directly in mm 

[201].  

In the agar diffusion disc-variant measurements, NP/PMS were dispersed in (and diluted 

with) IPA and were used to impregnate 6 mm filter paper discs (Whatman no. 2) to a 

loading of 10µL or mg.m-2. The discs were maintained at 25oC until evaporation was 

complete and were then kept under refrigeration until the test, when they were placed onto 

the surface of the agar and incubated overnight at 37oC, at which point the zones of 

bacterial inhibition were recorded. These measurements were in duplicate [202]. In anti-

fungal activity measurements, the NP/PMS samples were assessed against two pathogenic 

fungi species: Aspergellis.spp. and Candida.spp. using an agar diffusion disc method. Here 

the plates were incubated for 72h at 37oC under aerobic conditions. After incubation, 

confluent fungi growth was observed. The radius of the regions of inhibition of the fungal 

growth were again measured (mm); again tests were performed in duplicate [100].  

 

4.2.12 Biotemplate TiOx overcoating and addition of Au/Ag NPs 

A 3mM Ti(OC3H7)4 solution was made up in 5mL 2-propanol and filtered (0.22µm). 4-5 

mg Portobello mushroom spores (PMS) were washed twice with water and acetone 

respectively and were then dispersed in 5 mL IPA with magnetic stirring for 1-2h.  

PMS (4-5mg) was dispersed in 5 mL IPA (ultrasonic bath for 15 min). At this point, 5 mL 

of alcoholic (IPA) AuCl3 solution (3mM) was added with magnetic stirring at room 

temperature. The pH of the suspensions was 1.4. Solutions were left for 3h under magnetic 

stirring. The colour of the solution changed after 1-3h. The same steps were used to prepare 

Ag NPs/PMS using 3mM of AgNO3. These were considered green methods of synthesis of 

the Ag and Au NPs using the PMS cell wall. 

Ag-TiOx/PMS was prepared by ultrasonically dispersing 4-5 mg of PMS in 5mL IPA for 15 

min. Then, 5mL of alcoholic (IPA) AgNO3 solution (3mM) was added to the PMS 

dispersion with magnetic stirring at room temperature for 3h. The Ag/PMS was left 

overnight. Then to 5mL of Ag NPs/PMS was added Ti(OC3H7)4 (3mM) in IPA with 

magnetic stirring for 3h. The same steps were used to prepare Au-TiO2/PMS in IPA.  



Chapter 4 

  

74 | P a g e  

 

 

4.2.13 Biotemplate TiO2 replica formation 

Overcoated biotemplate samples (TiOx/PMS, Ag/PMS, Au/PMS, Ag-TiOx/PMS and Au-

TiOx/PMS) were calcined at 500oC in air for 3h to remove the organic substrate, giving 

TiO2 replicas (TiO2 (PMS), Ag-TiO2 (PMS) and Au-TiO2 (PMS)) [108].     

 

4.2.14. Photocatalytic activity  

The experiments were carried out, at RT, in quartzes cuvette. The light source was at 

254nm and 365nm, 15 walls (two tube each wavelength) and overhead white light.  

 Milligrams of samples (TiO2 NPs/PMS, Ag-TiO2 NPs/PMS and Au-TiO2 NPs/PMS) were 

tested at RT and calcined at 500oC in air for 3h to remove the organic substrate. Then, they 

were reacted with 0.1mM MO (at maximum absorbance 464nm) for 1h in dark under 

magnetic stirring to reach the adsorption/desorption equilibrium. These samples were 

characterized by UV-Vis spectroscopy over10h. A commercial photocatalyst powder called 

P25 was used as standard. 

 

➢ The adsorption ability 

The measurement of adsorption ability of photocatalysts was carried out by measuring the 

adsorption percentage of MO in an aqueous solution at RT. Mg of photocatalyst were 

added to 10mL of 0.1mM or 0.01mM of MO aqueous with stirring in the dark. Then, 

photocatalyst samples were left for 1h to precipitate the photocatalysts and the UV-Vis 

adsorption spectra were measured at λmax 464nm. All the measurements were repeated two 

times.  

 

𝑄𝑡   =     
(𝐶𝑜 − 𝐶𝑡)𝑉

𝑊⁄         ----------  (4.4) 

Qt: adsorption amount of MO (mmol/mg) onto the photocatalyst,  

Co: the initial concentration of MO (mmol/mL),  
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Ct: the concentration of MO at the time (mmol/mL),  

V: the volume of MO (mL), W: the mass of NPs/PMS (mg). 
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Chapter 5: Characterization results for Portobello mushroom spores 

(PMS) 

_________________________________________________________________________ 

In this chapter, the characterization of PMS using SEM, TEM, SIMS, FTIR and TGA is 

explained. The aim here was to study if an edible Portobello mushroom spore (PMS) could 

be used as a template and reducing agent to prepare novel biocompatible materials for: (i) 

drug delivery, (ii) assembly of replacement bone with no toxicity or environmental issues, 

(iii) photocatalyst and (iv) antimicrobial treatments. It is shown that PMS can be used as 

vectors on which to fabricate submicron and nano-sized particles (NPs) for these different 

applications.  

 

5.1 Introduction 

 

Edible mushrooms are useful foods and also their spores have a significant role in the 

human body due to medical properties, as a food and to resist disease [203]. They are rich 

in protein, fibres and high in essential amino acid content, producing specific alkaloids, 

while fortunately being poor in fats. They supply a nutritionally important range of 

vitamins (B1, B2, B12, C, D and E) and antioxidants (not normally destroyed and 

deactivated by cooking). Edible mushrooms may also be a source of many different 

nutraceuticals (e.g. unsaturated fatty acids, phenolic compounds and ascorbic acid) [204]. 

Furthermore, it was reported that they contain trace amounts of some heavy metals (e.g. 

cobalt, iron, chromium, copper, zinc and manganese) [205]. The mushroom is rich in N-

acetyl glucosamine, and other components (e.g. sodium, potassium, phosphorus, 

conjugated linoleic acid, traces of calcium and 143 amino acids) that make it congenial for 

bone regeneration [206]. Moreover, mushroom is used as anti-ageing agent (reducing fine 

line and pigmentation). As a result, it can be used directly in diets to promote human 

health. The chemical compositions and nutrition value of edible mushrooms define their 

medicinal value [207] and their activity against hyper-cholesterolemic disease, 

hypertension, infections, cancer and diabetes [208]. On the negative side, spores may cause 

respiratory diseases such as asthma due to the inhalation of mushroom spores [180].  
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5.1.1 Mushroom spores 

The mushroom spores are the products of asexual reproduction in normal conditions. These 

save the genetic material of microbial life. Spores and pollens (pollen are carriers of the 

plant’s genetic material needed for pollination) are on the market as natural remedies [209].  

The chemical structure of spores contains tyrosine and glycoside [210], sulfonic acid and 

organosulfur compounds (R-sulfonyl hydroxide) [211]. The total fatty acid in spores can be 

defined as free acid and methyl ester and can be extracted using many techniques (e.g. GC-

MS [212], HPLC, Raman spectroscopy [211] and microwave-assisted extraction) [213]. 

 

5.1.2 Comparison between spores, pollen and seeds  

Both spores and pollen are reproductive products that are generally single cells. The fungi, 

algae and plants produce spores, but only seed-bearing plants produce pollen. Often 

microscopic in size, durable and easily transported, pollen and spores can be found in many 

different environments and have a long fossil record. However, because many different 

plants and fungi produce similar-looking spores or pollen, it is sometimes difficult to 

identify them in the fossil record [214]. The spore/pollen walls have multiple layers and 

components. Sporopollenin contain a polymer of carotenoid esters and polyhydroxylated 

unbranched aliphatic units with small quantities of oxygenated aromatic rings and 

phenylpropanoids. Sporopollenin is highly resistant to physical, chemical and biological 

degradation. All pollen are spores, but not all spores are pollen [215] (see Fig.5.1A). The 

spore (fungi) differs from seed (plant) in many ways: structures, sizes, and types (see Table 

5.1 and Fig. 5.1) [216]. 

 

Table 5.1: The main differences between spores and seeds [216]. 

 Spores (fungi) Seeds (plant) 

Structure 

 

Simple and unicellular (single cell) 

 

Complex (advance) and 

multicellular 

Size Small size (around 5μm, needing an optical or 

electronic microscope to see it) and lighter 

Bigger than spore (can be 

seen) 

Type Homo (uniform size) 

Hetero (small (male) and big (female)) 

Diploid (two paired) and 

haploid (one paired) 

 Have very small stored food resources (air pocket) Does not have 
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 A 

 B 
 C 

Figure 5.1: SEM images of: A) spores [217], B) pollen [218] and C) seeds [219]. 

 

 

 
 

Figure 5.2: Illustration of fungal spore structure [220]. 
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5.1.3 Sporopollenin 

Sporopollenin is the outer shell and major component of exine (exine is the outer of the two 

major layers forming the walls) of spores and pollen. It is resistant to non-oxidative 

chemicals, enzymes and strong chemical reagents [210].  It was reported that sporopollenin 

has been reacted with ammonia using LiAlH4 as a catalyst to convert to a primary amine 

form. Notably, the carboxylic acid in the organic polymer (of the external shell) reacts to 

form amide groups  leading to a new material with solid-phase applications [221]. 

5.1.4 Cell Walls Structure of Spores 

The cell walls of spores are normally made up of a three-dimensional complex network 

giving it resistance to environmental stress and mechanical strength. The components of 

fungi cell wall pathogens are not represented in plant and human cells. Therefore, the 

immune system of plants and humans have evolved to recognize the elements in cell wall 

of fungi [210]. There are many properties of a cell wall: UV protectant, elastic properties, 

antioxidant, chemical and physical resistance [209]. The chemical structure of a cell wall 

contains: 

(i) polysaccharide glucan (polymer of glucose which is mainly sugar, xylose and 

mannose), 

(ii)  chitin complex (polymer of sugar) is found in the cell wall due to rigid layers and 

fillable fungal cell walls,  

(iii)  melanin is a black pigment which helps to prevent UV damage and it acts to make 

the cell wall tougher, and 

(iv)  proteins [222] and remodeling enzyme like chitinase and glucanase [210]. 

The cell wall has a high total concentration of solute due to the pressing of the cell 

membrane onto the wall and osmotic uptake of water. Like plant, the cell wall is detected 

by receptors in the cell. The core of the cell wall contains polysaccharide as β-(1-3) glucan 

with 4% inter-chain form hydrogen bond and chitin like scaffold around the cell.  β-(1-3) 

glucan plays an important role in wall organization. Glucan and chitin  (as polysaccharides) 

are synthesized in the plasma membrane by transmembrane enzymatic complexes [210]. 

Figure 5.3A shows that the outermost part of the cell wall consists of: 

(i) chitin which has different levels dependent on fungi [223] (brown line) located 

near to the cell membrane,  

(ii)  β-1,3- and β-1,6-glucan (green line) close to the chitin fibres, and 
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(iii)  mannoproteins (red curve). The transferring N-acetylglucosamine residues are 

used to synthesize chitin from uridine diphosphate-N-acetylglucosamine 

(UDPGlcNAc which is brown hexagon) to a growing fibre that is shuttled through 

the cell membrane by the transmembrane chitin synthase (light blue). Further, α, β-

1,3-glucan synthase (yellow) is used to synthesize β-1,3-glucan by the use of 

uridine diphosphate-N-glucose (UDPGlc which is a green hexagon) as a donor to 

transfer glucose to the extruded β-1,3-glucan fibre [223]. 

 

 

 
 

Figure 5.3A:  Diagram of the composition of the fungal cell wall [223]  

 

 

Furthermore, the physical properties indicate that the porosity (with pores around 200-

300nm depending on type of spores) in the spore’s shell helps to transfer the genetic 

content, water, and nutrients across the wall. These pores are nano-diameter channels in 

size. These nano channels (micro-rather-than-nano) can be used to (i) load a drug for 

delivery and (ii) to empty the shell using chemical or physical methods (see Fig. 5.3B) 

[209]. 
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Figure 5.3B:   TEM of exine wall of Secale cereal showing nano-channels (20 nm) [209]. 

 

Melanin (high RMM component of phenolic and indolic compounds) is a pigment that is a 

negatively charged hydrophobic. Some studies reported that the rigidity of the cell wall 

increases due to the melanin structure in human fungal pathogens [210]. 

 

 5.1.5 Portobello Mushroom 

Portobello mushroom (PM) (Agaricus bisporus, brown cap) is a type of fungi which is a 

eukaryote (chromosome in nucleus with a membrane) like a human cell, because a fungal 

cell contains a membrane-bound nucleus. Furthermore, PM (as fungal cell) has ribosomes, 

mitochondria, Golgi bodies and a cell membrane.  This membrane is a lipid bilayer which 

allows phospholipid and ion molecules to move freely. Like animals, fungi use sources of 

carbon from complex organic compounds rather than fix CO2 from air. Unlike plants, PM 

(fungi) do not have chloroplasts and they display colors from other cellular pigments from 

red, green to black [210]. It was reported that fungi are an important source of thermally-

adapted hydrolytic enzymes. It is useful for industrial processes that are related to fungal 

biomass deconstruction. These organisms are receiving increasing interest because their 

enzymes enable saccharification at higher temperatures (assuming at a basic level that the 
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reaction rate approximately doubles for every 10◦C rise in temperature) and avoids 

contamination [224]. Harvesting PMS was reported to be a simple methodology to collect 

spores involving funnel trapping [225]. There is a relationship between spore abundance, 

gravity and humidity using plastic lids of petri-dishes. When the cap of a mushroom is at 

the top the spores can be removed by the gravity and electrostatic forces out of the 

mushroom  and deposited on a filter paper [226].  

 The recent trend in tissue engineering research is based on seeding cells into porous 

biodegradable polymer matrices. The ideal biomaterial should be biodegradable, non-toxic 

and porous aiding the migration of host cells into the matrix permitting growth into 

complete tissue analogs in vivo [112]. Mushroom and derivatives were used in antitumor, 

anti-diabetic, wound healing, antibacterial, anti-parasitic, antiviral, preventing dental 

plaque, immunomodulatory, cardiovascular [114] drug delivery system, and as a bio-

material for tissue engineering [111]. 

Here, PMS was characterized using many techniques that are described in chapter 3. The 

harvesting method was described in section 4.2.1.  

 

5.2. Results and discussion 

 

Mushroom spore was previously characterized in many studies [227]. The average weight 

of the PMS used in this study was calculated. PMS was characterized using many 

techniques. The spores were collected on two separate occasions when they fell out of 

mushroom caps due to gravity after 2 days and 2 weeks. Already the spores, have charge 

and they are attracted and attached to a petri-dish. Further, the mushroom humidity helped 

PMS discharge at short times; the spore transfer of spores depended on an active spores 

discharge mechanism [226]. Spores were released from the gills (located under the cup of 

mushroom). The results show that the PM has water content around 73% (see Table 5.2).  

After two days 103.933mg of Portobello mushroom were harvested to get 12mg of spores.  

Table 5.3 shows that the averages of 84.6mg of Portobello mushroom (PM) over two weeks 

produced 8.6mg of harvested Portobello mushroom spores (PMS). PM appeared to have 

water content around 67%.  
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Table 5.2: Portobello mushroom spores (PMS) harvested in two days. 

No. W1 of PM sample 

(mg) 

W2 of PM sample (mg) after 2 

days 

W3 of harvested spores 

(mg) 

1 109.620 66.016 16 

2 130.230 78.840 12 

3 109.540 64.193 8 

4 74.225 38.325 15 

5 96.052 51.897 9 

Average 103.933 59.854 12 

 

Table 5.3: Portobello mushroom spores (PMS) harvested in two weeks. 

 W1 of PM sample 

(mg) 

W2 of PM sample (mg) after 2 

weeks 

W3 of harvested spores 

(mg) 

1 93.270 63.26 6 

2 90.432 57.89 4 

3 90.156 66.59 16 

4 75.140 50.46 12 

5 74.105 45.90 5 

Average 84.620 56.82 8.6 

 

 

5.2.1 SEM and TEM analysis 

The size, the shape and the surface morphology of PMS could be measured by both SEM 

and TEM. The micrographs of PMS (dried on an aluminium stub) were analyzed to 

determine the variation in/on PMS morphology and shape at different temperatures (RT 

and 500oC) using SEM. Figure 5.4A shows the SEM images of PMS at RT. This revealed 

smooth, brown and oval shapes with average length around 5µm, looking like a red blood 

cell [203]. The PMS appeared aggregated and hollow (presumably it collapses partially due 

to the SEM vacuum); some can be seen as swollen and dented or concave. The surface 

view on one side is thick and on others is thin. Moreover, the PMS shape is not changed by 

heating at 100oC apart from some change in concave/convex shape on fluid loss, because 

spores have rigid cell walls due to their containing chitin  (complex polysaccharide which 

is an essential structural component and  provides rigidity to the fungal cell wall to resist 

chemical and physical challenges) [223]. It can be noticed that some damage to the cell 

wall is present (thickness is around 252nm). 
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Figure 5.4A: SEM micrograph of PMS dried on an aluminium stub at RT (scale bar = 2µm). 

 

 

PMS was heated to 500oC for 14h under air in normal atmosphere (see Fig. 5.4B, C and D) 

on a cover glass (containing SiO2 (80%), B2O3 (12%), Na2O (4.2%), Al2O3 (2.2%), PbO 

and MgO). Figure 5.4D shows that the PMS shrank in size from around 5µm to 

significantly smaller sizes with collapsed morphologies due to the decomposition of the 

PMS organic matrix in terms of degradation of hydrocarbons. The cell wall is 319.5nm and 

480nm wide. Approximately, PMS wall is around 500nm and PMS length is around 6 µm 

(optical microscope results). That means, the PMS wall is 18-20% of spores Moreover, the 

residue of chitin is one of the most insoluble compounds in nature [223]. Clearly, the 

average of dimensions of PMS are 3.3µm x 1.2µm in vacuum conditions.  
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Figure 5.4B: SEM micrograph of PMS dried on an aluminium stub of PMS heated at 500oC 

(with the average dimensions 154 nm width and 268 nm) for 14h. 

 

The cell contains a chitin-binding motif to protect the fungal cell wall against hydrolysis 

during condition changes [223]. Therefore, only the structure residue can be seen even after 

heating at 500oC.  

EDX-SEM analysis for PMS samples that were heated to 500oC in air was characterized by 

point analysis for 4 locations for many different spores. This analysis reveals that PMS 

residues have different elemental compositions. Table 5.4 shows that PMS have a highest 

percentage 58% for oxygen. Markedly, only 0.01% N is seen from amino acid residue 

because it has evaporated. The retia of elements is represented  in short chain, chitin 

oligomers (as a signal molecule leading to nuclear Ca2+ spiking and activation), glucan and 

proteins in the fungal cell wall [223]. Here, some of different elements’ percentage 

increases after heating and the higher detection levels of the cell wall is Na 5.8% and K 

3.4%. Also, when cells were heated a significant increase in Ca 0.17% levels was obtained 

(see Table 5.4).  
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Figure 5.4C: SEM micrograph of PMS dried on an aluminium stub of PMS dimensions 

(3.3µm x 1.1µm) at 600oC. 

 

 

 
Figure 5.4D: SEM micrograph of PMS dried on an aluminium stub:) PMS with cell 

walls 319.5 nm and 480 nm wide at 500oC. 
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A TEM micrograph of PMS (a thin slice of resin/PMS on carbon copper grid) at RT was 

analysed to determine the surface morphology and dimensions of the cell wall in PMS. 

Figure 5.5 gives TEM evidence of the smooth spore’s oval shapes.  Figures 5.6 and 7 show 

that the average dimensions of spores are 253nm width of cell wall of PMS and 5.017 µm 

length. These results were confirmed by SEM and optical microscopy. EDX analysis using 

TEM for PMS samples at RT was characterized by point analysis for 7 locations for many 

different spores. This analysis reveals that PMS residues have carbon and oxygen elemental 

compositions only. Figure 5.8 shows that PMS have a highest percentage: 74% for carbon 

than oxygen 31%. Remarkably, no N or other elements are seen here due to its weak 

emission. Generally, the TEM results are in agreement with the SEM observations. 

Table 5.4: EDX of elemental analysis of PMS for RT and after heating to 500oC in air. 

Elements O Na K C P Ca N 

At. % at RT 14.3 0 0.2 74.17 0.2 0.05 10.25 

At. % at 773K 58.11 5.84 3.45 6.85 1.48 0.17 0.01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: TEM micrograph of fresh PMS 

(a thin slice of resin/PMS on carbon copper 

grid at RT (the scale bar 0.5 μm). 
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Figure 5.6: TEM of 253nm width PMS.  
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Figure 5.7: TEM of 5.018µm long PMS. 
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Wt.% C-K O-K 

pt1 73.1 25.4 

pt2 72.5 26.3 

pt3 68.7 30.0 

pt4 68.7 30.1 

pt5 67.7 31.3 

pt6 74.6 25.2 

pt7 74.5 24.3 

 

  
Figure 5.8: EDX of PMS using TEM (note: pt = point). 

 

5.2.2 SIMS 

SIMS was used to investigate surface composition of PMS. Identification of the molecular 

peak within the sample spectrum was done in order to determine the surface composition. 

The molecular peak for the positive spectrum was shown in Table 5.5 and Figure 5.9 and 

10. The positive SIMS for PMS produced some intense peaks. The proteins and amino acid 

[228] peaks from m/z 15–68 with raw intensities above 50000 counts were shown, 

including peaks from the mica substrate. PMS peaks at 28m/z have a high intensity 

compared with peaks at 45 and 68m/z related to carbonyl compound respectively. 

 

Table 5.5: Comparison of the intensities of some positive SIMS peaks for PMS. 

m/z 

peak 

SIMS intensity for 

PMS 

Chemical 

assignment 

m/z 

peak 

SIMS intensity 

for PMS 

Chemical 

assignment 

15 1200 C-H3
+ 40 4000 Ca2+ 

23 10000 Na+ 45 7500 C2 H5 O+ 

28 50000 C2-Hx
+. 68 1400 Cx Hy O+ 

29 15000 K+ - - - 
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Figure 5.9: SIMS spectrum of some positive intense peaks from PMS in the 1-80 m/z region. 

 

 

5.2.3 FTIR and µ- FTIR 

FTIR can provide chemical characterization via identifiable spectral features. Here, 

vibrational spectra of spores can be used for simple and rapid identification through 

straightforward correlation between spectra and biochemical composition [180]. It cannot 

be used with Raman spectroscopy for dark-coloured spores due to the strong fluorescence 

background and laser-induced degradation. Therefore, evidently FTIR has more potential 

for general studies of such bioparticles; biochemical analysis of fungal spores by FTIR 

could provide economical, reliable, simple and timely information [180]. Study of the 

bands in the FTIR of PMS (see Fig. 5.10) confirmed that proteins, amino acids, poly-

saccharides and phosphates were present.  

Important FTIR regions for spores: 

1- Broad peak at 3270 cm-1 relates to O-H and N-H stretching (attributed to amino 

acids). 

2- Two peaks at 2924-2850 cm-1   refer to C-H stretching (related to carbohydrates). 

3- Absorption at 1700-1500 cm-1 related to chitin and proteins compound in the cell 

wall; the two peaks at 1741 and 1369 cm-1 can be attributed to free fatty acids (C=O 

stretch in carboxylic acids and C‒O‒H bending, respectively); in addition, it has 
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strong peaks at 1622 and 1024 cm-1 that can be attributed to phospholipids (C=O 

stretch in esters and P‒O‒ stretch, respectively).    

4- Absorption at 1200-900 cm-1  may refers to carbohydrate bands C-O-C [180]. 

5- 1064 cm-1band may be C-N in PMS (see Table 5.6).  

 

Table 5.6: Important functional groups seen in FTIR of PMS. 

Functional group O-H N-H C-H C=O C-O C-N P-O 

Wave number (cm-1) 3270 3270 2924 -2850 1741, 1622 1369 1064 1024 

 

An infrared spectrum of a bioparticle can be divided into specific regions containing 

signatures of lipids, proteins, carbohydrates, and grain wall biopolymers such as chitin. The 

corresponding spectral signals of these chemicals are highly specific, and thus FTIR 

spectroscopy is an excellent tool for biochemical analysis of fungi spores. 

 

 
Figure 5.10: FTIR spectrum of fresh PMS. 

 

Like FTIR, µ-FTIR is a power analytical tool that gives a spectrum of infrared energy 

absorbed by the samples. The full range is 4000 to 750 cm-1 and false-colour image of the 

samples (0 to 0.725 absorbance) scanned using µ-FTIR. An aperture size of 6.25µm x 

6.25µm was used, meaning that each pixel of image was a 6.25µm x 6.25µm area on the 

sample plane, with 32 co-added scans per pixel. The spectral resolution was of 16 cm-1. 
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Figure 5.11 shows different infrared absorbing organic molecules in PMS. The red areas 

show absorbance of infrared of carbonyl and hydroxyl groups which are associated with 

proteins and polysaccharides. Further, the presence of phosphorylated group as 

phospholipid associated with nucleic acid.   

 

A 

 A  B  C  

 D  E  D  

Figure 5.11: Application of reflectance µ-FTIR of PMS surface: A) optical image of stainless steel 

(scale bar 50 µm) and PMS, B) C=O, C) C-C and C-O-P, D) C-H, E) O-H group and F) O=C-N  
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5.2.4 Optical Microscopy 

For accurate measurement PMS diameters without vacuum-induced distortion optical 

microscopy was undertaken. Measurements were taken with an appropriate objective for 

the size of the material being investigated to ensure accurate and reliable measurements 

PMS diameters. Optical microscopy, being non-vacuum and without electron beam 

charging gives accurate images allowing ready measurement of PMS diameters.  Figure 

5.12 shows that PMS have a similar oval shape and dimension in H2O and pH 4, 7 and 10. 

The dimensions of PMS are around 7.14 x 4.76µm in all solutions. Hence, the pH value 

does not affect the PMS morphology, but it affects the PMS surface. 

PMS self-assembles in pH 10 solution and might do so even more effectively at interfaces. 

It can be seen that there is some PMS aggregation, meaning that OH- ions cause PMS 

attraction.  On the other hand, untreated PMS had an air pocket within it that could be filled 

in the production of materials. For example, metal cations could be inserted into spores or it 

could be used as a drug delivery system. It might also allow heating of PMS without spore 

rupture. Figure 5.13 and 14 show that the highest percentage of 30 PMS diameters 83% is 

around 7 µm in solution pH 10. This is slightly longer than the average PMS diameters 

seen in SEM around 6µm suggesting vacuum treatment causes 63% reduction in PMS size. 

Such SEM effects on biological samples are sometimes seen. 

 

 
Figure 5.12A: Optical microscopy images of PMS in solutions pH 4 (scale bar =10µm). 
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Figure 5.12B: Optical microscopy images of PMS in solutions in pH 7 

(scale bars in red 10µm). 

 

 
 

Figure 5.12C: Optical microscopy images of PMS in solutions pH 10 solution 

(scale bars in red 10µm). 
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Figure 5.13A: Histogram of 30 PMS length. 

 

 

 

Figure 5.13B: Histogram of 30 PMS width. 
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Figure 5.14: Diameters of 30 PMS in different aqueous solutions and pH value measured by optical 

microscopy. 

 

5.2.5 Thermal gravity analysis (TGA)  

 Using TGA, the thermal stability of PMS was assessed. The thermal stability of fresh PMS 

was studied with normal heating rate performed between 20oC and a maximum of 950oC at 

rate of 10oC min-1 in air.  Figure 5.15 shows TGA evidence that the PMS exhibited a loss of 

water around 13% when held at 104oC that was associated with physically-bound water 

because PM has a large amount of water. The weight loss, 32% at 361oC is due to the 

decomposition of the PMS organic matrix in terms of degradation of hydrocarbons and loss 

of hydroxyl groups. At 794oC the weight loss was 73% and the residue was 27% (2.5mg, 

down from 9.2mg). 

Overall TEM-SEM indicated spores’ homogeneity in shape (oval), size (6 mm), resilience 

in both acid and base (pH 6.8) using optical microscopy and thermal stability up to 200oC 

which is confirmed by TGA. 
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Figure 5.15: TGA of fresh PMS in the air. 

 

 

5.3 Conclusions 

 

In this study, the PMS was characterized by SEM, EDX, TEM, TGA, FTIR, UV-Vis and 

SIMS.  It is apparent that PMS has advantages of homogeneity of shape (oval), size (6 µm), 

resilience in both acid and base (pH 6.8) and stability up to 200oC. Here, it is suggested that 

PMS may be loaded with a therapeutic drug.  Moreover, it has many surface functional 

groups that help PMS use as a template and reducing agents for preparation of NPs. The 

adsorption and uptake of some biomolecules and ions (e.g. ascorbic acid to protect skin, 

insulin for drug delivery for diabetes and HAp for bone replacement) will in later chapters 

be explored. It is hoped that PMS can be coated NPs to help with new nanomedical 

applications. 
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Chapter 6: Green biosynthesis of TiO2, Ag, Au NPs and nanohybrids 

using the spores of edible Portobello mushroom as biotemplates 

______________________________________________________________________ 

This chapter describes a green chemical approach to the synthesis of TiO2, Ag and Au 

NPs using PMS as a template and reducing agents and then nanohybrids. In this chapter, 

the PMS reducing agent is compared with chemical reagents (NaBH4 and citrate). The 

factors affecting nanohybrid formation with PMS that were investigated included: 

solvent (H2O and IPA), pH and temperature described in section 4.2.1-4.2.4). The 

product samples were characterized by SEM, TEM, EDX, TGA, FTIR, UV-Vis, DLS 

and SIMS (that are described in section 3.1-4).  

The aim of this chapter is to demonstrate that PMS might be a novel, useful and 

reductive bio-template, allowing the advantageous generation of NPs in devices with 

medicine/surgery to treat disease and enhance human life. It was thought that PMS 

could be used to prepare to use surface-held NPs (e.g. Ag and Au) that could be used as 

nanomedicine with enhanced antimicrobial properties. 

6.1 Introduction   

 6.1.1 Metal nanoparticles  

The past decade has seen the rapid development of nanotechnology within biomedical 

and engineering disciplines, but one needs to be sure of their biocompatibility, safety, 

speed and cost effectiveness. At present, nanotechnology has paved the way for some 

therapies [229], catalytic, bio-sensing, nano-drug delivery, microelectronic [227] and air 

water purification applications. Metal nanoparticles (NPs) have unique properties, 

making them distinct from the equivalent bulk material of the same composition  

because of their high surface area and volume ratio [230]. Metal nanoparticles can be 

produced on a nanoscale using several different methods: including chemical vapor 

deposition (CVD), irradiation and chemical reduction of metal salts, but most of these 

processes give rise to harmful by-products [231]. Currently researchers are interested in 

developing methods of nanomaterials synthesis that are more environmentally-friendly; 

the focus for this is now shifted from physical and chemical processes towards greener 

chemistry and biosynthesis [232] using PMS. 
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6.1.2 Nanohybrids  

This term describes two or more components of nano-dimensions that combine into a 

novel hybrid structure of nm dimensions (see Fig.6.1) creating new properties, which 

differ from conventional components. Furthermore, the hybrid nanostructure can induce 

synergies as a result of intimate biotemplate/particle interactions [233]. There are two 

possible processes by which nanohybrids can nucleate and grow: (i) heterogeneous and 

(ii) homogeneous. The former must be achieved while the latter should be avoided 

[233]. 

The relevant lattice parameters (the physical dimensions of the unit cells in a crystal 

lattice) and relative ease of electron transfer are important factors in forming a dumb-

bell shape intermediate (when the components have a similar lattice parameter and 

crystal structure) and a core@shell shape (when there is a large  lattice incompatibility ) 

composite [233]. A significant approach currently is to produce non-homogenous core-

shell nanohybrids, where the core and surface are different. For example, shell Au or 

Ag NPs combined with TiO2 core (or vice versa) act as an electron trap promoting 

interfacial charge transfer processes [57]. Nanohybrids have been produced with an Ag 

or Au NP core surrounded by a TiO2 shell thereby forming a core@shell [232] e.g. 

Ag@TiO2. This approach has numerous advantages, including:  

(i) enhanced core stability because of the encapsulation inside the TiO2 shell, 

and 

(ii)  changed surface plasmon resonance (SPR) [234] (the resonant oscillation of 

conduction electrons at the interface between a negative and positive 

permittivity material stimulated by incident light peaks) [235]. 

 

Applications for nanohybrids include bioimaging, solar energy conversion, cancer, 

catalysis and drug delivery [233].  Novel physicochemical properties can be produced 

through change in the interaction (i.e. the surface structure, chemical composition and 

size [236]). Such properties are important for applications such as wound healing. 

Hence, materials as  TiO2-Au NPs and Ag@TiO2 NPs could be produced with 

improved bonding between an implant and existing bone as a scaffold [237]. 

Core@shell Au@Ag has advantages including:  

(i) a unique interaction in which electrons are readily transferred from the NP 

layer to the core internal NPs layer [238], which can be manipulated to 
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create NP probes (that are highly active and more stable against oxidation) 

for sensing and diagnostics, and 

(ii)  Au and Ag NP enhanced optical/electronic properties, where Au NPs 

possess a very high resistance to oxidation and have a high molar extinction 

coefficient (ε) (i.e. a measurement of how strongly a chemical species 

attenuates light at a given wavelength), while, Ag NPs possess the highest 

molar extinction coefficient of any metal [238]. 

Of course, biomolecules can conjugate onto the hybrid particles (e.g. the large 

molecules of DNA, enzymes, hormones, and carbohydrates, and the smaller molecules 

of sugar, vitamins, lipids and peptide); both large and small molecules have strong 

bioactivity at the supramolecular level. These properties could be used in smart drug 

delivery applications [233].  

 

 

 
Figure 6.1A: Overview of different biomolecules and surface coated core@shell structures 

[239]. 
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Figure 6.1B: SEM Ag@Ti NPs (core@shell) [233]. 

       

6.2 NPs and biological properties   

6.2.1 TiO2 NPs 

Semiconductor TiO2 has emerged in recent years as a contender material in biomedical, 

photocatalytic, biofuel cell, sensor, electronic [240] and also pigmentary applications 

[241]. TiO2 NPs have different properties compared to larger TiO2 particles, due to their 

strongly oxidizing properties (e.g. complete oxidation of organic substrates to CO2).  

Furthermore, TiO2 NPs possess strong catalytic properties: they can absorb UV 

radiation effectively, due to their small size and large surface area per unit mass. 

Therefore, TiO2 has novel bioactivity properties and can play a role in meeting 

challenges in energy conversion and human health with TiO2. Photocatalysis can be 

activated only under UV irradiation: e.g. for λ< 380 nm,  which comprises only 5% of 

sunlight) generating reactive oxygen species (ROS) from oxygen molecules which 

produced by-products during the mitochondrial electron transfer; it can kill bacterial 

and fungal cells in water [54]. On the other hand, TiO2 NP can represent a hazard to 

human health, because their large surface area creating enhanced reactivity with other 

molecules [242]. In addition, this high surface area leads to production of even more 

toxic ROS. Also, depending on their size [243], these NPs can pass through the 

membrane of a living cell and damage the biological system exacerbating the toxicity or 

allowing greater penetration and mobility through the human body [242].  
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6.2.2 Ag NPs 

The biosynthesis of silver NPs has attracted attention because they have eco-friendly 

and compatibility benefits [244]. The strong toxicity of silver towards a vast range of 

microorganisms is well known (possibly as a result of Ag NPs binding to proteins or 

lipo-poly-saccharides in the cell membrane leading to collapse). Therefore, Ag NPs 

have been used as anti-microbials and anti-fungal in clothes, electronics, 

pharmaceuticals and food containers [245].  Ag NPs exhibit unique properties (high 

surface area and volume ratio) which differ from their bulk equivalents, due to their 

small size and the in high surface/volume ratio [246] (the ratio of surface/ volume on 

Ag NPs increases  [247] exponentially with a decreasing particle size [248]). For 

example, small particles with a large metallic surface are favoured biocidal [249].  

There are two methods for the preparation of nano-silver. Firstly, the “top-down” 

approach, (whereby bulk silver metal is reduced down to the nano form low cost and 

with no solvents present) and secondly, the “bottom-up” approach (whereby nano-Ag 

forms or self-assembly as from dissolved silver salts in a given solvent, reducing to Ago 

and then forming the Ag NPs by nucleation/growth [250]).   

 

 6.2.3 Au NPs 

Gold NPs also exhibit unusual properties, leading to their application in biotechnology, 

catalysis, electronics and optics [251]. Again the properties and applications of Au NPs 

depend on their size and shape [252]. In general, Au NPs provide a non-toxic route to 

gene delivery systems and medicines because they are bio-compatible. So, Au NPs are 

able to deliver large biomolecules (nucleic acid (DNA and RNA), peptides and 

proteins))  and can be used to increase the biorecognition of anticancer drugs, which can 

easily assemble on the AuNPs surface [251].     

 Numerous studies have investigated Au NPs with a partial positive charge (stabilized 

by back donation with a carbonyl group and the formation of π-back donation between 

d orbital of Auo (filled and high electronic density) with antibonding orbital (π* empty) 

of the carbonyl group [106]). 

Most of the methods for the synthesis of Au NPs utilize chemical agents/reductants.  

For example, tri-sodium citrate, N-N dimethyl formamide and sodium borohydride 

(NaBH4) [24]. These chemicals have potential environmental risks. More recently, 

green chemistry syntheses have been used with bio-organisms and biomolecules to 
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produce nanoparticles because the reductants are renewable/non-toxic environmentally 

benign [24]. Au NPs and Ag NPs have many benefits in biomedical applications owing 

to their unique properties: chemical stability, magnetic, nonlinear optical behavior, 

catalytic activity, high electrical/thermal conductivity and localized surface plasmon 

resonance (LSPR) [36]. PMS and PMS-derived NPs were described in chapter 4; 

methods used in assessment of PMS-derived materials were described in section 4.2.2.  

6.3 Characterization Results 

 

TiO2 NPs/PMS and nanohybrids using PMS as templates and reducing agents were 

characterized by SIMS, FTIR and residual gas analysis (RGA). Firstly, many attempts 

(from 10mg to 2mg) were made to characterise of PMS in the 4-5mg amount available 

before drying and after reaction with metal salts producing NPs. Samples (4-5)mg has 

many sites to interact with metals to produce NPs. 3-0.03mM in IPA solution of Ti 

isopropoxide produced TiO2 over layers on PMS surface. These characterisation results 

are now described.   

 

6.3.1 NPs/PMS 

1-  TiOx/PMS 

TiOx NPs/PNS were prepared using a simple sol-gel method. Titanium (iv) 

isopropoxide in IPA was added dropwise to PMS suspension in water with the stirring. 

The preparation of TiOx NPs includes two steps: hydrolysis and condensation reactions 

to form Ti hydroxide as shown in Eq. 6.1  and 2 [253]:    

 

𝑃𝑀𝑆 − 𝐶𝐻2 − 𝑂 − 𝑇𝑖(𝑂𝑅)4  + 4 𝐻2𝑂 →  𝑇𝑖(𝑂𝐻)4 + 4𝑅𝑂𝐻 − − − (6. 1) 

 

𝑃𝑀𝑆 − 𝐶𝐻2 − 𝑂 − 𝑇𝑖(𝑂𝐻)4        →  𝑃𝑀𝑆 − 𝑇𝑖𝑂2        +  2𝐻2𝑂 − − − (6.2) 

 

Secondary ion mass spectrometry (SIMS) was used to investigate the surface 

composition for PMS and TiOx NPs/PMS. The positive SIMS for PMS and TiOx/PMS 

showed some intense peaks [254]. Table 6.1 and Fig. 6.2 illustrates that PMS peaks at 
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28, 45 and 68m/z are decreased in intensity as a result of TiOx coating, while peaks at 

63 and 64 m/z related to TiO+ and TiOH+ respectively appeared [255]. That means TiO2 

reacts with functional groups on the PMS surface as OH- and COO- leading to the 

disappearance of some PMS peaks and new peaks of TiOx appeared. The PMS ion 

fragments need to be related to surface functional groups seen in FTIR. Figure 6.3 

shows FTIR spectra of TiOx-coated PMS in different concentrations (0.03, 0.3 and 

3mM) from IPA solution and then dried in air at RT. Proteins and polysaccharides play 

an important role in any reaction with metal ions, because of the COO- and O-H  groups  

which have a strong ability to chelate/react with Ti ions [256].  

 

Table 6. 1: Comparison of the intensities of some positive SIMS peaks for the PMS and 

TiOx/PMS. 

m/z 

peak 

SIMS intensity for 

PMS 

SIMS intensity TiOx/PMS produced 

from 0.03mM alkoxide solution 

Chemical 

assignment 

15 1200 --- C-H3
+ 

23 10000 --- Na+ 

28 50000 14000 C2-Hx
+. 

29 15000 --- K+ 

40 4000 --- Ca+2 

45 7500 2000 C2 H5 O+ 

63 --- 175 TiO+ 

65 --- 240 TiOH 

68 1400 75 Cx Hy O+ 

 

 

 
Figure 6.2A: Positive ion SIMS of the PMS of different m/z. 

 

0

10000

20000

30000

40000

50000

60000

0 10 20 30 40 50 60 70 80

In
te

n
si

ty
 (

co
u

n
ts

)

m/z



Chapter 6 

  

106 | P a g e  

 

 
Figure 6.2B: Positive ion SIMS of 0.03mM TiOx coated PMS of different m/z. 

 

The important FTIR absorption bands seen are those at 1056  cm-1  recognized as  C-O-

Ti. Another peak at 408 cm-1 refers to Ti-O-Ti bonds. There is  a shift  and an intensity 

decrease of  bands that are obtained when TiOx reacts with PMS. The two bands at 1618 

cm-1 and 1554 cm-1 are observed and refer to primary and secondary amides that arise 

due to carbonyl stretch and –N-H stretch vibrations in the amide linkages of the protein. 

So, the carbonyl group of peptides of proteins and amino acid has a strong ability to 

bind Ti ion [256]. 

 

 

 
Figure 6.3: Transmission FTIR spectra of the PMS, TiO2 and TiO2 /PMS. 
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Table 6.2: FTIR detected functional groups seen for TiO2 NPs coated PMS. 

Functional 

group 

O-H N-H C=O C-O C-N C-O-Ti Ti-O-Ti C-Cl O-P 

wavenumber 

(cm-1) 

3300 3294 1618,

1554 

1373 1149 1056 408 690 1030 

 

Residual gas analysis (RGA) confirmed that TiO2 interacts with PMS surface. Figure 

6.4A shows the TGA-DSC trace of untreated PMS and TiOx/PMS pre-dried at 373 K 

during heating in flowing air; TiOx modifies the weight-loss profile of PMS (retarding 

wt loss at low temperature and then accelerating it at 550-750K). The RGA trace in 

Figure 6.4B shows PMS released CO2 at around 700K, but TiOx-coated PMS did not, 

suggesting that the TiO2 is retarding bio-template oxidation and heating CO2 release; 

this is a reflection of the strength of the TiOx-PMS interaction. 

 

 
 

Figure 6.4A: TGA-DSC pre-dried at 373K. 
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Figure 6.4 B: Corresponding RGA trace of CO2 (m/z= 44). 

 

3. Ag and Au NPs coated PMS 

Different concentrations (1-3mM) for Ag and Au salts were used to react with the PMS 

surface to produce surface-hold NPs, held there by electrostatic interactions, thereby 

avoiding aggregation. The Ag, Au and NP hybrids were characterized by SEM, TEM, 

EDX, DLS, FTIR, UV-Vis and TGA. Ag and Au NPs have high electronic density and 

filled d-orbital that interact with carbonyl group as π- back donation due to the vacant p-

orbital which accepts electronic density from Ag and Au NPs [106]. This leads to strong 

binding between Ag and Au NPs with the carbonyl group on the PMS surface (see Fig. 

6.5). 

 

 

 

Figure 6.5: Back donation between 

an atom in Au NP and a carbonyl 

group [106]. 
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• Ag NPs/PMS 

 Silver NPs were prepared using AgNO3, tri-sodium citrate (TSC), NaBH4 and a 

mixture of TSC-NaBH4 as reducing agents. The prevailing pH value has an important 

impact on product properties. 

(i) The PMS surface contains many functional groups: e.g. polysaccharides have a 

carbonyl group which is highly polar (C+-O-) and namely an aldehyde. This 

structure is flat (trigonal) and hydroxyl ions can attack the carbonyl group. The 

mechanism of reaction in an alkaline environment (pH ≥ 10) occurs according to 

the following equations (6.3) [257]: 

 

𝐴𝑔+ +  −𝐶𝑂𝑂− +  𝑂𝐻− ⟶  𝐴𝑔𝑜 +  −𝐶𝐻𝑂 +  𝐻2𝑂 − − − (6.3) 

    

(ii) Ag NPs were prepared using TSC as a reducing agent near its boiling point. The 

reaction can be expressed as follows [187]: 

 

TSC

 

 

 

 𝐴𝑔+ +  𝐶6𝐻5𝑂7 𝑁𝑎3  + 2𝐻2𝑂  →   𝐴𝑔𝑜 + 𝐶6𝐻5𝑂7 𝐻3  + 3𝑁𝑎+ +  𝐻+ + 𝑂2(6.4) 

 

The reduction of Ag+ ions to Ago nanoparticles (NPs) took place only at high pH, 

implying that the carboxylic group of the acetate group is responsible for the electron 

transfer from acetate to the silver ion (leads to the formation of free radical (CH3
.) 

accompanied to form Ag NPs [258]. The reaction of Ag ions with TSC and NaHB4 

includes a two-stage thermal treatment. Initial reduction was performed by NaBH4 at 

60oC, which generated Ag nuclei (instant nucleation). The second stage was performed 

(favourably) at 90oC, where TSC reduces the remaining Ag ions [188].   
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(iii) Ag NPs were prepared using a strong reducing agent (i.e. sodium borohydride) 

and the reaction [187]: 

 

𝐴𝑔𝑁𝑂3 + 𝑁𝑎𝐵𝐻4 ⟶   𝐴𝑔𝑜  +  𝐻22
1  +  𝐵22

1 𝐻6  + 𝑁𝑎𝑁𝑂3 − − − (6.5) 

 

• Au NPs coated PMS 

Figure 6.6 demonstrates the appearance of different colours (deep and light pink, 

yellow, blue and colourless) for samples in water. This is evidence of the synthesis of 

Au NPs in the presence of PMS and a clear indication of PMS reduction of Au3+ to Auo. 

 

 
A 

 
B  

C 
 

D 
Figure 6.6: Visual appearance of Au NPs/PMS: A) at 0h, B) at 1-2 h (red colour and pH 8.7 

(left) and yellow Au Cl4
- (1mM and pH 1.4) (right), C) sample 7 (pH 8.7 and after 1 week) 

and D) Au NPs standard [259]. 

 

Chloroauric acid (HAuCl4 .3H2O) has acidic properties, because hydronium ion (H3O
+) 

can separate from the molecules giving water and proton ions (H+). Also, chloroauric 

acid is a strong monoprotic conjugate acid and is unstable in aqueous solution. 

Therefore, it is hydrolyzed to auric acid and hydrochloric acid. 

 

𝐻𝐴𝑢𝐶𝑙4 + 3𝐻2𝑂 ⟶  𝐴𝑢(𝑂𝐻)3 +  4𝐻𝐶𝑙 − − − (6.6)  

 

The aqueous chloroaurate ions (AuCl-
4) were reduced during interaction with the PMS 

cell walls. Many functional groups were found on the surface of these cells ( e.g. 

aldehyde, carboxylic, sulfhydryl (R-SH), riboflavins, proteins and amino acids [251]). 
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These functional groups have a negative charge, depending on the pH of the solution. 

They strong bind gold ions and they are responsible for the reduction of Au3+ to Auo 

[256]. Further, rich carboxyl group on PMS surface has strong interaction with Au NPs 

makes PMS an excellent stabilizer and OH- can be used as reducing agents [260].  Here, 

AuNPs lose their charge and the ions in the acidic or basic solution will be in 

equilibrium with H+ and OH-. For example, COO- will be the pH-dependent equilibrium 

with H+ to form -COOH. This situation makes the NPs aggregate due to losing their 

colloidal stability [261]. 

 Further, in an acidic chloroauric acid (HAuCl4.3H2O) solution, one could have 

cleavage of glycosidic (a molecule in which a sugar is bound to another functional 

group via a glyosidic bond) linkages (C-O-C) of the chain in polysaccharide, which is 

already in the PMS. Gold ions were present in the reaction medium and could be 

trapped/adsorbed on the surface of the PMS cell wall or held there by an electrostatic 

interaction between Au+3 and the PMS negatively–charged functional groups; the 

enzyme which is present on the surface in the cell wall reduces Au3+ (aq.) to gold (Auo) 

[24].     

 In a basic solution, the Au NPs is saturated with negative charge leading to colloidal 

stable [261]. The adsorption of chloroaurate ions (AuCl-
4) on the surface would be 

accompanied by a change in pH value. Bio-reduction from NADH (nicotinamide 

adenine dinucleotide) by NADH-dependent reductase involves an electron carrier 

(NAD++ e-). In addition, Au3+ electron is  reduced to Auo [251]. In general, edible 

mushroom extracts can be used as a reducing and protective agent for the synthesis of 

nanoparticles in one step. [232].  

 

6.3.2 SEM and TEM of Ag and Au NPs/PMS 

Figure 6.9A illustrates the hollowed oval-shaped morphology of 5µm sized PMS that in 

many ways were similar to red-blood cells that has been maintained from the untreated 

state (see Fig. 5.4 in section 5.2.1) even after silver or gold reduction. Clearly the Ag 

and Au zero-valent surface structures were biosynthesised by the functional groups in 

the PMS cell wall. However, one now sees on the PMS surface in Fig. 6.7 some 

aggregation of Ag or Au NPs., but the reader sees in a moment that this aggregation 

only relates to a small fraction of surface-held species.  
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Interestingly, the PMS shape was not changed even on heating in air to 100oC but there 

was an increase in PMS convexity/concavity presumably as a result of fluid loss from 

the PMS. EDX-analysis was undertaken after biotemplates PMS removal in air at 

500oC, at which point the PMS has collapsed leaving a residual structure that has 

shrunk to around 1.33um in size (see Fig. 6.9). EDX analysis confirmed (see Table 

6.3/Fig. 6.8) that 61wt% Ag and 48wt% Au remained in the residue. With chemical 

reductants present the residue contained less Ag. The citrate/Ag NPs/PMS is (1.7 wt.% 

Ag) and BH/Ag NPs/PMS is (wt.%Ag). This emphasises the value of the PMS 

biosynthesis. 

 

Table 6.3: EDX-derived elemental compositions of Au NPs/PMS (from HAuCl4), 1mM and pH 

10) at RT and 500oC in air. 

Elements Wt.% at 

RT 

Atom. % at 

RT 

Wt.% at 

500oC 

Atom. % at 

500oC 

O 17.26 18.76 3.4 16.5 

Na ---- --- 0.84 2.9 

K 1.08 0.52 0.60 1.3 

C 49.84 73.49 3.20 21.2 

P 0.18 0.11 0.6 1.4 

Ca 0.14 0.07 1.26 2.2 

N 12.15 15.04 0.3 1.4 

 

 

One should remember TEM on microtome sections of PMS alone was reported in 

section 4.2.1. TEM was now undertaken on microtome sections of NP-containing PMS 

to deduce the primary particle size and distribution of Ag NPs (see Fig. 6.10 and 6.11), 

Au NPs (see Fig. 6.12) and Au-TiOx NPs (see Fig. 6.13) within the PMS cell walls.  

First it is clear that discrete spherical 12nm Ag NPs exist throughout the PMS cell wall. 

If in Figure 6.10C one sees that the cells walls are 252nm thick, then one could 

distribute up to 50 such NPs as one proceeded through the cell wall from one side to the 

other.  TEM of Ag NPs/PMS provided similar results to those of SEM with Ag NPs 

directly in the cell wall of the spores (see Fig.6.11). TEM of PMS alone is described in 

section 5.2.1 
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A 

B 

Figure 6.7: SEM of: A) Ag NPs/ PMS and B) Au NPs/ PMS (1mM and pH =10). 
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Figure 6.8: SEM and EDX of Au NPs/PMS with 1mM HAuCl4. 
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Figure 6.9: SEM of Au NPs/PMS preheated at 500oC infiltrated with 1mM HAuCl4 at pH 10. 

 

 

Second, the Au NPs in the PMS cell wall were on average 5-10nm in size (see Fig. 

6.12C) and were slightly distorted to a hexagonal morphology. It would have been 

interesting to do electron diffraction on such NPs within the PMS cell wall, but this 

proved difficult. 

Third, Figure 6.13 suggests that chromatographic separation of Au and TiOx species has 

occurred as fluid moves into the PMS cell wall with Au NPs going further into the cell 

wall (but continuing to be nm in size), while the TiOx is held-up at as surface-held TiOx 

species. 
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A 

 
B 

Figure 6.10: TEM of whole: A) Ag/PMS (scale bar =1µm) and B) surface of Ag/PMS 

(scale bar =50nm). 
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Figure 6.11: TEM of one Ag NP within the cell wall of Ag/PMS (scale bar = 2nm). 

 

 
Figure 6.12A: TEM of whole Au/PMS (scale bar = 0.5µm). 
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Figure 6.12B: TEM of surface of Au/PMS (scale bar =20nm). 

 

 
Figure 6.12C: TEM of  Au NP within the cell wall of Au/PMS (scale bar =5nm). 
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Figure 6.13A: TEM of Au NPs and TiOx layers in the cell walls of Au-TiOx/PMSIPA. 

 

 

 
 

Figure 6.13B: TEM of Au NPs and TiOx layers in the cell walls of Au-TiOx/PMSIPA (scale bar 

=10nm). 

 

6.3.3 DLS analysis of Ag NPs 

The particle size distribution of PMS/Ag NPs was obtained from Dynamic Light 

Scattering (DLS). Fig. 6.14 and 6.15 show the size of particles observed in the 6-50 nm 

TiO2 
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diameter range.  Clearly, PMS is too large to be seen in DLS because the poly dispersity 

index (it is a number calculated from a simple two parameters fit to the correlation data) 

is more than 0.7 indicated that the PMS has a very broad size distribution. That means, 

PMS is probably not suitable for DLS. The results in Fig. 6.14 and 15 must be showing 

NPs not bound to PMS that remain in suspension. 

 

 
Figure 6.14A: DSL-derived particles size distributions of Ag NPs/PMS. 

 

 

Figure 6.14B: DSL-derived particles size distributions of NaBH4-Ag NPs/PMS. 
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Figure 6.15A: DSL-derived particles size distributions of Na citrate-Ag NPs/PMS. 

 

 
Figure 6.15B: DSL-derived particles size distributions of NaBH4-Na citrate- Ag 

NPs/PMS. 

 

6.3.4 FTIR  

FTIR measurements have confirmed an interaction between Ag and PMS, where the 

PMS is thought to be responsible for the synthesis and stabilization of silver 

nanoparticles. FTIR evidence suggests that all Ag NPs/PMS have the same FTIR 

spectrum (see in Fig.6.16). Ag NPs/PMS absorb strongly at 1620 and 3310 cm-1 and 

show a shift in band width after synthesis. Table 6.4 shows the important functional 

groups which react with silver ions compared with PMS alone. 

 It is known that edible mushrooms consist of 75% proteins. In FTIR of Ag NPs on 

PMS, it was evident that there were variations  in the absorption band, densities and 
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small shift of hydroxyl, carbonyl and amino groups [257] in the PMS. This means, the 

carbonyl group in amino acids, peptides of proteins, enzymes and polysaccharides of 

PMS might have bound strongly to silver and play a role in its reduction (Ag+1 to Ago) 

by the oxidation of aldehyde group to carboxylic acid [262]. So, possibly the proteins 

could have formed a layer on the Ag NPs which prevents agglomeration of NPs [245]. 

Therefore, Ag NPs are stabilized in the nano composite [229]. 

Table 6.4: FTIR-detected functional groups seen for Ag NPs/PMS. 

 

 

 
Figure 6.16: Transmission FTIR spectra of different Ag NPs/PMS samples. 

 

6.3.5 UV-Vis  

The optical properties of Ag NPs/PMS were studied with UV-Vis. A colour change 

during Ag NPs synthesis was clearly observed. The generation of a greenish-yellow 

colour is a clear indication of the formation of Ag NPs. This colour appears because 

silver has a surface plasmon resonance absorption band [263]. It is explained that the 

shape and position of λ max for Ag NPs gives evidence about particle size [264].  
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Figure 6.17 shows the UV-Vis spectra of Ag NPs. In general, Ag NPs absorb in the 

visible region of the electromagnetic spectrum [231] at 380-450nm. Differences in the 

position of the peak maximum and intensity were seen. Ag nanoparticles are 

characterized by a peak with maximum between 400-420nm. The absorbance intensity 

was thought to be proportional to their concentration (and absorbance value was 

approximately 3.5 because the product concentration may be high).  

Table 6.5: UV-Vis characterization of Ag NPs in the present PMS. 

 

 
Figure 6.17: UV-Vis spectra for Ag NPs. 

 

6.3.6  TGA 

Thermogravimetric analysis (TGA) was used to investigate the effect of coated Au NPs 

on the thermal stability of PMS in air. Figures 6.18 shows the thermal stability of Au 

NPs/PMS 88%wt in air. TGA temperature was initially ramped to 100°C (10°C/min) for 

30mins to dry the sample; it was subsequently ramped 650°C for thermal analysis. It can be 

seen from this figure that Au NPs coated onto the PMS exhibited a loss of weight 

mostly likely due to hydrocarbons and other organic molecules from PMS. The residue 

weight was around 16% at 450oC. 
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Figure 6.18: TGA traces of biosynthesis Au NP/ PMS in air. 

 

6.3.7 Au and Ag nanohybrids with PMS 

The next samples were prepared using PMS as a template and a reducing agent by three 

methods and have two components in different ratios. The reduction-oxidation (redox) 

reactions produced Au and Ag NPs directly onto the PMS surface. Hydrolysis with 

AuCl4
- and Ti alkoxides leading to TiO2 are likely to be pH dependent. The extent of 

hydrolysis increases with pH; hydrolysis was complete above pH 8. Au(OH)3.H2O is 

chiefly found as a neutral species [236].  

 

• Method No.1 (described in section 4.2.4) 

Initially all samples were prepared in 2-propanol (IPA) solvent, as this allowed Ti 

isopropoxide use. The levels of Ag, Au and TiO2 introduced onto PMS (as detected by 

EDX) are shown in Table 6.6. SEM on these samples was not undertaken and so no 

comments can be made about NP or PMS morphology. There is almost 5x (29x) times 

more TiOx taken up by PMS than Ag (Au). However, the levels of Ag-Au were similar 

in the final sample. One explanation for the high TiOx incorporation is that the 

alkoxide-PMS surface interaction is strong. Alternatively, it may be that IPA is not the 

most effective solvent for maximising Ag-PMS or Au-PMS interactions. There may 

thus be a conflict between the requirements of non-aqueous interfacial sol-gel chemistry 

and cation uptake from aqueous solutions. 
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Table 6.6. EDX-derived compositions of samples on PMS (prepared in IPA solvent by method 

No.1) 

NPs on PMS At% Ti At% Ag At% Au Atomic ratio Colour 

Ti-Ag 5.23 1.17 - 4.47 colourless 

Ti-Au 3.50 - 0.12 29.17 light yellow 

Au-Ag - 0.16 0.10 1.6 light purple 

 

• Method 2.  (described in section 4.2.4) 

Here the Ti alkoxide concentration in IPA was decreased from 3mM to 1mM in the 

hope that this would minimise any TiOx overloading of the PMS surface. Table 6.7 

shows that the Ti (although so too are the levels of Ag and Au) are lowered 

significantly, but that when Ag-Au are introduced without TiOx, the uptake is similar 

and higher than in the method 1 case (see Table 6.6) whether IPA or H2O is the solvent. 

These results suggest that Au and Ag species react equally strongly with the PMS 

surface to produce a ‘sombrero’ of NPS around the PMS. 

Table 6.7. EDX-derived compositions of samples on PMS (prepared in two solvents by method 

No.2) under basic conditions 

NPs on PMS At% Ti At% Ag At% Au Atomic ratio Colour 

Ti-Ag 0.08 0.08 - 1.00 brown 

Ti-Au 0.06 - 0.01 6.00 colourless 

Au-Ag (IPA) - 0.25 0.29 0.86 light pink 

Au-Ag (H2O) - 0.48 0.39 1.23 pink 

 

Figure 6.19 shows SEM evidence that the TiO2-Ag, TiO2-Au and Ag-Au NPs deposited 

in method 2 using IPA solvent did not affect the PMS morphology and are well-

dispersed on the PMS surface. Figure 6.20 shows when Ag-Au was deposited on PMS 

from water, it was badly agglomerated and poorly dispersed. Hence better defined 

samples are prepared from IPA solvent. In contrast, some Au-Ag NPs show on the PMS 

surface (from IPA and H2O). Clearly, Au-Ag NPs in water appeared to be regular 

particles (see Fig.6.8). Au NPs can effectively nucleate on a preformed Ag NP surface, 

leading to a Ag@Au morphology. One would expect Ag NP cores and Au nano-shells if 

AgNO3 was added first. 
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A 

B 

 

Figure 6.19: SEM of samples: A) TiO2-Ag/PMS and B) TiO2-Au/PMS prepared by method 2 

from IPA 

 

 
Figure 6.20A: SEM of Au-Ag NPs/PMS in IPA prepared by method 2. 
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Figure 6.20B: SEM of Au-Ag NPs/PMS in H2O (filtrate) prepared by method 2; scale bar is 

1µm. 

The EDX-derived distributions of Ag and Au loadings in Ag-Au/PMS produced by 

method 2 from water are considered in Table 6.8. This was the sample with the poorly 

dispersed Ag-Au seen by SEM in Figure 6.20. Clearly the total loading of Ag (51 wt.%) 

is higher than for Au (27 wt.%), but the loadings vary from location to location and 

even for the background are non-zero. This raises questions of accuracy in the author’s 

mind. 

TEM and the associated selected area electron diffraction (SAED) pattern with bright 

circular spots was now used to analyse samples (see Fig. 6.21-23 for the Au-TiOx/PMS 

and Ag-TiOx/PMS which prepared by method No.2). This showed the 10nm Au and Ag 

NPs on the PMS wall surrounded by TiOx. Their nanocrystalline nature was confirmed 

by the selected area electron diffraction (SAED) pattern with bright circular spots. The 

lattice fringe for Au-TiO2 NPs had spacings of 0.23nm and 0.27nm corresponding to 

(111). Further, the (200), (220), (222) and (311) planes of the face centred cubic (FCC) 

lattice of Au NPs confirm that Au NPs are nanocrystalline. EDX suggested that Au-

TiOx/PMS contained 7.7 at %Ti and 92.3 at %Au. In the future this ratio will need to be 

changed to raise the TiOx content for some applications. 
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Figure 6.21: TEM images, selected area electron diffraction with bright circular spots of Au-

TiOx/PMS. 

 

 

  
Figure 6.22: TEM images and selected area electron diffraction for Ag-TiOx/PMS. 

 

  
Figure 6.23: TEM images and selected area electron diffraction with bright circular spots Ag-

TiOx/PMS IPA/H2O; (scale bar =50nm and 5nm) 
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Calculation of weight of Au-Ag NPs/PMS 

Table 6.8: EDX-derived elemental compositions of Au-Ag NPs/PMS derived from water and 

their background (prepared by method No.2). 

 Wt.% Au NP Wt.% Ag NP 

(i)Au-Ag NPs with PMS 5.32 3.57 

(ii)Background 1.93 2.10 

(iii)Au-Ag NPs (white aggregate) on PMS 5.97 34.90 

(iv)Au-Ag NPs with PMS (filtrate) 10.63 2.36 

(v)Background (filtrate) 1.82 0.27 

(vi)Au-Ag NPs aggregate out of PMS (filtrate) 1.85 8.14 

Total 27.52 % 51.34 % 

 

• Method No.3 (described in section 4.2.4) 

Clearly, again TiOx supports Ag and Au deposition in all samples, giving approximately 

the same at % and yet a significant difference was seen due to the change in the 

concentration of TiO2 (1mM). 

Table 6.9: EDX-derived compositions of samples with PMS (prepared by method No.3). 

 At. % Ti At. % Ag At. % Au colour pH 

Ti-Ag NPs in IPA 0.04 0.13 --- colourless basic 

Ti-Au NPs in IPA 0.15 ---- 0.04 colourless basic 

Au-Ag NPs in H2O --- 5.08 2.36 light pink 10 

 

Figure 6.24 indicates that the morphology of PMS is unchanged by NP deposition and 

the Ag-TiO2 and Ag-Au seen on the PMS surface was clear. Ti-Ag appeared as more 

nanoparticles on the PMS surface (Fig. 6.24B). Au-Ag NPs appeared in different 

morphologies and sizes (Fig. 6.24C). 

 

A B C 

Figure 6.24: SEM of samples prepared as method No.3: A) Au-TiO2 NPs/PMS in IPA, B) Ag-

TiO2 NPs/PMS in IPA and C) Ag-Au NPs/PMS in H2O. 
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➢ Micro-FTIR (µFTIR) and FTIR  

 

Figure 6.25-29 show optical images, µ-FTIR chem-maps and FTIR NPs of Ag/PMS, 

Au/PMS, Au-Ag/PMS, Au-TiOx/PMS and Ag-TiOx/PMS. µFTIR allows mapping of 

chemical functional groups in PMS (existing the red colour). The intensity scale 

associated with each image is such that blue and red extremes respectively correspond 

to low and high absorption values as given by spectral integration; this is directly 

related to a density scale (Beer–Lambert Law). Figures 6.25b-29b show some 

heterogeneity in the total absorbance of samples (4000-700 cm1).  Figures 6-25C show 

variations in the absorption bands of hydroxyl, carbonyl and amino groups in FTIR 

spectra of these samples at 1369 cm-1 (C-O) and 1064 cm-1 (C-N). These may be 

responsible for the reduction of the chloroaurate ions (AuCl4
-) and silver ions, along 

with saccharides, thereby biosynthesizing NPs [265].  
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A                                                                 B 

C 

Figure 6.25: A) Optical image and total absorbance, B) in µ-FTIR and C) in FTIR for 

Ag/PMS (red colour shows higher conc.). 
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                            A                                                               B 

 C 

Figure 6.26: A) Optical image and total absorbance, B) in µ-FTIR and C) in FTIR for 

Au/PMS (red colour shows higher conc.). 
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A                                                                           B 

 C 

Figure 6.27: A) Optical image and total absorbance, B) in µ-FTIR and C) FTIR for Au-

Ag/PMS. 
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A                                                                             B 

C 

Figure 6.28: A) Optical image: and total absorbance, B) in µ-FTIR and C) FTIR for Au-

TiOx/PMS. 
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A                                                                               B 

C 

Figure 6.29:  A) Optical image and total absorbance, B) in µ-FTIR and C) FTIR for Ag-

TiOx/PMS. 

 

➢ Factors affecting nanohybrids formation with PMS using SEM 

Many factors were studied in the preparation of PMS nanohybrids produced with   

different additions of various salts of Ag, Au and Ti alkoxide (as explained below). 

During the biosynthesis process of samples, the solvent, amount of the salt 

concentration, time and basic environment were changed in a way that allowed for 

studying the effect of factors on synthesizing NPs 

 

1- Effect of solvent effect 

 In all samples, it appeared that water is a better solvent compared to IPA. Firstly, in the 

same method (No. 2) with the same salts, Au-Ag NPs were found as large aggregates on 

the PMS when using IPA as a solvent. However, their distribution was much better 

when water was the solvent. Of course, Au and Ag salts dissolve well in water, which is 

a better solvent than IPA for the preparation of Ag-Au NPs (by methods No.1 and 2) 

because the ratio % increase in Ag NPs (2% in IPA to 4% in H2O) and Au NPs (2% in 

IPA to 5% in H2O).  Secondly, with method No. 3, Figure 6.30 illustrates that Au-Ag 
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NPs/PMS are clearly coated in water as solvent, but less well for TiO2-Ag NPs using a 

IPA solvent.  

 

A B 

Figure 6.30: SEM of samples prepared with PMS by method No.3 with different solvents: A) 

TiO2-Ag NPs/PMS in IPA and B) Au-Ag NPs/PMS in H2O. 

 

2- Effect of time    

The effect of the time for nanohybrid PMS was now explored. Au-Ag NPs/PMS was 

prepared in the same concentration (1mM), by method No.3 and with the same solvent 

(water). The precipitate was filtrated after one day. Then, after 7 days, the samples were 

prepared for SEM analysis. Figure 6.31 illustrates that time is a pivotal factor, because 

the precipitate of Au-Ag NPs/PMS (see Fig.6.31A) clearly shows nanoparticles.  

 

 
A 

 
B 

Figure 6.31: SEM of samples prepared with PMS from the same solvent, by the same method 

and at the same concentration (1mM) but where time was longer: A) Au-Ag NPs /PMS from 

H2O and B) Au@Ag NPs/PMS (filtrate) in H2O after 1 week; (scale bar=1µm). 
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However, the filtrate solution contained some Au-Ag NPs/PMS where they took around 

7 days to nucleate and aggregate as nanoparticles. Ag@Au nanohybrids can be clearly 

seen in Figure 6.31B that shows that more Au NPs can grow around Ag NP, forming 

larger shell thicknesses. 

 

3- Effect of pH  

The two samples, which were prepared by method No.3, at the same concentration 

(1mM), but with different solvents and pH, have different weight ratio and structures. 

TiOx-Ag NPs were prepared in basic solution (1 drop of 0.1M KOH in IPA) and left to 

react with PMS (see Fig. 6.30A). It can be said that the IPA does not facilitate 

stabilization or enable pH measurement that may be ˃˃ 7. However, when Au-Ag NPs 

were prepared, a buffer solution (pH=10) was added to the solution. Figure 6.31B 

shows that the pH factor is very clear in the reaction of nanoparticles with the PMS. 

Many functional groups were found on the surface of PMS (e.g. aldehyde, carboxylic, 

sulfhydryl (R-SH), riboflavin and amino acids). These functional groups have a 

negative charge, depending on the pH of solution. They have a strong ability to bind 

with gold and silver ions. It seems that they are responsible for the reduction of Au and 

Ag ions to zero-valent/nano-scales.  

 6.4. Conclusions 

 

Present results show that nanoparticles (NPs) can be biosynthesized at room 

temperature on the reductive/chelating surfaces of Portobello mushroom spores (PMS). 

Using this green approach surface-held TiOx, Ag, Au, Ag-TiOx and Au-TiOx NPs have 

been prepared. Such surface NPs were characterized by SEM, EDX, TGA, FTIR, UV-

Vis, DLS and SIMS. Different preparative conditions were studied: chemical reducing 

agents (e.g. NaBH4, TSC and their mixtures), pH, time and concentration with and 

without PMS as a biotemplate-reducing agent. The results suggest that the NP coating is 

achieved with Au NPs on PMS in a water-free solvent condition. In contrast, TiO2 NPs 

do not coat to a high weight loading using IPA as a water-free solvent. A pH of 10 helps 

to activate the PMS surface (containing as it does many functional groups such as COO- 

and OH-. PMS is a useful biotemplate and reductive-chelator; its use is better than 

simple chemical reagents in solution. 
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Chapter 7: Biosynthesis of nHAp/PMS microspheres for medical 

applications 

______________________________________________________________________ 

In this chapter, ions (Ca2+, CO3
2-, HPO4

2- and Ag+) were incorporated onto/into PMS 

and thereby nHAp/PMS nanohybrids were prepared to use in bone replacement as a 

scaffold. This research characterized all these samples using SEM, TEM, XRD, EDX, 

µ-FTIR, UV and TGA which are described in chapter 3.  

 

7.1 Introduction 

 

Over the last decades, many biomimetic materials synthetic studies have attempted to 

imitate natural material growth. There has been an increased demand to produce 

biomaterials (e.g. for bone regeneration that mimic the properties of real bone) [266]. 

Bone tissue engineering (providing  scaffolds) is a significant part of biotechnology and 

regenerative medicine (that develops functional materials for orthopedic reconstruction 

delivers biomolecules to cells [115]).  Thus, scientists have paid special attention to 

synthesize hydroxyapatite (HAp) and especially nano-size hydroxyapatite (nHAp) due 

to its: 

(i) excellent biocompatibility [267],  

(ii) fast stabilization with tissues,  

(iii) slow biodegradation  [266] and 

(iv) good biomedical applications, (like artificial and bone repair, bone filler 

bioactive coatings [268], gene and drug delivery, proteins chromatographic 

packing, scaffold   [192]  and bone for tissue engineering ) [269] .  

HAp has a chemical similarity to the crystal calcium phosphate mineral present in 

biological hard tissue ( e.g. teeth and  bones which are the inorganic constituent of 

biological hard tissue) [189]. Remarkably, HAp has potential to be an interface between 

a metal implant with the tissues of human body in vivo [270], because of its high 

osteoconductive properties. This is partly because the unit cell of HAp and natural bone 

are the same. This is the main reason why HAp has been proposed as an implant 

material. Natural bone contains carbonate ions, and some reports show that carbonated 
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hydroxyapatites are biologically reactive than pure HAp [271] (i.e. HAp alone has weak 

load-bearing properties and a tendency to migrate from implant sites [267]). In addition, 

HAp has good  thermal stability   [272] and no constituent toxicity [111].  

HAp exists in tendons, bone and teeth; giving stability, hardness and functionality. It is 

largely used in orthopaedics or in dental implants due to the formation of a strong bond 

with other adjacent hard tissue. HAp integrated into bone does not cause inflammation 

or any immune reaction during implantation as a bone filler [273]. As a result of these 

properties, HAp is effective in such applications using biocompatible materials; both its  

purity and morphology can be modified [274].  

 

 7.1.1 Bone structure 

The main composition of human bone tissue is a naturally occurring organic/inorganic 

hybrid mainly consisting of 65-70% HAp with K+, Mg2+, Cl-, Na+ and F- [275] (see 

Table 7.1), with 10 % water and organics (collagen, etc.) in small amounts [273].  

 

Table 7.1: Composition of inorganic mineral content of some adult human tissues [273]. 

 (wt.%)  (wt.%) 

Elements   enamel dentin bone Elements  enamel dentin bone 

Ca 36.5 35.1 34.8 Mg 0.44 1.23 0.72 

P 17.7 16.9 15.2 K 0.08 0.05 0.03 

Ca/P ratio 1.63 1.61 1.71 F 0.01 0.06 0.72 

Na 0.5 0.6 0.9 Cl 0.30 0.01 0.13 

 

The primary organic phase of the bone matrix is collagen, which is secreted by 

osteoblast cells. The collagen forms into self-assembled bundles of fibers, which mostly 

orientate themselves parallel to the load-bearing axis of the bone [276]. Moreover, the 

HAp/collagen combination contributes to the mechanical properties of bone and slow 

rate of dissolution. Here, it was envisaged that the combination of HAp with a polymer 

matrix or organic biomolecule could take advantage of the material’s properties and 

would be easily optimized. The apatitic calcium phosphate bone mineral consists of 

small amounts of carbonate, a small amount of sodium, magnesium and other trace 

elements [195].  Pure HAp alone does not contain any carbonate; it is very different 

from the biological apatites (see Fig. 7.1) that contain carbonate and are calcium-

deficient [266].   
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Figure 7.1: Bone structure, 

showing carbonated HAp 

and collagen, and the 

surface of HAp, emerging 

in nanostructured materials 

for musculoskeletal tissue 

engineering [266]. 

 

The solubility of solid ceramics can be modified by changing their composition (i.e. 

substituents or impurities), and physical form (i.e. particle size, density or porosity). 

Crystallinity, particle size, morphology and defects play a significant role in the extent 

of such ceramic solubility. For example, the average particle size is one of the factors 

affecting solubility through the Kelvin equation (see eq. 7.1) [277]: 

 

𝑙𝑜𝑔 𝑠
𝑠𝑜  ⁄ =  

2𝛾 𝑣𝑚
2.303 𝑅𝑇𝑟 ⁄     ----------- (7.1) 

 

 

where, S: the solubility of infinitely large particles, 

So: the solubility of nanoparticles, 

Vm: the molar volume, 

γ : surface tension of the solid, 

r: the radius of the nanoparticles, 

R: gas constant (8.3 J/K mol) and 

T: isothermal temperature (K).  
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According to the Kelvin equation, the solubility of a nanoparticle increases as the radius 

or diameter of the nanoparticle decreases.  That means, a nanoparticle is more soluble 

than a micro particle. Further the surface tension of NPs may different from bulk 

materials. Here, small bone chips that used to be harvested in operations were 

interesting because of their potential to fill a large bone gap, and this was taken up. Into 

the bone gap are placed such small fragments of bone clipped from an adjacent callus. 

Interestingly,  circulation is allowed to return and the gap becomes filled with blood 

around the fragments of chipped bone [278].   

Bone particle shape can be (i) a needle-like (with 5-20nm as a width and 60nm lengths, 

which are responsible for the strength and rigidity of bones) or (ii) plate-like (typically 

50nm long, around 25nm wide and on average 3nm thick) [276].  

 

7.1.2 The crystalline structures 

A single unit cell of HAp consists of 44 ions, which include 10 Ca2+, 6 tetrahedral 

(PO4
3-), and 2OH - groups along the c-axis, leading to balance of charge; these are all 

organized into a hexagonal structure [279]. The lattice parameters are a = b = 9.4225 Å 

and c = 6.8850 Å. Submicroscopic crystals of calcium phosphates in bone resemble the 

crystal structure of synthetic HAp [273]. HAp is reported as having two crystalline 

structures: hexagonal and monoclinic [280]. The more important structure is the 

hexagonal one that is elongated in the c-axis, owing to the symmetry of the unit cell. 

The HAp structure includes unconnected tetrahedral phosphate groups [268] with 

calcium ions in the spaces, and OH – ions along the c-axis balance the charge [281]. The 

c-plane is terminate with phosphate ions and acquires negative charge. This means that 

the c-plane HAp surface can be more hydrophilic (negatively charge) than the a-plane 

HAp surface (positively charge). Bones consist of HAp nanocrystals arranged on 

collagen belts. It is known that the shapes of bones are controlled by crystallinity, grain 

size and the aspect ratio (AR) of areas between the end (c-plane) and side (a-plane) 

faces of HAp nanocrystals (see Fig. 7.2) [282].  

Commercial samples of HAp include Bio-Oss, Nano and β-TCP; these are used in 

clinical applications. They have with high crystallinity [266]. Pure HAp [Ca10 (PO4)6 

(OH)2] has a stoichiometric apatite phase with a molar ratio of Ca/P  of 1·67 [268]. For 

biomedical applications, HAp (Ca/P = 1.67), β-TCP (Ca/P=1.5) and biphasic calcium 

phosphate (which mainly consists of a HAp and β-TCP mixture in various ratios) are 

mainly used. In living systems the Ca/P is found in the form of crystalline HAp and 
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amorphous calcium phosphate (ACP) [273]. Methods of HAp synthesis and their 

technological parameters can significantly impact the physicochemical properties and 

the stoichiometry of the synthesized product, its crystallinity average, particle size, 

phase, composition, thermal stability, microstructure and mechanical properties [273]. 

These can be well-controlled by the precise conditions of the  chemical precipitation 

route [274]. 

7.1.3 Nano and hollow spheres of HAp 

The average crystallite size is important to the understanding and defining the properties 

of all nanoscale materials. nHAp exhibits different interesting properties (e.g. surface 

reactivity, optical, magnetic and other physical properties) that depend on its average  

particle size [174], that also defines  biocompatibility and adsorption (removing heavy 

metal and separation of biomolecules) properties [285].  

In medical applications, nHAp crystal is better positioned to serve as a HAp substitute 

of bones than larger micro-HAp and so it plays an important role in defining its 

biological activity and cytophilicity (a generic term referring to substance that is 

attracted to cells as cytophilic antibody) during bio-mineralization [276] because of its: 

(i) high surface area energy (leading to the enhancement of the mechanical 

properties), 

(ii) physical properties (different from those of bulk particles),  

(iii) novel growth process  ( where the size of 20 nm of particles is shown to be the 

best inhibitor of cell growth [276]), and 

(iv) desirable cell multiplication (so as to optimize biological functionality), a 

property which is highly dependent on particle size.  

Porous hollow HAp microspheres are even more useful for biomedical applications 

(due to their high capacity for the loading of drugs and their specific surface area).  

Many methods have therefore been developed for the preparation of HAp hollow 

spheres ( e.g. DNA-templated hydrothermal methods, biopolymer (polyaspartic acid)-

assisted assembly from HAp nanorods, solvothermal methods and others [111]). 
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 A 

B 

Figure 7.2: HAp structure crystal: A) viewed along the a-axis [283] and c-axis [282] and B) 

viewed along c-axis [284]. 

 

7.2 Methods of Analysis 

7.2.1 General approach 

Using PMS as biotemplates can be affected via their surface which contains suitable 

sites for the nucleation and growth of nHAp crystals. For example, proteins, lipids, 

glycoproteins and polysaccharides can control the nucleation of Ca and PO4
3- phase by 

stereochemical recognition. Moreover, carboxyl or hydroxyl groups can act as synthetic 

mimics of a natural template and these function groups can react with Ca and CO3 ions 

leading to a change in their concentration and act as nucleation sites able to orient 

growth of  nHAp/PMS crystals [286].   

There are many factors that impact on CaCO3 crystallization by CO2 bubbling into 

CaCO3 solution as: 
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(i) pH effect on the morphology of crystals because when the pH value 

increased, the precipitation of time decreased, 

(ii) the concentration of CaCl2 influences the morphology of crystal because it 

determines the factor which is supersaturation (S) (a dimensionless ratio of 

the concentration of salt to equilibrium molecular solubility product Ksp).  

The relationship is (S = C/ Ksp) and 

(iii) temperature and stirring speed show a little influence on the morphology of 

crystal [287]. 

CaCO3 particles has been introduced into an aqueous solution under 37oC to obtain 

CaCO3/PMS and CaCO3 microspheres. Traditional methods for fabricating HAp 

microspheres mainly rely on the approaches involving organic solvents and surfactants 

that are hazardous to human health and the environment. A hydrothermal chemical 

reaction always includes harsh conditions such as high temperature and high pressure 

that will undoubtedly damage the bioactivity of the bio-macromolecules. Here, the 

preparation of nano-HAp (nHAp) was rapid, surfactant-free, and environmentally-

friendly. It is important to note that here one presents a method in which nHAp/PMS is 

that prepared contained carbonate; some reports show that carbonated hydroxyapatites 

are biologically more reactive than pure HAp [271]. The Ca/P ratio in the inorganic 

component on the PMS (mainly carbonate-substituted apatite) is thought to more 

closely resemble biologically-inspired HAp, such as bone mineral and the nano-apatite-

derived from CaCO3 templates and shows a typical nano-rod shape. Because natural 

bone contains carbonate, some reports show that carbonated hydroxyapatites are 

biologically more reactive than pure HAp [271] ( HAp alone has no strong load bearing 

properties and a tendency to migrate from implant sites [267]).  In contrast, HAp Bio-

Oss phase is not clear and has a rod shape.  Such carbonated apatite with poorly 

crystallized features is significant for reabsorption and remodeling processes in tissues.  

A colorimetric analysis method is used to determine the concentration of phosphate and 

Ca2+ ions using spectrophotometry. At first, to determine the concentration of phosphate 

ions, an adaptation of the ascorbic acid method is used. The analysis of orthophosphate 

PO4
3- ions is based on the reaction of a phosphor-molybdate blue complex using 

ascorbic acid as acidic solution reductant. The mechanism of the reaction occurs in two 

stages: 

(i) the reaction phosphate ions with (molybdenum dioxide) for  formation of a 

structure heteropoly acid complex [ PMo12O40]
n- [288] and 
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(ii)  in acid conditions, this structure is self-assembled and the reduction of this 

heteropoly acid forms a deeply blue-coloured product; the colour increases 

because the anion PMo12O40
3- can be reduced by accepting more electrons to 

produce a coloured mixed-valence complex [289].   

Secondly, the Eriochrome black T indicator dye (blue color) was used to determine the 

concentration of Ca2+ ions in high pH 10. Redox reaction can play an important role. 

For example, they can catalyze as chemical decomposition and enzymes [287]. Here, 

the Ca2+ ions coordinate with an indicator to form a complex pink color. Then, the 

ethylenediaminetetraacetic acid (EDTA -colorless) was added to chelate with Ca2+ ions 

via the indicator which has a blue colour (see Fig. 7.3).  

 

 
Figure 7.3A: Reaction of Ca2+ ions forming a complex with the indicator. 

 

 

          

           
Figure 7.3B: Reaction of Ca2+ ions being chelated by EDTA. 

 

 

These reactions can be described in the simplified forms shown in Eq. 7.2 and 3. 

 

 

𝐻2𝐼𝑛1− +  𝐶𝑎2+   →    𝐶𝑎𝐼𝑛1− +   2𝐻2+  − − − (7.2)  

                            (Blue)                          (red) 

 

𝐸𝐷𝑇𝐴4−   +   𝐶𝑎𝐼𝑛1− →   𝐶𝑎𝐸𝐷𝑇𝐴2−  +   𝐻2𝑙𝑛1− − − − (7.3) 
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An alternative approach to the analysis of Ca2+ and PO4
3- concentrations uses O-

cresolphthalein as a chelating agent and a pH indicator used in titrations (see Fig. 7.4). 

It is soluble in ethanol, not in water. It is colourless below pH 8.2, and purple above pH 

9.8. At first, ortho-cresolphthalein is mixed with 8-hydroxyqunone in acid medium to 

avoid Mg2+ interference (i.e. removal of Mg2+ ions). Then, this solution is reacted with 

Ca2+ ions in alkaline medium (pH 10.7) using 2-amino-2-methyl-1-propanol (AMP). At 

last, a red colour appears depending on Ca2+ ions concentration. The mechanism of the 

reaction depends on concentration of Ca ions. At low Ca2+ ions concentration, one-to-

one complex forms while two moles of Ca2+ ions react with one mole of O-

cresolphthalein at high Ca2+ concentrations [290]. 

 

 
Figure 7.4:  structure of o- Cresolphthalein indicator [290]. 

 

7.3 Results and Discussion 

7.3.1 Uptake of Ca and phosphate ions on PMS surfaces 

The uptake of Ca2+ and phosphate ions by PMS in H2O at RT was measured over 4h as 

showed in Figure 7.5 and 7.6. At pH 2.5, the uptake of (Ca/PMS) was higher than 

phosphate/PMS at the same time, because the main charge of the PMS surface is 

negative (with many hydrophilic (negatively charge) groups) are able to interact with 

the small Ca2+ ions [291].  For example, the negative charge of carboxylic groups on the 

surface of PMS can bind with Ca2+ electrostatically with the formation of a -(COO)2Ca 

complex [113].  

  

https://en.wikipedia.org/wiki/PH_indicator
https://en.wikipedia.org/wiki/Titration
https://en.wikipedia.org/wiki/Ethanol
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Figure 7.5: Uptake of Ca2+ over 4 hours on PMS surface in water at pH 7.2 and 

2.5 at RT in aqueous solution. 

 

Decreasing the pH value appears to increase Ca2+/uptake (Fig. 7.5), but leaves 

phosphate ion uptake unchanged (Fig. 7.6). Thus, at pH 2.5, Ca2+ showed a higher 

concentration on the PMS surface reaching to up 90%, suggesting that Ca ions (positive 

charge) reacts with carboxyl group (negative charge) electrostatically on PMS surface 

more than at pH 7.2 (when it was around 60%). In contrast, phosphate ions/uptake 

(around 80%) is unchanged by pH. 

 

 
Figure 7.6: % Absorbance changes for phosphate on PMS surface in pH 7.2 and 2.5 at RT 

in aqueous solution. 
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7.3.2 nHAp/PMS 

The method has just three steps: Ca2+ adsorption, CO3
2- adsorption and PO4

3+ adsorption 

on PMS with the formation of nHAp on the PMS a biotemplate (Fig. 7.7). The 

phosphate was introduced into the PMS suspension immediately after the synthesis of 

the CaCO3 NPs, and then the active sites on the cell wall of PMS are triggered to 

construct a composite upon elevation of the system to physiological temperature [110]. 

Thus, the conversion of the CaCO3 particles and the self-assembly of nHAp/PMS 

occurred at the same time. The author believes that PMS provides many suitable sites 

for nucleation and growth of nHAp crystals.  

 

 
Figure 7.7: Illustration PMS as a biotemplate for the biomimetic synthesis of CaCO3. The PMS 

was dispersed in aqueous CaCl2 solution and then a solution containing Na2CO3, producing 

surface CaCO3 NPs. 

 

 Here, PMS was used as novel platform for biomimetic mineralization for CaCO3, 

which is then in contact with a phosphate solution according to Eq.(7.4) [286]:  

 

6𝑁𝑎𝐻𝑃𝑂4 2𝐻2𝑂 + 4𝐶𝑎𝐶𝑂3 →  𝐶𝑎10 (𝑃𝑂4)6(𝑂𝐻)2 + 4𝐶𝑂2 + 4𝐻2𝑂 − − − (7.4) 

 

The chemical nature of the PMS is important, since a cooperative effect between PMS-

bearing COOH and OH groups has been recognized as the key factor. The growth of 

CO3
2- crystals was facilitated by sodium carbonate introduction and diffusion through 

the macropores of the support and across the PMS surface, yielding biomimetic calcium 

carbonate mineralization. Then, HAp nano-rods form through a crystal-growth process 

at 37oC over 3 days owing to the electrostatic adsorption of phosphate onto the PMS 

surface. Then, these nHAp nanocrystals start to self-assemble to form nanostructures on 

the PMS surface. In addition, PMS has phosphorus in the cell wall structure (as 

phospholipids); this helps to produce more phosphate ions [286]. PMS produce OH- and 

COO-  on its surface, which react with Ca2+, then this will incorporate phosphate ions to 

form the nuclei from a reaction between PO4
3- and Ca2+ ions in aqueous solution.  
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7.3.3 nHAp/PMS-PVA hydrogel film 

Figure 7.8 shows nHAp/PMS formation in PVA hydrogel film by sequentially 

immersing this in three solutions for 8 reaction cycles. PVA hydrogel is used as a model 

matrix, with hydrogel-based scaffolds widely used for building suitable 

microenvironments [110] for compositions and structures similar to natural tissues.  

nHAp crystals are formed using conventional methods with bio-microtemplate PMS 

and combined with a PVA hydrogel matrix.   The weight increase (30.59%) was 

calculated after 8 reaction/immersion cycles. 

 

 

Samples W1 

(mg) 

W2 (mg) % 

PMS-PVA 26.8 - - 

nHAp/PMS-PVA - 35.0 30.59 

 

 

Figure 7.8: Schematic representation of the 

preparation of nHAp/PMS on PVA hydrogel 

 

7.3.4 SEM and TEM 

1. nHAp/PMS 

The morphologies of the nHAp/PMS were observed by SEM, as shown in Figure 7.9A 

and B. SEM micrograph of nHAp/PMS reveals rod shapes for surface nHAp crystals 

that are in high concentrations. The size is around 10-50nm, which agrees with TEM 

and XRD data. The elemental analysis of nHAp/PMS by EDX confirmed P, Ca and O 

levels and a Ca/P atom ratio to 1.7-1.8 (see Fig. 7.9C).  

When calcined at 800oC for 3h, nHAp/PMS revealed  a residual hollow microsphere 

structures (see Fig. 7.10) which suggests that nHAp/PMS might (like PMS) be used as a 

drug delivery system due to their ability to circulate in the blood and deliver a 

therapeutic drug payload to tissue and cells [192]. 
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Figure 7.9A: SEM micrograph for nHAp/PMS. 
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Figure 7.9B: SEM micrograph for nHAp/PMS. 

 

 
 Elem. At. % ratio 

Area 1 Ca/P 1.70 

Area 2 Ca/P 1.72 

Area 3 Ca/P 14.17 

Area 4 Ca/P 1.81 
 

 

 

Figure 7.9C: EDX analysis for different areas of 

nHAp/PMS. 

 

 



Chapter 7 

 

152 | P a g e  

 

 

 

 

 

 

 

 

 

 

Figure 7.10: SEM of 

HAp/PMS after heating 

at 800oC. 

 

The nHAp/PMS structure was confirmed by the high resolution TEM (200keV) and 

selected area electron diffraction (SAED) pattern with bright circular spots. Figure 7.11 

indicates that the morphology of nHAp is rod-shaped on the PMS surface with some 

aggregation of NPs [292]. The average length of nHAp/PMS was around 30-50nm, 

while the average width is around 5-7nm. These results were confirmed by SEM and 

XRD data. In general, the ratio of average length to width is significant in the 

determination of the absorbability of HAp. Therefore, the nano-rod structure of 

nHAp/PMS can be adsorbed on the tooth more than a sheet shape [292].  
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Figure 7.11: TEM of rod-shaped nHAp in nHAp/PMS.  

 

  
Figure 7.12:  TEM of nHAp/PMS (rod shape), FFT and the line-spacing profile. 

 

The lattice fringe spacing noted for nHAp on PMS had a d-spacing = 2.71nm (θ = 32.9 

and the lattice spacing is (300) (see Fig. 7.12 and Table 7.2). 

Table 7.2: TEM resulted of nHAp/PMS from the lattice fringe spacing. 

Samples d-spacing (nm) 2θ Dominant (hkl) 

nHAp/PMS 3.367, 2.71 26.45, 32.9 012, 300 

Bio-Oss 2.717-2.719 32.9 300 

 

 

The nucleation and growth of nHAp nano-rods could be attributed to the specific 

surface energies associated via the different planes of HAp crystal. These planes will 

determine the OH- concentration available to interact with hydroxyl groups on PMS 

surface. Each plane has a different average OH- concentration, which will determine the 

morphology and growth rate. Here, OH – on the bio-template PMS could help the HAp 

nucleation happen, where free Ca2+ and PO4
3- react with OH- in uniaxial directions 

(plane with less hydroxyl concentration) [292]. 
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2. CaCO3/PMS 

Figures 7.13 shows CaCO3 particles on the PMS surface in high concentrations, the 

structure is hexagonal on the PMS surface after 2 months, when particles on the surface 

may have coalesced. 

 

 
Figure 7.13A: SEM micrograph for CaCO3/PMS after 3 days. 
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Figure 7.13: SEM micrograph for CaCO3/PMS after 60 days. 

 

3. nCa/PO4
3--Ag/PMS 

SEM of unfractured and fractured PMS/Ag-Ca3(PO4)2 after 3 days (Fig. 7.14) showed 

that fractured the spores are empty. The dimensions of the cell wall of PMS after 1day 

of coated with Ag NPs and Ca3(PO4)2 are 312 nm and 429 nm. The NPs were found 

inside and on the surface of cell wall of PMS. Moreover, EDX elemental profiles  

suggest that Ca ratio ˃ (Ag and phosphate) (see Fig. 7.15). Possibly this particle PMS 

fractured before being coated with Ag-Ca3 (PO4)2. 
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Figure 7.14A: SEM of PMS/Ag-Ca3(PO4)2, A) after 3 days and B) fractured PMS. 

 

 
Figure 7.14B: SEM of PMS/Ag-Ca3(PO4)2, A) after 3 days and B) fractured PMS. 
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Figure 7.15: SEM of PMS/Ag-Ca3(PO4)2: A) unfractured after 1 day and B) EDX profiles. 
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4. Bio-Oss 

Bio-Oss (commercial HAp) particles and aggregates was observed by TEM and SEM 

(Fig. 7.16 and 17); the particles were of large dimensions.  The Ca/P molar ratio was 

2.61 (which is higher than standard HAp).  Often commercial HAp does not have well-

defined properties and qualities defined by the manufacturer. Frequently, the 

manufacturer’s information about the offered product is not accurate/complete, which is 

troubling in terms of usage of raw HAp material for development of implants [273]. 

TEM of HAp Bio-Oss images demonstrate that the commerial HAp powder has a 

different and random-shaped particles with  Ca/P atom ratio of 2.50-2.73 (see Fig. 

7.16). Their crystalline nature was confirmed by selected area electron diffraction 

(SAED) pattern with bright circular spots and the lattice fringe spacing; here d-spacing 

= 2.717nm (which corresponds to (300) [293]. These results were confirmed by XRD 

data. 

 

  
Figuer 7.16: TEM of Bio-Oss with FFT and the associated line profile. 
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A  

B C 

D E 

F 

 Elem. At% ratio 

Area 1 (B) Ca/P 2.67 

Area 2 (C) Ca/P 2.56 

Area 3 (D) Ca/P 2.73 

Area 4 (E) Ca/P 2.73 

Area 5 (F) Ca/P 2.50 
 

Figure 7.17: SEM micrographs for: A) (HAp Bio-Oss) and B) Area 1, C)Area 2,D) Area 3, E) Area 

4 and F) Area5 -EDX analysis. 

 

 

7.3.5 X-ray diffraction (XRD) 

XRD can provide detailed information about lattice parameters of phases, unit cell 

dimensions (a, b and c), crystallinity and particle size of materials. The XRD pattern of 

nHAP/PMS is shown in Figures 7.18 and 19. The synthetic sample was in good 

agreement with the reference pattern of pure hydroxyapatite [174], but some 

characteristic peaks were broad and related to a weakly crystalline phase of the HAp 

sample. Poorly crystalline biological apatites complicate characterization by XRD 

[189]. The nHAp/PMS exhibits line-broadening peaks due to the presence of HAp NPs, 

and it can be indexed as hexagonal HAp. However, Bio-Oss has higher crystallinity 

evidenced by its sharp diffraction peaks. 
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The contributions of each phase are convoluted causing an additional apparent 

broadening of the diffraction peaks. The average crystallite size (D) of nHAp/PMS 

measured using the Scherrer equation is found to be 17nm (see Table 7. 3) compared 

with Bio-Oss which has 19.6nm crystallites on average. These results were confirmed in 

TEM analysis and SEM (the calculations of crystallite size and strain were described in 

section 3.2). XRD results show in Table 7.3 that the lattice parameter of nHAp/PMS are 

a 9.3932Å and c 6.8725Å that are close to Bio-Oss. A lower a/c lattice parameter ratio 

means a reduction in a lattice parameter and a simultaneous increase in the c lattice 

parameter and may suggest rod-like particles. The increased a/c ratio contributes to 

reduced crystallinity. Here, nHAp/PMS has an a/c ratio of 1.366, that is less than that 

for Bio-Oss (1.370) because the a-lattice parameter has decreased and the c parameter is 

constant (here) or increasing  [276]. The peaks width (FWHM) in Bio-Oss are sharp due 

to the peak width varying inversely as the crystallite size gets bigger [279].  

 

 

 
Figure 7.18: XRD pattern of nHAp/PMS (first line) compared to nHAp (black) and Bio-Oss 

(red). 
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Table 7.3: Lattice parameters and average crystallite size (D) of nHAp/PMS compared with 

standard HAp (using topaz software). 

Sample a (Å) c (Å) a/c D (nm) 

[272] 

nHAp/PMS 9.3932 6.8725 1.366 17.3 

Bio-Oss 9.4401 6.8874 1.370 19.6 

Nano 9.4193 6.8841 1.368 216 

HAp [293] 6.881 16.318 0.421 - 
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Figure 7.19: XRD patterns of A) nHAp/PMS and B) Bio-Oss. 
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Significantly, it has been observed that the crystallinity of nHAP/PMS is affected and 

its peak gets broader. The diffractograms of nHAP/PMS are relatively broad; ions are 

more prevalent than in the Bio-Oss. These results reveal markedly reduced crystallinity 

[280]. The crystallite size broadening is most pronounced at large angles of 2θ.  The 

height of the major peak for the nHAp/PMS decreased by 50%, and the half-width 

increased by 60%  relative to the major peak for the nHAp/PMS compared with Bio-

Oss [294]. 

The crystal size (D) of nHAp/PMS (17.3nm) in Table 7.3. In addition, the crystal size 

(D) for Nano is big because the sample is relatively poor. The Scherrer method can be 

used to calculate the average crystallite size (as described in section 3.2). This equation 

has not taken account of peak broadening reducing from other factors such as 

instrumental effect or strain.  

 

Determination of crystallite size (D) and lattice strain (ε) using Williamson-Hall 

approach 

The Williamson-Hall approach (W-H) equation is a simple approach that allows both 

the average crystallite size (D) and the lattice strain (ε)-induced broadening to be 

deduced to considering the peak width as a function of 2θ [175]. The Williamson-Hall 

approach (W-H) is given by:  

    

𝛽(ℎ𝑘𝑙) cos 𝜃ℎ𝑘𝑙 =
𝐾𝜆

𝐷
   + 4𝜀 sin 𝜃ℎ𝑘𝑙    − − − (7.5) 

 

                                             𝑦 =  𝑧 + 𝑚𝑋             (linear equation with intercept) 

 

From a plot of β(hkl) cosθhkl (Y-axis) against sin θhkl (X-axis), lattice strain (ε) can be 

calculated from the slope (m) = 4ε and average crystallite size (D) from the intercept (Z) 

= Κλ/D. One assumes the lattice strain (ε) is uniform or isotropic in the materials, [174]. 

The Young’s elastic modulus (Ehkl) is proportional to the modulus of elasticity in the 

perpendicular direction to the set of crystal lattice plane (hkl). It is also related to the 

elastic compliances Sij. For a hexagonal HAp crystal phase. Elastic modulus (Ehkl) is 

given by equation (7.6) [174]. 
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𝐸ℎ𝑘𝑙 =  
[ℎ2 +

(ℎ + 2𝑘)2

3
+ (

𝑎𝑙
𝑐

)
2

]2

𝑆11  (ℎ2 +
(ℎ + 2𝑘)2

3
)

2

+ 𝑆33(
 𝑎𝑙
𝑐

)4 + (2𝑆13 + 𝑆44)(ℎ + 
(ℎ + 2𝑘)2

3
(
𝑎𝑙
𝑐

)2

− −(7.6)  

        

 

The elastic compliances and their standard handbook values are given: 

   S33 = 10.9 x 10-12 

   S44 = 15.1 x 10-12 

   S13 = -4.0 x 10-12 [174]. 

 

 

Hook’s Law can be used to determine the lattice deformation stress (σ) by Eq. 7.7: 

  

𝜎 = 𝐸ℎ𝑘𝑙    ∗     𝜀                     − − −  (7.7)      

Hence: 

𝛽 𝑐𝑜𝑠𝜃 =  
𝐾𝜆

𝐷
 + 4 

𝜎 𝑠𝑖𝑛𝜃

𝐸ℎ𝑙𝑘
    − − −    (7.8)     

 

where the lattice deformation stress (σ) can be extracted from the slope while the 

crystallite size (D) is deduced from the intercept of a linear fit plot. 

 

 

Table 7.4:  D-spacing and elastic modulus (Ehkl) calculation of nHAp/PMS. 

d-spacing (Å) hkl Ekhl θo 

0.4521 111 7.59 x 1010 9.8188 

0.34125 002 2.04 x 1014 13.057 

0.3101 220 1.34 x 1011 14.395 

0.2793 -142 3.63 x 1013 16.019 

0.2263 -420 1.34 x 1011 19.913 

0.1937 171 6.09 x 1011 23.444 

0.1822 -551 1.68 x 1012 25.025 

0.4521 111 4.03 x 1013 9.818 

0.2620 042 2.72 x 1013 17.110 

0.2721 300 1.34 x 1011 16.459 

0.1714 014 1.99 x 1014 26.723 
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For HAp intended for biological samples, 𝜎 reaches around 120 GPa. Many factors can 

reduce 𝜎 and the intrinsic mechanical properties (e.g. purity, porosity and chemical 

composition). Thus, the modulus of HAp in bone is lowered to around 80 GPa [295].  

XRDLB and the Williamson-Hall approach (W-H) revealed nHAp in nHAp/PMS had 

larger ε strain than Bio-Oss and Nano (see Fig. 7.20).  Figure 7.21 shows how the WH 

approach allows deconvolution of broadening associated with crystallite size (D) and 

strain (ε α 1/E
hkl

) depending on Eq. 7.7. The nHAp/PMS has a small degree of scatter of 

experimental data points (close to the linear fit) than Bio-Oss. Here, it is thought that 

the stress is a reasonable approximation for HAp/PMS and Bio-Oss, but the data for 

Nano is less with too different gradients at different θ. 

 

 

 
Figure 7.20:  Deduced average crystallite size (D), strain parameter, Ehkl, and the stress of 

Nano, Bio-Oss and nHAp/PMS (d in the table = crystal size; using topaz software).  
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Figure 7.21A: Williamson Hall XRD analytical approach (plotting 4sinƟ versus βcosƟ) for 

HAp/PMS. 

 

 

 
Figure 7.21B: Williamson Hall XRD analytical approach (plotting 4sinƟ versus βcosƟ) for 

Bio-Oss 
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Figure 7.21C: Williamson Hall XRD analytical approach (plotting 4sinƟ versus βcosƟ) for 

NanoHAp. 

 

 

7.3.6 FTIR 

The FTIR spectra show the apatite peaks in Bio-Oss and nHAp/PMS (see Fig. 7.22). 

The P-O absorption bands are strong and sharp peaks (1026-983 cm-1) in all samples, 

even in PMS alone. That means, the PMS already has phosphate group: the peak at 873 

cm-1 refers to the vibration stretching mode of P-O bond and the peaks at 559 and 433 

cm-1 attributed to the vibration bending mode of O-P-O bands in the PO4
3- apatite 

groups in nHAp/PMs.  The carbonate group forms weak peaks at  1394, 1388 and 1394 

cm-1 [273] in nHAp/PMS. In PMS, the peak at 1369 cm-1 indicates proteins and the peak 

was shifted to 1394 cm-1 due to the reaction of HAp with proteins in the PMS on the 

cell surface (see Table 7.5).  

Table 7.5: Frequency of FTIR functional groups in HAp samples. 

 
ύ (O-H) ύ (N-H) ύ (C-H) ύ (C-O) ύ (P-O) ύ (PO4

3-) 

nHAp/PMS 3628 3184-br. 2758 -2864 

w. 

1394 w. 1026 v.s and 

sh. 

873, 559, 

433 

PMS 3672 3331-br. 2970- 2821 

w. 

1369 w. 1016-983 w. 464 br. 

Bio-Oss - - - 1388 w and 

sh. 

989 m. 655, 553 

m.  and 

sh. 

s = strong, m = medium, w = weak, b = broad, sh. = sharp 
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Figure 7.22: FTIR spectra for nHAp/PMS, Bio-Oss and Nano-HAp 

 

The absorption band at 3628 cm-1 due to overlapping with the broad band of adsorbed 

water arises by the stretching mode of hydroxyl groups in the HAp structure [273]. 

Meanwhile, the broad band at 3350 cm-1corresponds to strongly bound H2O. Also, the 

1687 cm-1 band observed in the nHAp/PMS can be attributed to the ν2 bending mode of 

adsorbed H2O (see Fig. 7.22) [109]. A weak band was detected for CO3
2- around 1460 

cm-1 because the small number of PO4
3- ions in nHAp structure was replaced by CO3

2-  

ions. Carbonate ion is a part of bone structure [195].  
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7.3.7 TGA 

The thermal stability of nHAp/PMS and other samples was determined using TGA in 

N2 (see Fig. 7.23). A weight loss of approximately 6.5% was seen for nHAp/PMS from 

RT to 134oC, arising from evaporation of water and then a weight loss of about 74% up 

598oC associated to the loss of carbohydrates because PMS degradation. In contrast, 

Bio-Oss and nano HAp (nHAp) lost a weight only around 3.3% at 681.5oC related to 

loss of water from the lattice.  The total weight loss around 880oC is 90% for HAp 

replica (PMS loss will leave a HAp replica) compared with HAp Bio-Oss only 94.9% 

and 10% and 95% residue, respectively.   

 

 
Figure 7.23: TGA analysis of nHAp/PMS, Nano-HAp and Bio-Oss-HAp in N2. 

 

 

7.3.8 The mechanism of nucleated nHAp-PMS 

PMS is an organic biotemplate. Organic macromolecules include proteins, lipids and 

polysaccharides. COO- groups and electron pairs for two oxygen atoms of a carboxyl 

group act as a claw to react with Ca2+ on the surface of PMS. Also, hydroxyl groups on 

the PMS surface determine the HAp growth rate on PMS. HAp growth is along 

direction [002] planes revealing an increase in the concentration of OH- groups [292]. 

Self-assembly leads to surface of HAp nuclei and then nHAp/PMS [296]. After that, 

more calcium ions help HAp crystals to grow along the c-axis with oriented 

mineralization induced; HAp crystals were arranged parallel to each other [296]. Here, 

PMS has a good surface chemistry accelerating growth nanorods HAp.  
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The inorganic component of the Ca/P-phase on the PMS surface mainly consisted of 

carbonate-substituted apatite, which is thought to more closely resemble biologically-

inspired HAp (such as bone mineral whose mineral content has been identified as HAp 

with low crystallinity). It has been reported that bones contain a large quantity of 

carbonate ions around (5% - 8%). Certainly, apatite present in bones contains few OH- 

ions. Also, only the apatite present in teeth enamel contains a high OH- (and low CO3
2-) 

content. Furthermore, the adsorption of atmospheric CO2 yield CO3
2- that could become 

embedded into the crystalline lattice of nHAp/PMS. CO3
2-could cause deformation in 

the crystal lattice of the stoichiometric nHAp/PMS and change the crystallographic 

nature of the structure of biological apatite [276]. 

7.4 Conclusions 

 

A novel method of preparing templated nano-hydroxyapatite (nHAp) microspheres 

from the conversion of CaCO3 replicas on bio-macromolecular Portobello mushroom 

spore (PMS) templates under mild conditions has been optimized and described. They 

have been characterized and investigated using TEM, SEM, TGA, XRD, UV-Vis and 

FTIR. The aim of this study was to attempt to mimic bone mineralization behavior, 

altering scaffold nano collagen. This approach can the author hopes in the future be 

used for designing smarter scaffolds for tissue engineering, artificial bones and 

regenerative medicine. XRD revealed that nHAp/PMS has low HAp crystallinity 

compared with commercial HAp (Bio-Oss). Clearly, PMS surfaces contain hydrophilic 

(polar) groups which can provide suitable sites in which HAp can nucleate and then 

grow. Moreover, PMS has many functional groups which are necessary for the 

formation of chemical bonds with bone (by adsorptive and electrostatic interactions 

with reagent’s species). In particular, surface hydroxyl and carboxyl groups act as 

nucleation sites able to direct the orientation of growth of the surface nHAp crystals. 

The results of the present study suggested that the nHAp/PMS and nHAp/PMS-loaded 

PVA hydrogel film may be used to regenerate bone and/or deliver any transdermal drug 

painlessly and harmlessly when placed on the human skin. 
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Chapter 8: The bioactivity studies of nHAp/PMS 

______________________________________________________________________ 

In this chapter, the biomedical bioactivity and dissolution applications were investigated 

for ions/PMS (Ca, PO4 and Ag) and nHAp/PMS (preparations described in chapter 4) 

and compared with commercial HAp (Bio-Oss and Nano HAp).  The characterisation of 

all these samples was undertaken using SEM, EDX and UV which are described in 

chapter 3.  

 

8.1 Introduction  

 

A scaffold is a 3D substrate for a human cell in the body tissue. Its main aim is to serve 

as a template for tissue regeneration (bone acts like a scaffold to give structure, shape 

and strength to the frame of the human body) [297]. It provides a supporting matrix of 

bone cells and an essential environment for bone cells to migrate and multiply [298] 

(leading to direct chemical bonding with natural bone [299]). The properties (biological, 

chemical and bio-physical properties) of an ideal scaffold  will control and benefit the 

processes at the tissue and at the cellular level [300].  

The scaffold must be biocompatible, have an interconnectivity and yet be a porous 

network allowing cell movement. It must be non-immunogenic and allow transfer of 

nutrients waste products and oxygen [194]. There are many biological elements 

providing essential roles in biological processes (e.g. Ag, Mn, Zn, Cu and Co (see Fig. 

8.1A)). One might want, these elements to be incorporated into the scaffold and then 

offer the opportunity for their release therapeutically [298]. 

There are different scaffolds for tissue regeneration depending on the materials on 

which scaffolds are based:  

(i) natural material (like coral and material formed from cell as peptides, 

collagen and heparin), 

(ii)  synthetic materials (like polymers to improve mechanical properties: 

strength, compressive and toughness), many bioactive polymers have been 

used for bone tissue replacement (e.g. poly-lactic acid (PLA) and poly-vinyl 

alcohol (PVA) [267], and 
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hybrid scaffolds (e.g. HAp/polyamide and HAp/poly (lactic-co-glycolic acid) (PLGA). 

Their synthesis (see Fig. 8.1B) has importance in that they are biologically recognized 

by respective organs but cannot be purified from an immunology point of view. Such 

hybrid scaffolds /HAp crystalline or amorphous calcium phosphate are preferred 

because they have properties that can be controlled and optimized for roughness, 

porosity and a dissolution rate [301]. 

 

 

Figure 8.1: Biopolymer scaffold combined through Ca2+ [301]. 

 

8.1.1 Types of methods 

Biomineralization is the process by which the matrix of a living organism produces 

mineral micro-crystals. A living organism provides a physical and chemical 

environment that controls the nucleation and growth of a unique mineral phase. 

Moreover, these phases exhibit a structural hierarchical order, owing to superior 

physical properties not found in either their inorganic counterparts or in synthetic 

materials. The combination of inorganic compounds, (e.g. salts) into biomolecules often 

gives the structures hardness/rigidity. For example, carbonate is found in diatoms, 

silicate exists in algae [272] and phosphate in Portobello mushroom. 

HAp can be prepared by different routes such as: 

(i)  combustion synthesis,  

(ii) wet chemistry techniques or precipitation (based solvent is aqueous) [195], 

(iii) sol–gel route (based on solvent is organic) [266],  

(iv) hydrothermal synthesis, and  

(v) solid-state sintering [109] and plasma [274] etc.  
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The properties of the synthesise calcium phosphate products are defined by 

temperature, pH, concentration and reagents (type, purity and quality). All of the 

above mentioned preparation routes can modify the HAp products and its impact on 

the tissue response of these bioceramic implants [273]. 

The methods of assessment of bioactivity used in this study are described in section 4.4. 

 

8.2. Results  

8.2.1 bioactivity study  

It can be observed from Table 8.1 that nHAp/PMS has a higher percentage of phosphate 

ions absorbed on/in nHAp/PMS surface, which is 60% more than Bio-Oss 37% and 

Nano 42% after 336 immersion hours (14 days). That means, more HAp could nucleate 

and grow on nHAp/PMS because there are more active sites on the PMS surface that 

attract more Ca and phosphate ions in SBF to react on the PMS surface leading to 

deposition from SBF. Furthermore, the nanoparticles of nHAp/PMS catalysed more 

HAp deposition until all the surface is covered because they have a high surface area for 

nHAp formation. Therefore, the weight increasing indicates that nHAp/PMS does not 

dissolve in the SBF over 14 days. Rather, the Ca and phosphate ions from SBF deposit 

on nHAp/PMS due to many active sites on the surface of PMS. Moreover, the carbonate 

in the nHAp/PMS layer  formed helps to bond in living bone [194]. Nano (commercial 

HAp) exhibited a deposition process of Ca and phosphate ions from SBF more than 

Bio-Oss. This demonstrates that in terms of a deposition process Nano-HAp is more 

active (with little  dissolution) due to its volume and high surface area [301]. 

HAp/PMS-PVA as a hydrogel has 473% that is a highest % compared with other 

samples.  

Table 8.1: Weight increasing of HAp samples immersed in SBF after 14 days. 

Samples W1 (mg) W2 (mg) % 

Bio-Oss 19.0 26.2 37.89 

Nano 19.0 27.1 42.63 

nHAp/PMS 19.0 30.5 60.52 

HAp/PMS-PVA 13.5 77.4 473.3 

 

SEM analysis, (Fig. 8.2-3) of deposits of Ca/phosphate ions on PMS after 1h confirmed 

that deposition was inside and outside spores (although it is unclear if some PMS was 

fractured before Ca2+/phosphate deposition).  At first, the Ca2+ ions adsorb on PMS 



Chapter 8 

 

173 | P a g e  

 

surface and insert in the membrane cell (Ca/P-PMS inside spores (deep 659 nm) with a 

spherical shape). The dimensions of the cell wall of Ca/P- modified PMS are 310.4 and 

219.5 nm. SEM suggested that the PMS diameter becomes larger and more rigid with 

crystal NPs found at all PMS sites. This process may sometimes lead to breaking or 

cracking some of the spores (see Fig. 8.3).  

The morphology of HAp crystals formed may depend on the prevailing pH, the 

concentration of Ca2+ and phosphate ions and temperature [192]. Here, the pHs for 

samples which were immersed in SBF for 14 days are shown in Figure 8.4. In the first 

1h, Bio-Oss and Nano (commercial samples) immersed in SBF tend to have a strong 

tendency to reach pH 11-10 (from an initial pH for SBF of (7.4) possibly due to the 

dissolution of HAp in SBF.  

 

 
Figure 8.2A: SEM of Ca2+/phosphate ions modified in/on PMS (broken) external appearance 

membrane cell of PMS after 1h. 
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Figure 8.2B: SEM of Ca2+/phosphate ions modified in/on PMS (broken) internal 

appearance inside the PMS after 1h. 

 

 
Figure 8.3: SEM images of the dimensions of cell wall of Ca/phosphate ions after 1h on/in 

PMS surface. 
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Figure 8.4:  pH in bioactivity study of nHAp/PMS in SBF for 7 days. 

 

Furthermore, Figure 8.4 indicates that both Bio-Oss and Nano scaffolds lose phosphate 

ions from SBF after 4 days (because of the deposition on these scaffolds). It is 

suggested that Ca2+ and phosphate ions penetrate the porous Bio-Oss and nHAp/PMS 

and gradually nucleate as HAp and then crystallize. After that, the pH remained around 

7 over the time studied. The Bio-Oss and Nano porosity may help bone deposition 

bioactivity [193] . In contrast, in the case of nHAp/PMS scaffold, there was no 

significant change in pH (7.4 to 7.2). Here, the Ca and phosphate ions react on the PMS 

surface and the material bioactivity increases; compare results obtained from the 

percentage of HAp/PMS which is high (60% higher than with Bio-Oss 37.89% and 

Nano 42.63%). Furthermore, comparing the material evolution in SBF, pH values 

showed a similar trend after 2h. It appears that the nHAp/PMS scaffold is more soluble 

than Bio-Oss and Nano, due to the constancy  of the solution pH in the nHAp/PMS 

scaffold case [302]. 

 nHAp/PMS scaffold reveals (Fig. 8.5) lower Ca ion concentrations in solution than 

other samples due to Ca2+/phosphate deposition on nHAp/PMS. Interestingly, after 36-

48h, nHAp/PMS has a lower concentration of Ca ions in SBF solution than Bio-Oss and 

Nano (due to depositions on the nHAp/PMS scaffold) suggesting that this is the perfect 

time for bioactivity and bone formation. After 76h, the concentration of ions remains 

constant, suggesting that the dissolution/deposition processes are balanced and take 

place at the same time as the bone formation [301]. Increasing the period of immersion 
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in SBF, causes more layers of ions to form increasing the thickness of apatite formation 

on the PMS surface leading to saturated active sites on nHAp/PMS. Therefore, Ca ion 

levels increased in the solution of SBF (after 84h). Figure 8.6 shows phosphate ions 

concentrations in SBF solution over various samples were broadly similar. 

 

 
Figure 8.5: Bioactivity and concentration Ca2+ ions in SBF solution containing 

nHAp/PMS, Bio-Oss and Nano-HAp. 

 

 
Figure 8.6: Bioactivity and concentration of PO4

3- ions in SBF solution containing 

nHAp/PMS, Bio-Oss and Nano-HAp. 
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8.2.2 Dissolution studies 

It was observed that nHAp/PMS swelled in some parts and lost its adhesion to the 

substrate. Table 8.2 shows that nHAp/PMS has a highest percentage of weight gain 

(108%) on sitting in PBS for 30 days, because of its high surface area, larger number of 

active sites and surface hydrophilic (polar) interactions with ions in PBS leading to 

rapid ion adsorption.  Possibly in HAp/PMS-PVA the polymer hinders uptake [285]. 

 

 

Table 8.2: Weight gain of samples in PBS for 30 days. 

Samples W2 of (mg) W1 of (mg) % 

Bio-Oss 20.2 19.0 6.31 

Nano 20.3 19.0 6.84 

nHAp/PMS 39.6 19.0 108.42 

nHAp/PMS-PVA 21.2 19.0 11.57 

 

The dissolution study showed (Fig.8.7) that nHAp/PMS provides a suitable surface for 

bone-like apatite because PMS has more functional groups (as OH- and COO-) that 

attract positive ions in PBS (as K+ ions). Similarly, nHAp attracts negative charged 

(PO4
3-) leading to increased phosphate concentration. Therefore, nHAp/PMS has a 

lower concentration of phosphate ions in solution and higher concentration of phosphate 

ions on nHAp/PMS due to attracting more NPs and causing aggregation on their surface 

after 14 days. Here. nHAp/PMS shows a low rate of degradation in SBF. As a result, 

this can help the cell adhesion with bone cells and it can be used by these samples as a 

scaffold. However, Bio-Oss and Nano started to degrade after 21 days due to 

dissolution in SBF. 

 
Figure 8.7A: Dissolution of nHAp/PMS, nHAp/PMS-PVA, Bio-Oss and Nano in PBS solution. 
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Figure 8.7B: Dissolution of nHAp/PMS, nHAp/PMS-PVA, Bio-Oss and Nano in PBS 

solution. 

 

 

Figure 8.8-8.9 show SEM evidence of the state of nHAp/PMS, nHAp/PMS-PVA, Bio-

Oss and Nano after a 14 day bioactivity test in SBF. The finest (20-50nm) and least-

dense HAp phase has been laid down by nHAp/PMS. The author believes that this is the 

case because deposition on PMS involves steps: 

(i) incubation: where the PMS surface becomes more negatively charged and 

where PMS surface-held functional groups (OH-, COO- and PO4
3-) 

electrostatically-attract Ca2+, 

(ii) nucleation: where NH4
+ attracts HAp-held OH- and PO4

-3 [301] and 

(iii) growth: where Ca2+-rich phase accumulates PO4
3- leading to bone-like 

apatite growth [193] with its surface covered in phosphate ions[192].  

Figure 8.9 shows that the morphology of Bio-Oss and Nano surface is less dense HAp 

layer formation on nHAp/PMS. Moreover, the nHAp/PMS can be observed after 

incubation for 2 days SBF (see Fig. 8.10A). Here, it exhibited a pore structure that 

provides a suitable surface topography for cell adhesion. In fact, the open porous 

structure of space is able to absorb tissue ingrowth. Further, the pore size is important 

for cellular adaptation, sufficient nutrient permeation and new bone formation [194]. 

The results reveal that the PMS surface chemistry (with its ion-binding potential)  is 

viable up to 14 days of culturing in SBF [303], all the time accumulating HAp. On more 
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nHAp/PMS in SBF this leads to the enhancement of mineralization and supports its 

osteoblast activity [297]. Also, EDX results reveal that the Ca, P and O elements found 

on the PMS surface confirmed the growth of a calcium phosphate layer on nHAp/PMS 

(see Fig. 8.11). 

 

 

Figure 8.8: SEM of PMS after the bioactivity study in SBF over 14 days for nHAp/PMS 

(scale bar =1µm). 

  

A B 

Figure 8.9: SEM of two samples after the bioactivity study in SBF for 14 days: A) Bio-Oss and 

B) Nano (scale bar =10µm). 
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Figure 8.10A: SEM of nHAp/PMS in a bioactivity study of in SBF after 2 days. 

 

 

 
Figure 8.10B: SEM of nHAp/PMS in a bioactivity study of in SBF after 14 days. 
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Figure 8.11A: SEM of the bioactivity study in SBF after 7 days for nHAp/PMS (scale bar 

=1µm). 

 

 

 
Figure 8.11B: EDX of the bioactivity study in SBF of nHAp/PMS. 

 

 

However, Figure 8.12 shows that the morphology of the samples changed after 

dissolution in PBS for 30 days, with more pores seen on the surface of the nHAp/PMS 

sample possibly due to biodegradation (see Fig. 8.12). During dissolution, after 7 days, 

the dissolution of Bio-Oss and Nano was more than nHAp/PMS and nHAp/PMS-PVA 
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leading to a low rate of dissolution.  These samples and their aggregates could create 

pores of similar dimension to them and their aggregates (see Fig. 8.13) [194].  

 

 

 
Figure 8.12: SEM of   nHAp/PMS in PBS for 30 days. 

 

 
Figure 8.13A: SEM of the dissolution study in PBS for 30 days for Bio-Oss and B) Nano. 



Chapter 8 

 

183 | P a g e  

 

 

 
Figure 8.13B: SEM of the dissolution study in PBS for 30 days for Nano. 

 

8.3 Conclusions 

 

In vitro bioactivity and the dissolution of HAp and HAp/PMS samples were evaluated 

using SBF and PBS environments, respectively.  The bioactivity study showed rapid 

formation of bone-like HAp on the nHAp/PMS surface by SEM and UV. Here, PMS 

acts as a chelating reagent to accelerate the mineralization process. The apatite layer 

increased in extent with time in SBF.  In vitro dissolution of nHAp/PMS and after 30 

days, it was less than Bio-Oss and Nano leading to a low rate of dissolution. Because of 

the morphology of the samples changed after dissolution in PBS for 30 days and more 

pores seen on the surface of the nHAp/PMS sample due to biodegradation Here, 

nHAp/PMS could create pores of similar dimension to them and their aggregates.
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Chapter 9: The drug delivery and protein adsorption by hollow 

microsphere by Portobello mushroom spores (PMS) using ascorbic 

acid (AA) hemoglobin (Hb) and insulin as model therapeutic agents. 

______________________________________________________________________ 

In this chapter, the adsorption or uptake of PMS/biomolecules has been investigated to 

explore the potential of a mode of drug delivery. AA/PMS could well, it was thought, 

be used for skin protection. Hb/PMS, insulin/PMS, nHAp/PMS might well be used for a 

drug delivery system and PMS suspension as a food supplement. The PMS samples 

were compared with PVA hydrogel as model synthetic microspheres. Bioactivity and 

dissolution were studied using simulated body fluid (SBF). The samples were 

characterized by SEM, µ-FTIR and UV (described in chapter 3). 

9.1 Introduction 

 

Recent research trend in tissue engineering has been based on seeding cells into porous 

matrices of biodegradable polymers. The ideal biomaterial should be biodegradable, 

non-toxic and porous (aiding the migration of host cells into the matrix permitting 

growth into complete tissue analogs in vivo) [112]. Mushrooms and their derivatives 

have been used in antitumor, anti-diabetic, wound healing, antibacterial, anti-parasitic, 

antiviral, preventing dental plaque, immunomodulatory, cardiovascular, hepato 

protective, [114] drug delivery systems and have been used as  bio-materials for tissue 

engineering [111]. 

 

9.1.1 Ascorbic Acid 

Ascorbic acid (AA; C6H8O6; Mwt. 176.12 g/mol) is vitamin C (L-hexuronic acid; 

water-soluble) and is essential for metabolic processes. It can be present in all body 

fluids. At physiological pH (7.2), Figure 9.1 indicates that the ascorbate anion (HAs1-) 

is more acidic because it is stabilized (in the form Fig. 9.1B) via electron delocalization 

and is found at around 99% of AA. It affects more than 0.05% of H2As and 0.004% of 

ascorbate ions Asc2−  [304]. The ascorbate ions (HAs1-) is a reducing agent and an 

antioxidant that inhibits the risk of cancer via neutralizing free-radicals that damage 
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DNA  [305] (see the equation below). AA is known as a reductant of metals generating 

NPs (e.g. Au NPs which reducing/capping agents [306]. 

 

 
Figure 9.1: Ascorbic acid (AA) at physiological pH [304]. 

 

 

𝐶6𝐻7𝑂6
1−  + 𝑅𝑂.  →  𝑅𝑂𝐻 +  𝐶6 𝐻6 𝑂6 − − − (9.1)  

 

Several studies indicated that AA can be deposited on the skin and is able to act as a 

sunscreen for the skin [307]. Others, use cross-linked chitosan microspheres to 

encapsulate AA for drug delivery via spray drying [305]. AA can also be intercalated in 

a Ca/Al layered double hydroxide drug delivery system [308].      

Collagen is important for the strength and function of the skin and is an important factor 

in skin rejuvenation and affects wrinkle reversal. The amount of collagen in the skin 

tends to decline with age; therefore, it is widely used as a moisturizer in cosmetic 

creams and products. Vitamin C (L-ascorbic acid) has been widely used in cosmetic and 

dermatological products because of its photoprotective effect and the ability to scavenge 

free radicals and destroy oxidizing agents. It can also induce collagen synthesis and 

suppress the pigmentation of the skin, while reducing signs of photoaging. Moreover, it 

is used to treat and prevent cancer via many mechanisms: (i) antioxidant (because it has 

many phenol groups to inhibit the free radicals and reduce toxicity of chemotherapeutic 

agents), (ii) stimulation of collagen formation, which is necessary for stopping tumour 

growth and (iii) correction of AA level and (iv) enhancement of the immune system in 

the human body [305].    
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9.1.2 Hemoglobin 

Hemoglobin (Hb) is a globular protein with quaternary structure (RMM 64450 g/mol; 

soluble in water) which is a tetramer consisting of (two dimers that bind to oxygen) two 

α-chains and two β-chains (four globin chains), each associated with a heme group (4 

heme with 4 polypeptide chain 2α and 2β gives 1 hemoglobin molecule). Hb has a 

negative charge and  it is found in all vertebrates and it is the major oxygen-transport 

protein found in the red blood cells [309]. The Bohr effect describes the increase in 

affinity of Hb when the pH is high. Here, Hb loses H+ from amino acid leading to a 

change in its structure and increasing the ability of oxygen bonding (see Fig. 9.2). In 

constant, the oxygen affinity of Hb decreases when pH is low because Hb picks up H+.  

 

 

 
                                                                     

Figure 9.2: The effect of pH value on Hb [310]. 

 

Some researchers have reported that nHAp hollow microspheres can be used in the 

delivery of adsorbed hemoglobin using inorganic phosphorus. The amount of adsorbed 

Hb increased on the HAp porous hollow/microsphere in proportion to their specific 

area. Furthermore, the Hb released in phosphate buffer saline (PBS) solution in pH 7.4 

was higher than at pH 6 [111]. Previous study has indicated that nHAp porous/hollow 

microspheres using a DNA-templated had a high drug loading capacity and a better 

ability to release Hb in different concentrations [269].  
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9.1.3 Drug Delivery and Nanomaterials 

Ingestion/oral routes are significant and convenient types of drug delivery. Exposure of 

the drug to pH values of the stomach can result in pH-induced oxidation-hydrolysis-

denaturation of protein therapeutics, leading to loss of the activity of the release drug 

[311]. Enzymatic degradation is caused by proteases, nucleases and lipases present in 

the full GI tract, resulting in digestion of biological molecules prior to their absorption. 

Such problems need to be overcome [127]. In addition, the vehicle of the drug delivery 

should be biocompatible [126]. Drug release depends on the specific properties of the 

drug [312], pH changes, temperature and solubility in the prevailing solvent [209].  The 

mechanisms of drug release can be explained in terms of host swelling, diffusion and 

degradation [313].  

Hydrogels can be thought of as possible 3D that can used for drug delivery systems due 

to their soft and hydrophilic surface interfaces to react with the tissue in the human 

body.  Factors such as the nature of the drug, degree of the hydrogel crosslinking and 

hydrogel pore size are important. [314]. For example, polyvinyl alcohol (PVA), and 

pullulan (polysaccharide)-PVA interpenetrating polymeric network (IPN) microspheres 

have been  used as drug delivery systems [315]. Furthermore,  developing polymeric 

NPs  has historically been limited by their low bio-availabilities [127]. 

Several studies have shown that bioactive ceramics [316] and polymeric microspheres 

[312] might be used in drug delivery to improve bone regeneration, growth of bone 

tissue and  controlling  bone infection (releasing antibiotics) [317]. Their advantages 

can be suggested to be high surface area and porosity, large pore volume and reduced 

toxicity [318]. 

1. Insulin 

Human insulin consists of two chains polypeptide (α-chain 21 amino acid and β-chain 

30 amino acid) (C257H383N65O77S6; RMM.5808) which are produced from β-cells in the 

pancreas in the human body. It has a negative charge and low solubility at pH 7.2 (2 

mg/mL of insulin at pH 2–3). Insulin is considered a hormone (destroyed in the stomach 

if taken orally, due to the prevailing acidity) that regulates the metabolism of fats and 

carbohydrates via promoting glucose absorption from blood (see Fig. 9.3) [319]. The 

electrostatic interactions (attractive or repulsive) are an important factor in insulin 

adsorption at pH 7.4. When the membrane of sample has no charge groups or almost 

neutral charge, hydrophobic interaction between the membrane of sample and insulin 
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can contribute to the extraction of insulin adsorption, which was less dependent on pH 

and was mainly due to hydrophobic interaction. A pH about 5.4 causes insulin 

aggregation [320].  

 

  

 
Figure 9.3: Insulin loading by alginate/chitosan NPs [319]. 

 

2. Oral Delivery of Insulin (In) 

Insulin (In) has been used as a model protein, because it is a well-known therapeutic 

protein and standard treatment for diabetes. Usually, insulin is associated with multi-

daily injections. Therefore, there has been significant interest in the development of oral 

non-invasive delivery systems.  Since unfortunately, injections are often painful, 

especially for children, leading to low patient compliance. Oral delivery is an improved 

method of protein delivery and can be much easier than dealing with injections and can 

improved patient compliance [321].  Insulin has been used in many methods but with 

some limitations. Doses of insulin are sometimes not enough to generate a 

hypoglycaemic (decreasing blood sugar below the normal levels) response. Natural 

encapsulation using spores for drug delivery is thought to have many benefits: (i) 

uniform size, (ii) unique properties, (iii) internal cavity that can be used to accept-

release range of drugs and (iv) no toxic organic solvents.  

The methods used in the assessment of the uptake and release of AA, Hb and insulin are 

described in section 4.5. 



Chapter 9 

 

189 | P a g e  

 

9.2 Results and discussion 

9.2.1 Uptake Studies 

1. Ascorbic Acid 

Ascorbic acid (λmax = 245nm) is water soluble and dissociated in water depending on 

the solution acidity as monovalent ascorbate anion (λmax = 265nm) and then dissociated 

to divalent ascorbate anion (λmax = 297nm)  according to the following equation [322]: 

 

𝐻2𝐴𝐴  ↔   𝐻𝐴𝐴1− +  𝐻+  ↔   𝐴𝐴2−  +  𝐻+ − − − (9.2) 

 

Here, AA is dissociated to the monovalent ascorbate anion (λmax = 265nm). Table 9.1 

and Fig. 9.4 indicate that PMS alone has a high extent of AA adsorption (99.8%) at a 

relatively low concentration (0.149mM) compared with other samples. The adsorption 

is slower with nHAp/PMS (0.143mM) and PMS/PVA (0.141mM) because PMS has a 

smooth surface and so is able to ad/absorb AA directly.  

 

Table 9.1: The AA loading of the samples using different concentrations for 24h at RT. [AA]1 is 

the initial concentration of the loading solution; [AA]2 is absorbed 0.15mM on PMS 

(3mg/10mL; after the initial [AA]1 was subtracted from final [AA] solution after 1 day) in H2O 

Samples [AA]1 (mmol) at 

t=0 

[AA]2 absorbed on 

PMS (mmol) 

Loading uptake/adsorption 

(%) 

PMS alone 26.418 26.370 99.82 

nHAp/PMS 26.418 25.31 95.80 

PMS/PVA hydrogel 26.418 24.961 94.48 

 

 

Figure 9.5 shows that there is an electrostatic interaction between the PMS surface (with 

its many functional groups which have -OH, -COO and -NH) and AA: i.e. there is a 

broad OH peak at 3400 cm-1 and the sharp C=O peak at 1750 cm-1 (group) after PMS 

surface interaction. The FTIR spectra show important peaks of pure AA (i.e. 3400 

(hydroxyl; broad), 1750 and 1640 (carboxyl; sharp) and 1020 cm-1 (C-O; sharp)). After 

uptake on/in the PMS surface, the broad peak of pure AA is decreased in intensity as 

hydrogen bonding for AA molecules decreased and interacted with the PMS surface. 

Here, the evidence confirms the stability of AA and that AA was chemically unchanged 

by PMS. With increasing AA concentration by a factor of 3 the average % 

ad/absorption decreased to half 49.6% but the absolute extent of uptake; essentially it is 

assumed that the active sites as OH- and COO- on spore’s surface are no saturated with 

AA molecules residual. Observations of nHAp/PMS and PVA hydrogel show a similar 
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trend and good extent of ad/absorption at 0.15mM AA solution concentration (95-94%) 

with less AA taken up than for the PMS alone. 

 

 

 
Figure 9.4: Uptake of AA by PMS, nHAp/PMS and PMS/PVA hydrogel in water for 24h 

at RT at an initial [AA] of 0.15mM AA. 

 

 

 
 

Figure 9.5:  FTIR evidence for PMS alone, AA and AA/PMS. 
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Figure 9.6 is a chemical map of AA/PMS derived from micro-FTIR. This shows that the 

strong interaction (red to yellow area) in AA/PMS sample indicated to ad/absorb 

ascorbic acid on/in the PMS surface. 

 

  

  

 
Figure 9.6: µ-FTIR evidence of AA/PMS in total absorbance A) FTIR for AA/PMS at two 

position and B) optical image for AA/PMS. µ-FTIR sees aggregates of PMS, not individual 

spores 

 

2. Hemoglobin (Hb) Absorbed on PMS Surface 

Hb is a model of protein. Its adsorption/release was also investigated with PMS alone, 

nHAp/PMS and PMS/PVA hydrogel at a constant concentration (0.2 mg/mL; 3x10-4 

mM) with agitation at 24h and 37oC. Figure 9.7 and Table 9.2 show that the extent of 

adsorption Hb on three samples. This PMS-based samples continued to broadly increase 

with time up to 80h. The uptake of Hb by nHAp/PMS is broadly the same as with PMS, 

with is experimental error. Possibly, one should deduce that the HAp on PMS is not 

blocking entry of Hb to PMS (see Table 9.2). After 1day, it can be observed that 

nHAp/PMS and PMS have the same level of Hb adsorption (around 6 mmol).  
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Figure 9.7: Extent of Hb absorption on PMS-based samples surface from water over 3 

days. 

 

The large Hb protein must interact with the PMS surface functional groups. Protein 

sorption presumably will be due hydrogen bonding, van der Waals, hydrophobic and 

electrostatic interaction). All these are possible on the PMS surface in parallel solvent 

water probably also enters the PMS causing swelling PMS and leading to an increase in 

its surface area. In contrast, nHAp/PMS and PMS/PVA hydrogel reached a saturated 

state after 3 days on Hb loading of 31% and 15% respectively. 

Table 9.2: Hb loading of these PMS-based samples for 3 days at RT. [Hb]1 is the initial 

concentration of the loading solution; [Hb]2 is the adsorbed amount on PMS (3mg/10mL; after 

the initial [Hb]1 was subtracted from final [Hb] solution after 3 day) 

Samples [Hb]1 (mmol)  [Hb]2 adsorb (mmol) Loading (%) 

PMS 19.33 6.87 36 

nHAp/PMS 19.33 6.13 32 

PMS/PVA hydrogel 19.33 2.94 15 

 

9.2.2 AA, Hb and In Drug release  

In vitro, the release studies of ascorbic acid (AA a model vitamin) and hemoglobin (Hb 

a model protein) hollow PMS, nHAp/PMS, HAp-PVA hydrogel microspheres and 

PMS-PVA-hydrogel has been measured in phosphate buffer saline (PBS) at pH 7.4 at 
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37oC over periods of 5h. The amounts of reagent release were estimated using UV 

(where λmax varies with the analytic).  

1. Ascorbic Acid  

The results show that AA release from nHAp/PMS had a higher initial rate of AA 

release than PMS in the first two hours but by 3-5h this is reversed. At all times AA 

release from PMS and nHAp/PMS was greater than when PVA was present. PMS-

based samples are shown in Figure 9.8 Here the rough surface morphology of 

nHAp/PMS (due to nHAp which has a rod structure) does not significantly block the 

release of AA.  

 

 
Figure 9.8: Calculation of ascorbic acid released from PBS solution-based samples for 5h 

at 37oC. 

 

2. Hemoglobin 

Hb release from the PMS-based samples was studied in water (as a control and PBS 

solution (pH 7.4) over 4h and at 37oC. Figure 9.9 shows no significant change for %Hb 

release with nHAp/PMS and PMS in water for 5h at 37oC. Again, Hb release was 

similar for PMS and nHAp/PMS; in other words, nHAp does not hinder Hb release, 

unlike PVA. Figure 9.10 shows that with the PMS-based samples Hb release into PBS 

solution. This was higher for PMS than into water (see Fig. 9.9) and increased with 

time. SEM (see Fig. 9.11) shows a slight variation in the morphology of Hb/PMS 

release in PBS. First, there appears to be a thin layer around the PMS surface that glues 

together PMS aggregates, it may be that HB is the glue between PMS. Furthermore, 

there was no denaturation or damage of the spores as a result of take up and release. 
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Clearly, nHAp/PMS exhibited a rough surface with its thick layer of nHAp on the PMS 

surface which presumably attracted more drug molecules onto the PMS surface. 

Consider for a moment whether this uptake/release is only a surface phenomenon 

(adsorption/desorption). 

 

  

 
Figure 9.9: % hemoglobin release from PMS-based samples in water for 5h. 

 

 

 
Figure 9.10: Hb released from PMS-based samples in PBS for 5h. 
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Figure 9.11: SEM of coating of Hb around nHAp/PMS in PBS. 

 

• Surface Area (SA) of PMS 

The overall shape of PMS is oval (a = 3µm and b = 2µm in the schematic below and 

height average 0.300 µm) confirmed by SEM and TEM). Therefore, the volume and 

surface area of PMS can be calculated as the follows: 

 

   

Spore shape 

 

 

a: radius= 6/2 µm   

b: radius= 4/2 µm   

c: height = 0.300 

µm 

 

(i) PMS Volume  
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1- Volume of PMS (oval)  =    4/3 π a.b.c    

                                       =    4/3x 3.14x 3x 2 x 0.3 =  7.536µm3 

                                                          =    7.5 x 10-18m3 

        volume of PMS in 3mg = 22.5 x 1018nm3 

2- Weight of PMS if predominantly H2O (water-filled, ρ H2O   =    106 g/m3)     

                                             =     ρ H2O  x  vol PMS        

                                             =     (106 g/m3) x (7.5 x 10-18 m3)   

                                             =  7.5 x 10 -12g   PMS   

                                 1pico (pg)     =   10-12g = 7.5pg 

(ii)    Number of PMS per g, mg and 3mg 

No. of PMS per g               =    1/ 7.5 x 10-12  =   1012 /7.5    

No. of PMS per 1mg          =  109 /7.5  = 133 x 106  = 133 million per mg. 

No. of PMS per 3mg           =  132 x106 x 3 mg= 400 million in 3mg  

                                             ≈  4 x 108 in 3mg 

(iii) Surface area (SA) of PMS  

 

SA (oval)                            =  π a.b = 3.14 x (3µm) x (2µm)  

                                             = 18.84µm2  

  SA for PMS per 3mg         = SA x no. PMS per 3mg 

                                            =  18.84 µm2 x (106 nm2  ) x (400 x106 nm2 per 3mgPMS) 

                                            = 7520 x 1012 nm2 per 3mg PMS 

• AA molecules sorbed of 3mg PMS 

(i) Number of molecules for 0.1mM AA in 10mL H2O 

No. of AA molecules      = 6 x 1023 x 0.15mM/1000 x 10mL/1000 = 6 x 1017 molecules 

in 10mL 
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(ii) % of  AA taken up 

 

surface area of PMS in 3mg   = 7520 x 1012 nm2 

number of AA molecules in 10mL of 0.15mM =    6 x 1017   

 

(iii) AA molecules absorbed   

                                =  (loading %) x (No. AA molecules)  

    For:             PMS               =  0.99 x (6x 1017)      =    5.9 x 1017  molecules 

                    nHAp/PMS        =  0.95 x (6x 1017)      =    5.7 x 1017   molecules 

                    PMS/PVA          =   0.94 x (6x 1017)      =    5.6 x 1017  molecules 

(iv)  Number of molecules for 0.1mM AA in 10mL H2O 

sorbed of 3mg 

                                            =  AA molecules absorbed / No. of PMS per 3mg 

 

For        PMS                      = 5.9 x 1017/ 4 x 108      =    1.48 x 109   molecules 

        nHAp/PMS                 = 5.7 x 1017/ 4 x 108      =    1.43 x 109   molecules 

           PMS/PVA                = 5.6 x 1017/ 4 x 108      =    1.40 x 109  molecules 

 

 

(v) Area of AA adsorbed (molecules) per 3mg PMS (nm2) 

                              = AA molecules absorbed of 3mg PMS /Surface area (SA) of  PMS  

 For         PMS      =     (1.48 x 109) / 7520 x 1012 = 2 x 10-7nm2 = 2.2pm2 

        nHAp/PMS  =   (1.43 x 109) / 7520 x 1012 = 19 x 10-7nm2  = 1.9pm2 

          PMS/PVA  =  (1.40 x 109)  / 7520 x 1012 = 19 x 10-7 nm2 = 1.8pm2 

 

Table 9.3: AA molecules adsorbed per nm2 surface area of PMS. 

 AA molecules  

adsorbed 

AA molecules 

adsorbed of 3mg PMS 

Area of AA absorbed (molecules) 

on PMS 

PMS 5.9 x 1017 1.48 x 109 2.1 pm2 

nHAp/PMS 5.7 x 1017 1.43 x 109 2 pm2 

PMS/PVA 5.6 x 1017 1.40 x 109 1.9 pm2 
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This is very small for each AA and so the author calculates that AA must logically also 

be absorbed into PMS and PMS/PVA samples. Now consider Hb. 

 

Number of molecules for 0.2mg Hb in 10mL H2O 

(i) M = (wt./ RMM) x (1000/ vmL) = (0.2/ 64458) x (1000/10mL) 

                                                      = 31 x 10-4 = 0.31mM 

No. of molecules for 0.31 mM Hb in 10 mL H2O: 

                                                   = 6 x1023 x (0.31mM x 10-3) x (10mL/1000) 

                                                  = 1.86 x 1018 molecules. 

(ii) Maximum concentration of internally-held (adsorbed) Hb 

Hb molecules absorbed             =  (Loading ratio%) x (No. Hb molecules)  

    For:             PMS                   =  0.35 x (1.8 x 1018)         =   65 x 1016 

                    nHAp/PMS            =  0.31 x (1.8 x 1018)         =   57.6 x 1016 

                    PMS/PVA             =   0.15 x (1.8 x 1018)         =    28 x 1016 

(iii) Hb molecules sorbed of 3mg PMS 

                                              = Hb molecules absorbed/ No. of PMS per 3mg  (4 x 108) 

For:                 PMS              =   (65 x 1016 ) / (4 x 108)        = 16.2 x 108 

                nHAp/PMS           =  (57.6 x 1016)  / (4 x 108)      = 14.4 x 108 

                    PMS/PVA        =  (28 x 1016 ) / (4 x 108)          = 7 x 108 

 (v) Area of Hb adsorbed in PMS (nm2) 

                              =   Hb molecules absorbed of 3mg PMS / Surface area (SA) of PMS  

For:                 PMS              =  (16.2 x 108) / (7520 x 1012)   = 22 x 10-7nm2 = 2.2pm2 

                nHAp/PMS           =  (14.4 x 108) / (7520 x 1012 ) = 19 x 10-7nm2 = 1.91pm2 

                    PMS/PVA        =   (7 x 108 )   /  (7520 x 1012)     =  9 x 10-7nm2 = 0.9pm2 
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Again, this is not likely. 

Table 9.4: Hb molecules adsorbed per nm2 surface area of PMS. 

 Molecules Hb 

adsorbed 

Molecules of Hb adsorbed on 

3mg PMS 

Area of adsorbed Hb 

(molecules)/ on PMS 

PMS  0.63 x 1016 63x 106 2.2 pm2 

nHAp/PMS  0.55 x 1016 55x 106  1.91pm2 

PMS/PVA   0.027x 1016 0.027 x 106 0.9pm2 

 

Table 9.4 and 9.5 compare the extents of adsorption and the area occupied by each AA 

and Hb on PMS, nHAp/PMS and PMS/PVA. The number of AA molecules absorbed 

on the PMS surface is higher than these of Hb molecules (compared with other samples) 

and these results related to the surface area of PMS. The % adsorption of AA (99%) is 

higher that than for Hb (35%). The area occupied by each AA molecules absorbed 

(2.1pm2) is lower than that for Hb (2.2pm2); AA and Hb are taken up by samples are 

adsorbed but each AA and Hb would occupy too small. Hence the authors suggest that 

the AA and Hb are internally held or absorbed not adsorption. 

One must remember that proteins have a high tendency to spontaneously and 

irreversibly adsorb at most aqueous-solid interface [323] and that Hb is a globular 

protein with a molecular mass of 66.5 k Da, composed of two β and two α subunits, 

which are structurally similar, each binding one heme group. 

Others find AA occupies a larger area of a surface than Hb. For example 

(i) 5-10m2/g SiO2 adsorbs 0.97mg AA (176.12g/mol) which suggested each 

AA occupies 3000 pm2of the surface [324]. 

(ii) 1.3-8.2pmol of Hb (65458g/mol) on 1cm2 which suggests each Hb occupies 

500 pm2 of the surface [325]. 

Similarly, here on PMS a similar ratio of adsorbate cross-sectional area is seen, but 

the absolute numbers are much smaller: (i) each AA occupies 2.1pm2 and (ii) each Hb 

occupies 2.2pm2. 
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 A 

 B 

Figure 9.13: Area occupied (pm2) by AA and Hb adsorbate molecules on the PMS 

surface: A) for AA and B) for Hb. 

 

 It is possible that the chemistry and hollow shape, structure and size of PMS makes an 

attractive adsorbing surface area. Clearly, in all samples, the number of AA molecules 

per PMS are lower than Hb (see Fig.9.13). These results suggested that because of the 

smaller size of AA molecules. This way allows more AA molecules to insert inside 

PMS compared with Hb molecules which are large. Furthermore, Hb is a 

globular protein with quaternary structure (different interactions as hydrogen bond, 

ionic bond, hydrophobic and Van der Waals interactions): this structure makes Hb 

absorption difficult on the PMS surface. 
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3. Insulin Swelling Study 

Swelling ratio of PMS/PVA was measured on a pure sample without any insulin 

loading at different pHs for 24h at 37oC. The results (see Table 9.5) show that in SIF at 

pH 7.2, the swelling ratio increased (161%) due to the presence of PMS inside PVA 

leading to lower crosslinking density in the PVA hydrogel. Similarly, in aqueous 

solution, the swelling ratio (145%) increases the uptake of water at a high solution ionic 

strength. This increases hydrogen bonding between PMS-PVA hydrogel and water; the 

swelling ratio increases up to a thousand times more than their dry weight   [326]. The 

hydrophilic PVA hydrogel allows it to absorb biological fluids water via hydrogen 

bonding [327]. The swelling of PMS alone could not be tested because it is difficult to 

control the wt. of PMS dispersed in the solutions. 

 

Table 9.5: The swelling ratio (Q) of PMS/PVA hydrogel after 24h in different pH solutions at 

37oC. 

 H2O (pH 6.8) SIF (pH 7.2) SGF (pH 1.2) 

W1 (mg) 3.7 3.6 3.5 

W2 (mg) 9.1 9.4 6.2 

% Q 145 161 77 

 

 

 

 
Figure 9.14: The insulin release from PMS into H2O, SIF and SGF solutions at 37oC 

over 24h. 

 

In vitro, release study of insulin release at an insulin loading of (400µL (40IU)/10mL 

H2O) was undertaken at (λmax = 270nm) into H2O, SIF and SGF for PMS alone, PVA 

hydrogel, PMS/PVA hydrogel and nHAp/PVA microsphere was undertaken for 24h. 

Here, 0.0347mg of insulin is equivalent to one international unit (IU) of insulin and 
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1mL insulin contains 100IU (3.5mg insulin) [328]. Figures 9.14 and 15 indicate that 

PMS alone exhibited a faster and more extensive insulin release in different pH 

solutions (SIF (pH 8.2), SGF (pH 1.2) and water) over 24h than PVA. Thus, PVA 

hydrogel forms hydrogen bonds with insulin, leading to a decrease in drug release rate. 

Therefore, the insulin  release takes longer with PVA than PMS [329]. Some dissolution 

may occur with insulin/PMS alone at pH 1.2 after 6h; insulin is a protein and is 

damaged in acidic solutions.   

 

 
Figure 9.15: The insulin release from PVA into H2O, SIF and SGF at 37 oC over 24h. 

 

PMS/PVA hydrogel sample (Fig. 9.16) and the nHAp/PVA microsphere sample had 

rather slow insulin release (about 30% over 24h) in different aqueous environments in 

agreement with earlier data [128]. The amount released relates to the quantity of insulin 

sorbet  in the samples and then diffusion (except where insulin-nHAp/PVA 

microspheres were degraded [327] in SGF (pH 1.2) after 6h).  Figures 9.17-18 show 

that PMS exhibits the highest release rate for insulin in water and SIF compared with 

other samples. The PMS/PVA hydrogel is similar to PVA hydrogel in terms of its 

insulin release rate (depending on the pH of solutions). nHAp/PVA microspheres 

exhibit a good release rate because of the non-restrictive  surface covering of nHAp and 

porous hollow structure in water and SIF only [330].  
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Figure 9.16: Insulin release PMS-PVA hydrogel into H2O, SIF and SGF at 37oC over 24h. 

 

 

 
 

Figure 9.17: Insulin release from same samples into SIF at 37oC over 24h. 
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Figure 9.18: Insulin release from different samples in SIF, SGF and water at 37oC 

measurements over 24h. 

 

Figure 9.19 shows that some samples have had a better linearity (obeying the Higuchi 

equation (see Eq. 9.3) [305] based on Fick on diffusion of insulin): 

𝑄 =  𝑘𝐻 .  𝑡1/2    − − − (9.3) 

where Q: the amount of insulin release at time (t) 

kH :  the Higuchi rate constant (h-1) and 

t1/2: the square root of time [111]. 

The rate constant for insulin release was deduced from the gradients in Figure 9.19. The 

correlation coefficient (R2) was found to be 0.96-0.80. However, the correlation was 

worst for PMS and the controlling step may have changed with time. Probably,  

mechanism of insulin release from samples followed Fick’s first law of diffusion [269]. 

This was less true for PMS (nonlinear). 

Table 9.6: the release kinetics of samples and rate constant. 

 R2 kH rate constant (h-1) 

PMS 0.9236 33.29 

PVA 0.9436 6.416 

PMS/PVA 0.8018 7.024 

nHAp/PVA 0.9685 0.968 
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A 

 
B 

Figure 9.19: Rate of insulin release (%) as a fuction of the square root of release 

time:A) for PMS and B) other samples (hy.= hydrogel). 

 

SEM of in vitro release results show that the morphology of insulin-loaded/PMS surface 

exhibited no variation in PMS size or aggregation as a result of a thin insulin layer. 

Possibly, nano channels (200-300nm) as the porous PMS shell wall helped the insulin 

movement into and out of PMS. In future this may allow design of  drug delivery [209].  
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A 

 

 
B 

Figure 9.20: SEM of: A) insulin/PMS in H2O, and B) insulin/PMS in SGF (scale bar 

=1µm). 

 

Here, then it is shown that a morphology of PMS (size, hollow, oval shape and cell wall 

structure) can be used as an oral drug delivery system (because it is already used as non-

allergenic food). Normally, PMS has a consistent  
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(iv) size (~ 6 µm),  

(v) hollow shape (allowing a high loading of a drug) and  

(vi) cell wall allowing inflow and outflow of insulin 

giving controlled insulin release (due to its cell wall having good properties enabling 

drug transport through porosity of PMS (nano-channel), chemical and physical 

resistance). Moreover, PMS can be coated with nHAp to control the insulin loading and 

release rate. 

9.3 Conclusions 

 

A novel method has been devised in which ascorbic acid (AA, a model vitamin), 

hemoglobin (Hb) (as a model protein) and insulin (as a hormone) have been introduced 

into hollow PMS, HAp/PMS, HAp-PVA hydrogel microspheres and PMS-PVA 

hydrogels. Further work is in hand to determine whether therapeutic agents can be 

introduced into such micro-capsules and then released beneficially together. These are 

ascorbic acid and antibiotic gentamicin.   Here, these nano composite have been tested 

as oral drug delivery systems. The samples were characterized using UV and SEM. The 

effect of pH on the swelling ratio was studied. In vitro studies suggested that PMS has 

the ability to accept and release ascorbic acid, hemoglobin and insulin, depending on 

pH (in SIF and SGF) and temperature (37oC). It is believed that PMS has many 

advantages as a drug delivery system: homogeneity of shape (oval), size (6µm), 

resilience in both acid and base (pH 6.8) and stability up to 200oC.  In addition, AA-

loaded/PMS is much better than AA from supplements only. That means, one could use 

PMS with vitamins as supplements. Furthermore, the insulin/PMS loaded/PVA 

hydrogel film may be able to deliver insulin in a transdermal manner in drug delivery 

that is painlessly and harmless as a result of being placed on human skin; it promises 

sustained-release insulin for the treatment of diabetes without daily painful injections. 
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Chapter 10 : Nanoengineering the antibacterial activity of 

biosynthesized nanoparticles of TiO2, Ag and Au and their 

nanohybrids with Portobello mushroom spores (PMS) (TiOx/PMS, 

Ag/PMS and Au/PMS) making them optically self-indicating 

______________________________________________________________________ 

 

In this chapter: (i) new methods of measuring antibacterial activity were assessed, and 

(ii) novel TiOx/PMS, Ag-TiOx/PMS, Au-TiOx/PMS and Ag/PMS and their nanohybrids 

have been assessed for antibacterial activity against Eschericia coli and Staphylococcus 

aureus and for antifungal activity against Asperillus.spp and Candide.spp. Thus, the aim 

was to use PMS as a template to reduce and prepare TiOx/PMS, Ag-TiOx/PMS, Au-

TiOx/PMS and Ag/PMS NPs that could be used as antimicrobials in nanomedicine. 

These were tested for antimicrobial activity. These could be enhanced new antibacterial 

and fungal agents. 

 

10.1 Introduction 

 

Nanomaterials are used in bone/tissue engineering [331] and in the control of infections 

[332] associated with MRSA, antibiotic-resistant bacteria [333] and multi-drug resistant 

Staphylococcus aureus [334]. Microbial infections have become a global health 

problem, with antibiotic-resistant genes (ARG) and antibiotic-resistant bacteria (ARB) 

emerging. It is well established that antimicrobials include 5-40nm Ag nanoparticles 

(NPs) [334] that may be biosynthesized by green routes using: (i) Chlorella vulgaris 

microalgae cells [335], (ii) Centella asiatica extract [336], (iii) Arnicae anthodium 

extract [337] or (iv) Phlomis bracteosa plants [338]. In the last case, FTIR showed that 

the polyphenols were mainly responsible for reduction and capping of synthesized Ag 

NPs with their characteristic surface plasmon resonance (SPR) peak at 453 nm. 

Biomimetic Ag-oxide nanomaterials [339], nanopatterned surfaces [340] and bio-NP 

composites [341] are also interesting in an antimicrobial sense, as are bioactive Ti-oxide 

surfaces [342]. It therefore seemed appropriate to investigate PMS-derived Ag NPs, Au 

NPs and TiOx/PMS, Ag/PMS and Au/PMS.  
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It also seemed suitable to test these nanomaterials against Gram-positive 

Staphylococcus aureus [335] and Gram-negative Escherichia coli [343]; here we 

wished to measure the diameters of zones of inhibition (mm) on agar plates as 

previously [338], while also using new methods of assessment and characterizing where 

the NPs were in relation to the PMS cell wall using SEM [334].  

 

10.1.1. Antimicrobial Mechanisms 

Bacteria can be classified depending on the structure/functional components of their cell 

walls into: 

(i) Gram-positive bacteria (e.g. Staphylococcus aureus (S.aureus)) whose cell walls 

contain a thick surrounding layer (20-50nm) of peptidoglycan (PG) which is 

attached to specific acids [53] and, 

(ii) Gram-negative bacteria (e.g.  Escherichia coli (E.coli )) which is more 

chemically-structurally complex; here the PG layer is thin and the cell wall tends 

to be negatively charged  [42], with the outer membrane containing 

lipopolysaccharides [51].  

Anti-bacterial agents can be (a) bactericidal (killing bacteria) and (b) bacteriostatic 

(slowing bacterial growth [53]). The mechanism of antibiotic resistance may be innate 

or may involve prevention of the antibiotic from penetrating the bacterial cell wall [344] 

or hydrolysis/modification/degradation/inactivation of the antibiotic [345].  Most anti-

microbial agents exhibit inhibition, affect DNA/RNA synthesis, affect the cell 

membrane or damage the proteins in the cell [46]. With the development of biomedical 

nanomaterials, safer and alternative anti-microbial agents have started to emerge; these 

may be unique or may increase the activity of the conventional anti-microbial agents 

[345]. Treatment strategies include: (i) photo-disinfection with OH. [344], (ii) UV-

disinfection at say 264 nm [344], (iii) photo-catalytic disinfection when reactive oxygen 

species (ROS) (O2
.-, .OH or O2

-) are generated [344] (e.g. with TiO2/H2O) [344] and (iv) 

nanoparticle disinfection. Nanomaterials can be expected to become more important, 

due to their unique chemical [346], mechanical [347], catalytic [348], electrical, 

magnetic, optical and biological properties [349]. Such properties make NPs powerful 

tools for vast and diverse applications (e.g. anti-microbial, diagnosis, imaging and 

thereby drug delivery (because NPs provide unprecedented opportunities to molecular 

process and interrogate cellular clinical application [350])). NPs have recently emerged 

as unique anti-microbial agents due to their shape, size and high surface area to volume 
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ratio; NPs are of the same dimensions as proteins, nucleic acid, membrane of receptors, 

antibodies and other biomolecules [351]. Antimicrobial NPs [352] operate by 

mechanisms that are similar (but slightly different due to their different chemical 

properties, and their size, surface area, shape, crystallinity, charge, surface energy, 

chemical composition and aggregation [45]). Such NP properties govern their 

interaction with/in living cells and the way in which they (i) damage or disrupt the 

integrity of bacterial membrane, (ii) change the microbial cell wall and nucleic basic 

pathway, (iii) block the enzyme pathway and (iv) destruct the cell membrane [46]. 

Conversely, the cytoplasm of Gram-negative bacteria is a strong reducing environment 

that can affect the oxidation state for metal NPs [352]. Relevant antimicrobial NPs 

include (i) TiO2 that has weak mutagenic potential, but is lethal to S.aureus and E.coli 

under UVC (100-280nm) in 60 min [352], (ii) plasmonic Ag and Au that are chemically 

stable, non-toxic to human cells, biocompatible [42] and exhibit localized surface 

plasmon resonance (LSPR) [36] and colour (due to the coherent excitation of all free-

electrons with the conduction band causing (SPR) an in-phase oscillation) [52].  

Ag NPs when coated onto a filter for water purification or coated onto medical devices 

or in dental resin components to reduce infection [45]. Also, it can be employed in 

wound healing and can control vector transmitted infection [46]. Ag NPs react with 

biomolecules (like DNA, RNA or enzymes during an electron- release mechanism) 

weakening DNA replication, combine with proteins (causing denaturation and 

inactivating them by reducing bacterial proteins levels [48]). Further, they interact with 

P- or S- containing compounds (like DNA leading to damage of the cell wall) [51] and 

may attach to the cell membrane surface and disturb respiration and permeability [52].  

Au NPs have a large number of atoms available to attach [353] to the surface of bacteria 

[354].  Biosynthesized Au NPs are promising for many medical applications, such as 

anti-tumor, labeling, imaging, apoptosis and interaction with DNA [355] (see section 

11.1.1). They also show good biocompatibility, being compatible with human body 

cells and being resistant to corrosion [43]. Au NPs show a significant anti-bacterial 

activity depending on their size and shape and also the type of bacteria [350].  They 

strongly bind to the bacterial cell wall, allowing them to disrupt the bacterial cell 

membrane. Then, they cause leakage of nucleic acids and cytoplasm [345], induce 

photo-mutagenic processes causing damage to DNA and essential proteins [53]. The  

increase in ATP (where ATP generation is a significant part in the respiration chain of 

bacteria via the NAD+/NADH reaction) intercellular ATP levels, leading to bacterial 
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death and catalyze oxidation reactions,  producing ROS that lead to the death of bacteria 

[356]. 

Ag-TiOx and Au-TiOx nanohybrids show strong anti-microbial activity due to their 

multi-functionality, e.g. Ag-TiO2 and Au-TiO2 NPs exhibit excellent anti-microbial 

action [357]. Recently, green bio routes have been used to synthesis NPs (fungi, 

bacteria, and plants) [355] that may have interesting anti-microbial activity. 

Nanoparticles have been recognized and applied in medical fields as a coating of 

medical devices, health-care products, and drugs in recent years. Ag and Au NPs are 

more powerful in medicine especially Ag NPs as antibacterial materials. New NPs 

should be safer because many NPs had raised serious arguments: the toxic effects in cell 

cycle and causing oxidative damage due to some NPs releasing ions from their surface. 

These ions may be controlled possibly by particle size,  oxygen availability and shape 

[358]. 

The PMS-derived NPs are described in section 4.2.1-2 and the antibacterial and methods 

of fungal activity measurement are described in section 4.9. 

 

10.2 Anti-microbial and Anti-Fungal Activity Results 

 

Tables 10.1 and 2 show that IPA, Au3+
(aq) and Ag+

(aq) are active in inhibiting both Gam-

positive (Staphylococcus aureus) and Gram-negative (Escherichia coli) bacteria, but not 

water or PMS alone. The IPA result relates to alcohol washing of hands and is 

presumably an effect of dehydrolysis of the cells by the alcohol. At the same time 

TiOx/PMS, Ag-TiOx/PMS, Au-TiOx/PMS and Ag/PMS in water are active in bacterial 

inhibition. In contrast, Au/PMS is not at all active because there is a strong Au-PMS 

interaction arising from ready reduction of Au3+
(aq) by the PMS surface. Conversely it 

can be no free Au3+
(aq) after the interaction with dispersed PMS. Table 10.3 shows the 

antibacterial and antifungal activity of five samples produced from a H2O suspension. 

Again Au/PMS was inactive. Interestingly, Au-TiOx/PMS was active in inhibiting 

E.coli and S.aureus, but not at all active in inhibiting Asperillus.spp and Candide.spp. 

TiOx/PMS, Ag/PMS and Ag-TiOx/PMS on the other hand were broadly equally active 

in an antibacterial and an antifungal sense.  
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Table 10.1: Visual assessment of diameter (mm) of zone of inhibition activity against E.coli and 

S.aureus by samples (9mm diameter) 

 controls NPs/PMS in IPA NPs/PMS in H2O 

 H2O IPA PMS TiOx 

/PMS 

Ag -

TiOx 

/PMS 

Au -

TiOx 

/PMS 

Auo 

/PMS 

Ago 

/PMS 

Auo- 

Ago 

/PMS 

E.coli 0 15 0 15 16 20 0 13 11 

S.aureus 0 13 0 18 17 17 0 15 12 

NP or PMS 

(mg/100µL) 

- - 4 0.016 0.01/ 

0.007 

0.01/ 

0.01 

0.039 0.021 - 

 

 

 

 

Table 10.2: Visual assessment of diameter (mm) of zone of inhibition activity of precursor salts 

and ions Au against E.coli and S.aureus (9mm diameter) 

 salts in IPA salts in H2O 

 Au3+ Ti4+
 Ag+ Ag+ Au3+

 

E.coli 19 19 24 14 15 

S.aureus 28 22 24. 16 17 

Salt or ion (mg/100µL) 3.05 2.55 0.05 0.05 3.05 

 

 

Table 10.3: Visual assessment of diameter (mm) of zone of inhibition activity (6mm 

diameter) of samples dispersed in H2O 

 TiOx/PMS 

8µg/50µL 

AgTiOx/PMS 

13-21µg/50µL 

AuTiOx/PMS 

42-130 

µg/50µL 

Au/PMS 

25 

µg/50µL 

Ag/PMS 

13 µg/50 

µL 

E.coli 9-7 10-9 8-9 0.00 9-11 

S.aureus 20 8-10 7-7 0.00 9-8 

Aspergillus.spp. 7 8 0.00 0.00 7-9 

Candid.spp. 11 9-7 0.00 0.00 11-12 

 

 

At Brunel University London, Table 10.4 shows the antibacterial activity seen for Ag 

NPs/PMS, water and air using Mueller Hinton agar. This is reassuringly similar to that 

seen in Basrah.  Here, in the agar diffusion disc-variant measurements, the samples 

were dispersed in H2O and then, these samples were used to impregnate 6mm filter 

paper discs (Whatman no. 2) to a loading of 50µL. These results were compared with 

University of Basrah results. 

Table 10.4: Diameter (mm) of inhibition activity against E.col. K12 in Brunel University 

compared with University of Basrah. 

 V (µL) of samples H2O Ag/PMS 

Brunel (6mm) 50 0 13 

Basrah (9mm) 100 0 13 

Basrah (6mm) 50 0 11 
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10.2.1 Novel SEM- EDX and White-light interferometry analysis 

Here, the author wished to determine whether SEM-EDX could provide evidence of Ag 

migration in inhibition zone testing. Scanning electron microscopy (SEM) is still a 

significant technique which can be used to reveal morphological details of biological 

specimens and diagnosis [164]. SEM is a microscope which uses a beam of electrons 

(instead of light) to create specimen’s images. The operation of SEM is that it focuses a 

beam of electrons on the surface of specimen rather than transmission. The primary 

electrons beam excites and interact with the specimen surface and this surface emits 

secondary electrons (SE). Then, the detector is used to form an image from the SE by 

scanning across the surface. In this case, it is able to produce an image of 3D structure 

of bacteria [161] in principle. However, the electron beam has a huge current density 

and it can focus into a very tiny area in a specimen. This area becomes hotter and then 

chars the bacteria. But here agar and water are present keeping and Au overcoating 

(normally used to avoid charging) was not possible. Hence there are several problems 

with getting high resolution SEM imaging in these samples [164]. Nevertheless, 

imaging of Ag/PMS on the filter paper and E.coli in the inhibition zone and on the agar 

surface was possible (see Fig. 10.1). 

Interestingly, Figure 10.2A shows that the Ag/PMS is not seen in the inhibition zone, 

but EDX detects Ag on the surface of PMS and at a distance out from the filter paper 

(FP). This is presumably because Ag
x+

-Ag
o 
diffuses out from the Ag/PMS in-on the FP.  

White-light interferometry (WLI) across an agar petri dish test with E.coli is shown in 

Fig.10.3. Evidence is seen with the different colours of the agar surface beyond the 

inhibition zone (Fig. 10.3A; left of image), through the inhibition zone (middle) to the 

low reflectance 6mm filter paper (right of image; black) on the agar surface. Here, 

absence of Ag/PMS where the surface is rather smooth and presence of Ag/PMS on the 

filter paper where there are chemical crevices is noted. In the future this may be useful 

in defining diffusion-inhibition zone. 
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A 
B 

C 

 

 

Figure 10.1: SEM of three segments of 

the agar test of E.coli using A) Ag/PMS 

on 6mm filter paper, B) inhibition zone 

and C) glutaraldehyde-treated E.coli 

outside inhibition zone. 

 

 
A 

 
B 

 
C 

 
D 

Figure 10.2: SEM-EDX evidence of A) across an agar petri dish test with E.coli from Ag/PMS/ 

filter paper, external inhibition zone and beyond on the agar surface B) the Ag concentrations 

along the green line as an individual Ag/PMS on the filter paper, C) and D) the raised EDX-

derived Ag concentration along the green line across Ag/PMS that sits on the 6mm filter paper. 
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                                       A                                                                                        B 

Figure 10.3: White-light interferometry of across an agar petri dish test with E.coli from the 

agar surface beyond the inhibition zone (left),  the inhibition zone (middle) and filter paper 

(right; black) on the agar surface: A)  without Ag/PMS and  B) presence of Ag/PMS on the 

filter paper. 

 

 

A B 

Figure 10.4: White light interferometry of: A) filter paper (FP) on agar and B) Ag/PMS/FP on 

agar. In all the area (right) in black = FP. 

 

10.2.2 The antimicrobial mechanism for NPs/PMS 

Ag-TiOx/PMS is an active an antimicrobial and antifungal agent, but Au-TiOx/PMS is 

only active against bacteria. This again may reflect the strength of the Au-PMS 

interaction. One would expect that NPs (zero-valent and charged) would bind to PMS 

through several functional groups in the microbial cell [350] and would thereby be 

immobilized (avoiding the free NPs that worried the Royal Society [13]).  

 

1. Cell wall of microbial  

The properties of the bacteria cell wall can play a crucial role in different NPs/PMS 

because the wall is designed to provide rigidity, shape and strength to protect the cell 

from osmotic rupture. Gram positive bacteria were found to be more susceptible to the 

NPs/PMS than Gram negative bacteria because of the difference in their cell wall 

structure. Gram negative bacteria are considered to be more resistant due to their outer 

membrane acting as a barrier to many environmental substances including antibiotics 

[53].  In addition, the charge on the membrane of E.coli is negative because of the 
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excess number of carboxyl groups, which upon dissociation makes the cell surface 

negative. The opposite charges of bacteria and nanoparticles are attributed to their 

bioactivity due to electrostatic forces leading to electrical interaction between the E.coli  

and NPs/PMS increasing the possibility of collisions and decreasing the bacteria growth 

[51]. 

 

2. Effect of NPs/PMS 

The increasing surface area/decreasing the particle size, could be helping to improve NP  

anti-microbial activity [350]. NPs have a large surface area available for interaction, 

which enhances the bactericidal effect more than the large sized particles; hence they 

impart cytotoxicity to the microorganisms. However, the aggregation of NPs leads to 

decreasing the property of the interaction of NPs with bacteria cells [51]. The size of 

NPs can give rise to electronic effects which promote their surface reactivity and 

prevent the aggregation of NPs. For example, NPs with a diameter less than 10 nm have 

anti-microbial activity, but NPs with diameter 30-50nm did not have good anti-

microbial activity until NPs reached 20µg/mL [350]. NPs/PMS with diameter 5-30nm 

have a good antimicrobial activity. 

 

3.  Free radicals  

TiOx NPs/PMS and nanohybrid have good anti-bacterial activity against E.coli. When 

the cell of bacteria absorbs the NPs significant oxidative stress happens due to the 

generation of free radicals like .OH, O2
- and H2O2 by oxidation of poly-unsaturated 

phospholipids. Hence, these lipids started to submit a peroxidation reaction 

subsequently leading to: (i) glutathione (GSH) depletion, (ii) stress or eventual 

disruption in the morphology of cell membrane and (iii) the electron transfer leading to 

cellular death [43]. 

 

4. Type of NPs  

Ag NPs/PMS and monohybrid have excellent anti-bacterial activity against both E.coli 

and S.aureus due to the generation of ROS following the administration of NPs. Our 

results show that Ag NPs/PMS have anti-bacterial activity in lower concentration than 

other NPs. High activity of silver NPs is attributed to species difference as they dissolve 
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to release Ago, Auo, Ag+, Au+ clusters. Several mechanisms have been suggested 

leading to the inhibition of bacteria growth: 

• Ag NPs bind with proteins or lipo-poly-saccharide in the cell membrane leading 

to collapse [53], 

• Ag NPs induce phosphate and interaction with atoms which have a high electron 

density like S, O and N. These are essential biological molecules as a thiol group 

because Ag NPs have an extreme chemical affinity for a sulfur group. The 

interaction with thiol or cysteine in protein leads to denaturation effects, loss of 

the subsequent enzyme and changing cytoplasmic components  [43], 

• NPs attack the respiratory chain and inhibition of the respiratory enzymes with 

the division of cells and causing  death [51], and   

• NPs start to act on dehydrogenases of electron transport and reduction of cellular 

adenosine triphosphate (ATP) level. 

Interestingly, Au NPs/PMS do not have any bacterial activity. It is likely that Au NPs: 

• self-assemble in 4-5µm long PMS indicating a strong NP-PMS interaction [45], 

• cause aggregation with a decreased inhibitory effect; increasing surface area 

generates further biophysical interactions [51], and 

• on PMS may be absorbed only on the cell of bacteria but cannot penetrate inside 

bacteria cells [350]. 

The ability of biomolecules (like nucleic acid and proteins) to chelate [43] and adsorb 

[356] Au NPs may direct the NPs to specific sites [43]  or change their biological 

effects [356]. Nevertheless, Au NPs are particularly attractive for target direction 

diagnostics and therapeutics in the human body [43]. The potent anti-fungal property of 

TiOx/PMS is the most effective catalyst for chemical transformation [356]. Present data 

suggests that Ag/PMS has a potential as a biocide against Aspergillus.spp. and 

Candide.spp. Indeed, the disrupting of the structure cell membrane and inhibiting the 

normal budding process is due to the damage of the membrane integrity [36]). 

The results of the present study support the suggestion that plant-derived NPs have 

antibacterial properties that can be utilized as antibacterial agents in new drugs for the 

therapy of infectious disease caused by pathogens [229]. 

 

5. Optical properties  

Optical amplifiers (e.g. liquid crystals) have been reported [359] to be useful for 

detection of Gram-positive and Gram -negative bacteria. The authors are considering 
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whether their Au-Ag/TiOx bionanomaterials also have useful optical properties. 

Conversely, UV promotes antibacterial effects in TiO2 nanocomposites even after 

cessation of UV irradiation [360]. Figure 10.5 shows that Au-TiOx/PMS shows a 

surface plasmon resonance (SPR) with a maximum at 518 nm, confirming the presence 

of Au NPs seen in TEM (see chapter 6), and this might be used to follow its 

antibacterial activity, making this nanomaterial self-indicating. 

 

 
Figure 10.5: UV-Vis absorbance spectra of TiOx NPs/PMS and their monohybrids. 

 

10.3. Conclusions 

 

Using a green approach TiOx, Ag, Au, Ag-TiOx and Au-TiOx NPs have been prepared 

using PMS to study the microbial activity. The present results show that Ag/PMS were 

active in bacterial inhibition towards Eschericia coli and Staphylococcus aureus, but 

Au/PMS was not active (suggesting a strong Au-PMS interaction). TiOx/PMS, Ag/PMS 

and Ag-TiOx/PMS were equally active in an antibacterial and an antifungal sense when 

tested against Asperillus.spp. and Candide.spp. Here the author reports on the process of 

fine-tuning these antibacterial properties, progress on making these nanomaterials 

optically self-indicating and movement towards optical control of their antibacterial 

activity. Au-TiOx/PMS shows a surface plasmon resonance (SPR) with a maximum at 

518nm that might be useful in following its anti-bacterial properties (i.e. making the 

bionanomaterial self-indicating). The future of such green bio-nanomaterials is strong. 
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Chapter 11: Nanocytotoxicity and genotoxicity of TiOx, Ag and Au 

NPs/PMS in human blood and nucleic acid for future medical 

applications 

______________________________________________________________________ 

In this chapter, the nanomedicine TiOx/PMS, Ag/PMS, Au/PMS, Ag-TiOx/PMS, Au-

TiOx/PMS will be described for nanocytotoxicity, genotoxicity and LD50 in human 

blood using electrophoresis and Nano Drop (explained in chapter 3). 

 

11.1 Introduction 

11.1.1 Cytotoxicity  

Nanoparticles have received much attention because they are used in many fields 

especially in bio-applications. TiO2, Ag and Au NPs have been the subject of different 

studies relevant to antimicrobial agents, therapeutics, fluorescent labels, drug delivery, 

medical imaging and transfection vectors. In the past ten years, there has been evidence 

about the growing of ecotoxicological effects (the effects of toxic chemicals on 

biological organisms) of NPs [55].  

A few studies have been reported concerning the interaction of NPs with living cells 

because of the main effects of NPs in the human body, such as: 

(i) NPs inducing oxidative stress inflammation, and indirect DNA damage 

in a cell body, and 

(ii) NPs causing size/shape-dependent  cellular damage in living systems; 

these NPs have similar sizes to many cellular components like DNA, 

RNA and proteins [242],  

where the physico-chemical properties of the NPs modulate their dynamic interaction 

with biomolecules and cellular organelles [361], and, possibly their toxicity [362].  

Here, the author assumes that NPs may by-pass the cell membrane and lead to harm   in 

living cell and  [99] cause inverse effects in living cells [54]. When DNA is exposed to 

UV light, excited levels are created in DNA leading to mutagenic photoproducts. This is 

where, single-stranded DNA can transfer an electron between stacked bases. The ability 

to observe and study photoinduced DNA offers exciting opportunities to explain the 

fundamental principles that govern energy and charge migration in multi-chromophoric 

systems made of organic building blocks. Systems play a central role in biological and 
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biomimetic energy harvesting and photocatalysis [243]. There are three ways for drugs 

to interact with DNA:  

(i) drugs interact with protein which binds to the DNA, 

(ii) drugs interact during RNA binding to DNA to form RNA hybridization,  

(iii) small molecules electrostatically interact with DNA via intercalation 

between base pairs in DNA and the minor DNA grooves (where the two 

DNA strands are near  (deep-narrow) to each other ) and  the major DNA 

grooves (where the two DNA strands are far ( shallow-wide) from each other 

( see Fig. 11.1) [363].  

 

 
Figure 11.1:  Minor and major DNA grooves [363]. 

 

• Types of drug-DNA interaction 

 

Firstly, covalent binding is invariable (and irreversible causing the inhibition of DNA 

processes completely). Then, it subsequently leads to cell death, see cis-Pt for example 

(Fig. 11.2). This type of inhibition involves an alkylating agent because it attaches an 

alkyl group to guanine in DNA. It is considered to be relatively toxic [363].  
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Figure 11.2: Covalent binding cis-Pt with DNA with guanine-cytosine (G-C) and adenine-

thymine (A-T) nucleobases [363]. 

 

Secondly, non-covalent binding is reversible (fixed). Hence, it is sometimes preferred 

over covalent adduct formation and involves lower toxicity. The significant effects of 

non-covalent binding involve the DNA conformation, related structure perturbation and 

interaction with normal DNA protein-like topoisomerase due to affect the function of 

mitochondrial DNA  and DNA strand breaks [363].  

 

Classification of non-covalent binding  

 

(i) Intercalation: this is when a molecule stacks perpendicular to the DNA 

backbone without forming covalent interaction or it cleaves the hydrogen bond 

between the two base pairs in DNA. Depending on the intercalator, the DNA 

must open the space between two base pairs dynamically by a varying degree 

of unwinding. For example, the ethidium cation (using in gel electrophoresis) 

that unwinds DNA, this is about 26o. There are many forces that sustain the 

stability of DNA-intercalator complex (hydrogen bonding, Van der Waal’s 

forces, charge transfer forces and hydrophobic interactions). This mode is 

preferred by the presence of an extended fused aromatic ligand. Thus, the 

complex is stabilized by π-π* stacking interaction and it is less sensitive to ionic 

strength [363]. When the aromatic system is less extended, the intercalation is 

generally prevented during the clashing of the additional ligands with 

phosphodiester backbone. The intercalation of a planar ligand of the Co and Cu 
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complexes in the DNA base pairs stack forming a covalent interaction or 

cleaves the hydrogen bond  [363].  

(ii) Groove Binding: Small ligands bind to the minor groove of the DNA by 

hydrogen bonding with bases (usually to O No.2 of thymine and N No.3 of 

adenine) and Van der Waal’s forces.  This binding is usually specific to 

adenine-thymine (AT) rich sequences because: 

(a) AT regions are close and narrower than (GC) groove regions,  

(b) The stereochemistry that is presented by the C-atom No.2 amino group 

of the guanine base.  This priority, in addition to the designed tendency 

for the electro-negative pockets of (AT) sequences, is due to a better 

Van der Waal’s interaction between groove walls and the ligand in this 

place. Unlike the intercalator, groove binding drugs induce no 

structural rearrangement of DNA helix like Ni and Zn complexes, 

consider   intercalation of Ni and Zn complexes into the DNA base 

pairs as adenine-thymine (AT) which is close and narrower than (GC) 

groove regions [363]. 

(iii) External Binding: The ligands interact with DNA phosphate backbone where 

the ligand self-associates to form higher-order aggregates (it is electronic in 

nature). Here, the ligand stack on the anionic DNA backbone reduces charge-

charge repulsion between the ligands. Mg and Ru complexes, which have 

divalent positive charge, bind with phosphate sugar back-bone in the DNA 

(negatively charged) dependent on ionic strength [363]. 

Hung el al. reported that Au NPs have higher cytotoxicity compared to Ag NPs because 

the charged Au NPs may adsorb serum proteins and enter cells by the more complicated 

endocytosis pathway [99]. 

 

• Endocytosis and exocytosis and effect nanoparticles physicochemical 

properties on biological system 

The understanding of the endocytosis and exocytosis mechanism of NPs is significant to 

reducing the toxicity of NPs. Thus, one can design NPs to be safer, and control their 

efficient entry into/exit from cell of human and tissues [364].  

Endocytosis of NPs is the uptake of small proteins or ions into the cell where special 

transport channels enable their translocation across the cell membrane.  



Chapter 11 

 

223 | P a g e  

 

When macro molecules and proteins are too large to enter through the plasma 

membrane, the cell has a different mechanism for their uptake from media. These 

uptake mechanisms refer to endocytosis (see Fig. 11.3) [365] and this mechanisms 

depends on: (i) changing the size of the transport vesicle, (ii) internalization machinery 

(tool), (iii) properties of the cargo (load) [366].    

 

 
. 

Figure 11.3: Endocytosis pathways (subdivided into four categories: receptor–mediated 

endocytosis, pinocytosis and phagocytosis) [366]. 

 

 

There are four types of pathway where NPs can enter the human cell, these include: 

(i) phagocytosis that engulfs (swallows) with particles of bigger than 0.5 µm, 

(ii) pincytosis where the cell absorbs particles (̴ 100 nm) from extracellar fluids 

(and small membrane-bound vesicles are formed which encapsulate the 

ingested species [8]), 

(iii) clathrin/caveolar-mediated endocytosis, where energy-dependent process by 

cells internalize biomolecules, and 

(iv) micropinocytosis, which is an endocytic process by which the cells 

internalize particles and fluids together, and vesicles (length 0.2-5µm) are 

formed.  

At the first step of endocytosis the cargo (load) for internalization is engulfed (swallow) 

by pit formation or invagination (make cover) of the plasma membrane [365]. NPs are 
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coated with the serum proteins and then pass through the plasma membrane of cells. 

Here, the plasma membrane of cells could select the endocytosis pathways of NPs 

depending on their surface chemistry, specific cell type [365], size and shape [364]. 

Therefore, there are many factors can explain nanotoxicity of NPs and effect 

nanoparticles physicochemical properties on biological system: 

(i)  surface chemistry can be determined by the chemical composition on the 

NP’s surface and charge. The surface charge of NPs can influence their 

pathway of cellar uptake and efficiency because biomolecules in a biological 

system have various charges. Different surface charges are important as they 

influence uptakes by macrophages. For example, positively charged NPs 

exhibited a higher phagocytic uptake than neutrally or negatively charged 

NPs [364]. 

(ii) Size is an important factor that affects the interaction of NPs with cell in the 

same composition. It is critical in vivo functions of NPs which are dependent 

on size such as internalization, targeting and clearance [213]. Generally, Au 

NP’s cellular maximum uptake was observed with size 50nm and this size 

makes Au NPs nontoxic. Further, Au NPs with 5 -15nm inhibited colony 

formation in mouse fibroblast cells above 50µM [214]. It was reported that 

the intercellular uptake of Au NPs depends on size, shape, surface coating, 

concentration and aggregation. Also  Au NPs at 50nm diameter showed the 

highest efficient cellular uptake compared with other sizes [365]. On the 

other hand, Au NPs of size 4nm showed the highest uptake in the 

macrophages depending on the number of NPs taken up per cell comparing 

with 11, 19, 35 and 45nm. Moreover, Au NPs with size less than 100nm 

were phagocytosed through scavenger receptor mediated phagocytosis [364]. 

(iii) Shape: Rod-shape nanoparticles exhibit the highest uptake in human cancer 

cell followed by spheres, cylinders and cubes. Studies reveal that the uptake 

of the rod-shaped NPs by macrophages were more efficient than with 

spherical NPs. However, the spherical NPs were taken up by cancer cells 

more efficiently than were rod–shaped NPs [364]. 

Exocytosis of NPs is responsible for their systemic elimination and toxicity. The 

cellular uptake may be considered because of completion between the receptor 

diffusion kinetics and thermodynamic driving forces wrapping. The size effect on 

exocytosis can be explained. The size 50nm of Au NPs showed the fastest wrapping 
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time, because the receptor–ligand interaction could produce sufficient free energy 

leading to drive the NPs into cells. However, smaller NPs had slower wrapping times 

and so exhibited a faster rate of exocytosis. It was noted that 14nm Au NPs have an 

exocytosis rate faster than the 74nm [364]. In addition, the fraction of the rod-shaped 

NPs which exit out of the cell was normally higher than the spherical NPs, although 

the work demonstrated that the exocytosis of NPs was also dependent on the proteins 

in the surrounded medium. These proteins were carried into the cell along with NPs 

and interacted with biological molecules in the cells [364]. 

 

11.1.2 Median lethal dose 

Median lethal dose (LD50) is the dose by which 50% of the species under study in 

standard laboratory conditions were killed. The value of LD50 indicates the toxicity of 

materials (low LD50 means low toxicity) [367]. 

 

11.2. The results 

The electrophoresis approach used here is described in section 3.5. 

 

11.2.1 Molecular results 

Study of the effects of NPs/PMS on DNA is described in section 4.2.9. and median 

lethal dose (LD50) is described in section 4.2.10.  Figure 11.4 and 5 show the 0.8% 

agarose gel electrophoresis of the extracted DNA, the bands of total genomic 

DNA/PMS observed as purified compact bands under UV light. Electrophoresis in a 

sample of DNA-NPs/PMS, has also been examined. The migration of DNA on agarose 

gel was done under the influence of electrical field by which the DNA molecule moved 

faster than the DNA-NPs/PMS, that appear as a retarded band when binding with 

double strand DNA. Usually smaller DNA molecules move faster than larger ones. 

Then, the molecules are separated by size. Therefore, the absorbance of DNA 

nucleotides decreased with TiO2 NPs/PMS more than Au-TiO2 NPs/PMS and Ag-TiO2 

NPs/PMS. Table 11.1 suggests TiO2 NPs/PMS samples had an ability to bind with 

DNA nucleotides in the light and dark. 
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Figure 11.4: Ethidium bromide–stained agarose gel electrophoresis containing total 

genomic DNA on of PMS alone. Control (C): DNA in TE, (buffer solution) 1: PMS 

sample under light at RT, 2: PMS sample in the dark at 37 oC. 

 

 

 
Figure 11.5: Ethidium bromide–stained agarose gel electrophoresis containing total 

genomic DNA on of NPs/PMS. C: Control (DNA + TE (buffer solution)), 1: 

TiO2/PMS sample in the dark at 37 oC, 1: TiO2 /PMS sample in the light at RT, 2: 

TiO2 -Ag NPs/PMS (same), 3: TiO2 -Au NPs/PMS (same) 

 

 

Table 11.1:  DNA conc. entreated (ng/µL) which interacts with NPs/PMS using electrophoresis. 

Samples of mixture of 

NPs 

Control DNA 

(Conc.ng/µL) 

Conc. ng/µL of DNA with NPs 

  Light dark 

TiO2/PMS 4.05 29.65 51.75 

Ag-TiO2/PMS 16.5 29.5 62.7 

Au-TiO2/PMS 2.5 12.06 25.1 

 

Table 11.2 shows that the binding value of TiO2/PMS is higher than Ag-TiO2/PMS and 

Au-TiO2 NPs/PMS using Eq. (11.1).  

 

𝐴𝑏𝑜𝑛𝑑𝑖𝑛𝑔   =   
(𝐴𝐷𝑁𝐴

𝑁𝑃𝑠⁄ −  𝐴𝐷𝑁𝐴)

𝐴𝐷𝑁𝐴
⁄   − − − (11.1) 
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A bonding       = the   absorbance of the binding nucleotide with the sample. 

A DNA           = the   absorbance of the whole nucleotide in DNA alone. 

A DNA/ NPs   = the   absorbance of the DNA with the sample [368]. 

 

Table 11.2: The absorbance (A) of the interaction of NPs/PMS with DNA and A bonding using 

electrophoresis. 

Samples of mixture of 

NPs 

A of Control 

DNA 

A of DNA with NPs A bonding 

  Light dark Light dark 

TiO2/PMS 0.081 0.593 1.35 6.320 15.66 

Ag-TiO2/PMS 0.33 0.59 1.254 0.787 2.8 

Au-TiO2/PMS 0.05 0.240 0.502 3.8 0.402 

 

 

The retarding behaviour of the DNA migration in agarose gel electrophoresis suggests 

that the binding between DNA (negative charged) and NPs/PMS (positive charged) 

occurs mainly through electrostatic interactions among the samples. On the other hand, 

the NPs can interact between two nucleic bases in DNA [369]. It is evident that there is 

interaction between DNA and NPs/PMS compared with control. When ethidium 

bromide (mutagen) intercalated into the major groove of DNA and the running DNA 

through an EtBr–treated gel and visualizing it with UV, any band containing more than 

20ng DNA becomes distinctly visible (see Fig. 11.6).  Here, the samples interact with 

DNA instead of Et Br [370]. In this case, the bands do not appear like the control band. 

Table 11.2 shows how five PMS-based samples interacted with human blood DNA at 

37oC in light and dark conditions after samples had been separated into a PMS-sediment 

and a supernatant liquid. Data are shown as the % of the absorbance (260nm; A260nm) of 

the added DNA. In almost all supernatant liquid samples and PMS sediment samples (in 

light and dark conditions), A260nm increased greatly beyond the level of the DNA added 

initially. The only samples that did not show this effect in the supernatant liquid were 

Ag-TiOx/PMS and Au-TiOx/PMS, but even then, the PMS sediment did show an 

elevated A260nm. Figure 11.7 illustrates the structure of DNA. 
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Figure 11.6: Visualizing DNA by ethidium bromide fluoresces (eb =ethidium bromide) [370]. 

 

 

 

 
 

Figure 11.7: DNA structure, where a strand of the DNA backbone consists of de-oxy ribose 

sugar molecules (A, G, C and T) which are linked together by phosphate groups that possess C-

O-P and P=O as binding site. The 3`C of sugar is connected via a phosphate group to 5`C of the 

next sugar by phosphodiester. 

 

 

The mechanism of DNA-NPs/PMS 

 PMS-based nanomaterials clearly interact with DNA. The base pairs of DNA possess 

strong absorbance at 260nm [371]; if the DNA helix is denatured, base stacking is 

destroyed and UV absorbance goes up. The effect of PMS and most NP/PMS samples 

was to increase absorbance at 260nm above that for the DNA introduced (both in light 
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and dark conditions and in the supernatant and PMS sediment). The only exception was 

for the supernatant liquid of Ag-TiOx/PMS(H2O, IPA) and Au-TiOx/PMS(H2O, IPA). One 

assumes that all other samples lower base stacking, block of DNA replication and cause 

DNA damage [30]. Figure 11.8 shows that the absorbance changes in the form of 

hyperchromism and hypochromism. For example, the bases absorb UV radiation. If strands 

are allowed to anneal, base stacking reduces UV absorbance: hypochromism. If helix is 

denatured, base stacking is destroyed, UV absorbance goes up (hyperchromism). 

The present results appear to show that hyperchromism occurs suggesting breakage of 

the DNA structure. That means interaction between TiOx NPs/PMS and nanohybrid 

with DNA.   

 

 

Figure 11.8: Hyperchromism and 

hypochromism of the DNA 

spectrum under UV light.  

 

Electrostatic interactions can change the conformation/structure of DNA. For example, 

H-bonds, hydrophobic effect and stacking interactions between complementary bases 

hold the two strands of DNA together. When NPs/PMS were added, the base-base 

interaction was reduced in the DNA structure, owing to many bases becoming free form 

and H-bond breakage leading to an increase absorbance [371]. Furthermore, the 

presence of a single stranded DNA will be higher than double stranded DNA in the 

same concentration. The mechanism of reaction can occur by the phosphate group of 

DNA which has a negative charge. The positive charge of metals can bind to P=O to 

form P-O-M via an electrostatic reaction [372]. From the results one can see that there 

are future applications for using these materials as anticancer drugs by destroying the 

nuclear materials for the tumour cells.  
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Ag NPs appear to enter the cell and intercalate between the purine and pyrimidine base 

pars disrupting the hydrogen bonding between the two anti-parallel strands and 

denaturing the DNA molecule [373]. In general, all samples can analyze DNA in dark 

and light. NPs/PMS in mixture and precipitate have an excellent effect which reaches 

60ng/µL. In contrast, NPs/PMS monohybrid supernatant show some decrease in 

absorbance due to lower NPs/PMS concentration [354]. The interaction between TiOx 

NPs/PMS and monohybrid with human DNA under UV can be explained via the 

covalent interaction and non-covalent interaction. First, NP/PMS hybrids can bind to 

alkylation or intra and inter strand crosslinking of DNA as a covalent interaction. 

Secondly, the non-covalent interaction leads to DNA strands breakage, changing DNA 

conformation or torsional tension [363].  Additionally, non-covalent interaction 

involves the following: 

• TiOx/PMS and hybrids could be interacting between base pairs,  

• they bind to a sugar phosphate group’s backbone or the major or minor 

groove and, 

• the electrostatic interaction of these NPs includes binding to the exterior of 

the helix by non-covalent interaction [371]. 

Several hypotheses can be suggested to explain the increase in absorbance at 260nm: 

(i) exposure of the bases’ purine and pyrimidine of DNA when NPs interact 

with DNA leading to a slight change in the human DNA conformation and  

(ii) NPs release ROS causing DNA damage [54]. 

 

11.2.2 Effect of NPs/PMS nanohybrids on nanocytotoxicity 

The NPs/PMS (TiO2, Ag and Au NPs/PMS), and their nanohybrid (Au-TiO2/PMS and 

Ag-TiO2/PMS) were used in order to determine their effect on nanotoxicity against 

RBCs (human blood). The nanocytotoxicity was evaluated using standard which 

contained (blood with normal saline (NaCl, pH 7.4) +IPA) and the control (blood with 

normal saline) at 100 µL for all solutions for 1h. Here, IPA (as a solvent) was used as a 

control to confirm that IPA had no nanocytotoxic effects because any impact in blood 

cells can instead be attributed to samples of PMS. Normal saline used to keep the blood 

from clotting. According to Figure 11.9 and Table 11.3, the results illustrate that the 

NPs/PMS had no cytotoxicity against the human red blood cells for 1h because no 

turbidity was observed. All the samples remained clear solutions compared with control. 



Chapter 11 

 

231 | P a g e  

 

That means, all samples are safer for 1h independent of their composition, size and 

shape. 

 

 
Figure 11.9: Cytotoxicity of NPs/PMS against RBCs. S= standard (blood + normal saline +IPA), 

C= control (blood + normal saline (NaCl, pH 7.4)), 1= TiO2/PMS, 2= Ag NPs/PMS, 3= Au 

NPs/PMS, 4= Au-TiO2/PMS, 5= Ag-TiO2/PMS. 

 

 

Table 11.3: The nanocytotoxicity of supernatant NPs/PMS against RBCs. 

No. NPs/PMs Conc. ng/µL Toxicity against RBCs 

1 TiO2/PMS 16 NT 

2 Ag NPs/PMS 26 NT 

3 Au NPs/PMS 5 NT 

4 Au-TiO2/PMS 84-26 NT 

5 Ag-TiO2/PMS 42- 26 NT 

Note: NT means nothing observed. 

 

11.2.3 Median Lethal Dose (LD50) 

In experiments albino mice were administrated orally with different doses of TiO2, Ag 

and Au NPs/PMS for 72h. Here, the study of median lethal dose (LD50) and toxicity is 

an important factor for the evaluation of new NPs/PMS to avoid acute toxicity by 

developing a biomimetic approach.  

The results show that Ag and Au NPs/PMS do not have any toxicity from 50, 100 and 

250µg/kg after 72h. However, TiO2/PMS exhibited (66.6% male and 33.3% female) of 

mortality at 250µg/kg after 72h [367].  As a result, the LD50 of TiO2/PMS is 100% after 

oral intubation in Swiss albino mice (see Table 11.4). 

There is relationship between LD50 and toxicity. The value of LD50 increase means the 

toxicity of NPS increased. Here TiO2/PMS has more toxicity than Ag and Au 

NPs/PMS. The structural differences could play an important role in the toxicity results 

[358]. Here, TiO2/PMS is less stable than Ag and Au NPs/PMS. This may release 

positive ions and oxide metals which react with DNA or proteins leading to death of the 

mice.  
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Table 11.4: Median Lethal Dose (LD50) of TiO2/PMS for 6 mice. 

Dose (µg/kg) No. of death mice 

24h 48h 72h 

male female male female male female 

50 0 0 0 0 0 0 

100 0 0 0 0 0 0 

200 0 0 0 0 2 1 

Control (0.5 mL) normal saline 0 0 0 0 0 0 

 

The mechanism whereby Ag and Au NPs/PMS are far were less toxic maybe due to 

their surface that hardly reduces its intracellular release of toxic ions (e.g. Au1+, Au3+ 

and Ag+, see Fig. 11.10) in the cytoplasm trigger by the acidic lysosome. [361]. Here, 

the design NPs/PMS have stable surface coatings that are resistant to the acidic pH of 

lysosomes and limit metal ions leakage [361].  

 

 
Figure 11.10: Diagram of NPs toxicity mechanism [361]. 
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11.3 Conclusions 

 

The increasing use of TiO2, Ag and Au nanoparticles leads to human and environmental 

risk when exposed to NPs. In terms of the cytotoxicity of NPs/PMS and the interaction 

with human blood, DNA has been investigated in vitro. The DNA damage has been 

examined by measuring UV nano-Drop spectroscopy and agarose gel electrophoresis. 

The results show no cytotoxicity for these NPs/PMS at 100µL level in human blood and 

all the other samples do not have any turbidity over 1h using NPs/PMS as a bio-

nanoparticle; instead they have been shown to have biocompatibility and natural cell 

binding ability. All samples (except Ag-TiOx/PMS and Au-TiOx/PMS) showed an 

interesting interaction with DNA. Here, there is an interaction between NP/PMS and 

human DNA. Creating a new drug would dramatically reduce disease as anticancer and 

other medical applications. As for the LD50, results confirm that Ag and Au NPs/PMS 

do not have any toxicity in concentrations from 50 to 250mg/kg after 72h.  
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Chapter 12: Biomimetic TiO2 formation from interfacial sol-gel 

chemistry leading to new photocatalysts 

______________________________________________________________________ 

This chapter will describe TiO2/PMS and monohybrids/PMS (PMS, TiOx/PMS, 

Ag/PMS, Au/PMS, Ag-TiOx/PMS and Au-TiOx/PMS, TiO2 (PMS), Ag-TiO2 (PMS) and Au-

TiO2 (PMS)) as photocatalysts with methyl orange (MO) as a pollutant using UV-Vis. 

These samples were compared with P25 anatase-rutile as a reference. The aim was that 

these nanomaterial samples may be used to target organic water pollutants. 

 

12.1 Introduction 

 

In the industrial era, environmental problems (such as air  and water pollution) have 

become more complex to solve [374].  Industry waste toxic agents released into the air 

and rivers are leading to pollution-related diseases, abnormal climatic changes and 

global warming [59]. For instance, it is estimated that 15% of all dyes is lost during the 

dying process and released into waterways. Large quantities of azo compounds are used 

as dyes [58]. 

Alternative technologies for control of water pollution by organics include: adsorption 

on carbon or treatment with O3 [375], ultrasound/cavitation [376] and TiO2 [377] or 

biosynthesised functional CdS, CdTe and AgS photocatalysts [378]. Bio-inspired [379] 

and biomimetic [380] photocatalysts are promising [381] for removal of organic 

pollutants in water. Here bio-inspired photocatalysts based on TiO2 were most 

appropriate. Bioinspired [382] and biomimetic photocatalysts include TiO2/graphene 

oxide with molecular recognition [383] and TiO2 nanofibers [384]. The latter was tested 

with a 300W lamp when 60 mg catalyst was suspended in 100mL of an aqueous 

solution of 0.18mM methyl orange with magnetic agitation (60 rpm). Leaves have been 

used to provide a structural inheritance for ZnO photocatalysts [385] that will be used in 

our on-going research. There are two broad experimental approaches available: process 

illumination at say 300W [386] and solar/environmental illumination at say 15W [387].  
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It is also especially relevant that others have seen an effect of macroscopic structure on 

photocatalytic activity [387]. UV-absorbance suggested that 50mg metastable β-

Ag2WO4 was more active in the photodegradation of 0.06mM methyl orange aqueous 

solution (10mL) at room temperature when irradiated by a 15W lamp at 365nm without 

agitation when in the form of hollow spheres (200-500nm diameter; 20nm wall 

thickness; 165.5m2.g-1 BET area; see Figure 12.1A) than as solid α-Ag2WO4 nanorods 

(Figure 12.1B). The hollow nanospheres had a band gap energy of 2.88eV that was 

lower than for the nanorods (3.05eV). The author was interested to know whether the 

photoactivity was structurally dependent or band-gap dependent. She preferred not to 

use α/β-Ag2WO4, but rather TiO2, that she knew could produce hollow structures on 

biotemplates [388]. One problem with α/β-Ag2WO4 was that the thermodynamically 

favourable α/β phase transition had to be inhibited. Of course with TiO2 one has to 

recognise the potential transformation of anatase to rutile and the effect of any 

biotemplate-derived impurities [387].  

 

 

A B C 

Figure 12.1: A) 200-500nm diameter β-Ag2WO4 hollow spheres, B) α-Ag2WO4 nanorods and 

C) removal of methyl orange from water: blue - no catalyst; red – nanorods; black - hollow 

nanospheres of Ag2WO4
 photocatalysts [387]. 

 

 

It is interesting that TiO2/graphite can be produced from cellulose on 1300oC thermal 

treatment [384], since the authors are also working on TiO2/C produced from 

TiO2/biotemplates.  

 12.1.1 Adsorption and photocatalytic activity towards methyl orange (MO) 

The dye of methyl orange (MO; see Fig. 12.2) was selected as model pollutants for two 

reasons (i) MO is a common contaminant in industrial waste water, and (ii) it cannot be 

photodegraded in the absence of a photocatalyst when exposed to light irradiation [75].    
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Figure 12.2: Methyl orange structure. 

 

 

MO possesses an azo group (N=N) conjugated to two phenyl groups leading to a peak 

in absorbance in the visible region (λmax= 464nm). X-ray diffraction peaks of  anatase 

and rutile TiO2 phase in commercial Evonik P25 (that is manufactured by subjecting 

TiCl4 to hydrolysis in the vapour phase at an elevated temperature) showed that it 

consisted of anatase (A; 85nm crystallites) and rutile (R; 25nm crystallites) in a ratio of 

3:1 [389] or 80% 17.9-26.3nm A and 20% 61.8nm R. P25 is known to have a band gap 

of 3.37eV and an absorption edge at 367.95 nm [390] or 387.50-414.72 nm (2.99-

3.2eV) [391]. P25 was used as a point of comparison with biomimetic TiO2/PMS. Here, 

we used TiOx/PMS and TiO2(PMS), P25, PMS, Ag/PMS, Au/PMS, Ag-TiOx/PMS and 

Au-TiOx/PMS, Ag-TiO2 (PMS) and Au-TiO2 (PMS) (where XPMS means template removed) 

and they were evaluated after template removal prepared in duplicate with magnetic 

stirring at 60 rpm at 25oC for their (i) rate and extent of adsorption of MO from an 

aqueous 0.1mM solution over a period of 1h in the dark and (ii) photocatalytic activity 

over 10h at 25oC by UV-Vis spectroscopy under 254 nm, 365 nm and white light (15W) 

in air. This analysis does not indicate the nature of the products of decolouration, but it 

is close to solar/environmental levels of UV illumination [387]. Dividing the 

photocatalytic rate (mmol MO/mg catalyst/s) by the extent of MO adsorption (mmol 

MO/mg) gave the turnover frequency (TOF) in s-1 [392]. Some use the turnover rate for 

photocatalytic reactions [393]. The absorption edge of the biomimetic photocatalysts 

and replicas was compared to that of rutile (3.0eV; 415nm) and anatase (3.2eV; 

380nm). Methods of characterization of these samples were analysed using (i) 

transmission electron microscopy (explained in chapter 3) for morphology and particle 

size for TiO2 with Ag and Au (explained in chapter 6) and (ii) UV for the absorption 

edge. 



Chapter 12 

 

237 | P a g e  

 

12.2 Characterization Results 

12.2.1 Absorbance edges and extents of methyl orange adsorption 

The P25 revealed an absorption edge at λ = 410nm, which was consistent with that 

reported by others [391]. However, unlike the unmodified TiO2, all three photocatalysts 

(CN-, C-, and N-TiO2) showed a shift of the absorbance spectrum towards the visible 

light region (400-800) nm.  

 

 
Figure 12.2: Anatase content and band gap of P25 and the influence of 

P25 mass ratio on the crystalline size [391]. (TU=Thiourea) 

 

 

P25 is a standard material because (i) it exhibits high photocatalytic activities, (ii) it has 

a large surface area and (iii) it consists of anatase and rutile phases in a ratio of about 

3:1. Figure 12.3 depicts the absorption thresholds (λg) as 363, 333 and 373nm for 

present biomimetic TiO2 samples; the corresponding band gap energies (Eg) which are 

calculated by using the Eq: (ΔE = 1240/ λg nm) for TiO2/PMS, Ag-TiO2/PMS and Au-

TiO2/PMS respectively [394] are given in Table 12.1. These results confirm that Au 

NPs can effectively reduce the apparent band gap of TiO2/PMS nanohybrid. It has been 

reported that metal doping introduces an additional impurity level into the band gap of 

titania. Electronic transitions of Au-TiO2/PMS from the valence band to the impurity 

level or from the impurity level to the conductive band can effectively reduce the 

apparent band gap and red shift (λmax from 464nm to 490nm) band edge adsorption 

threshold. That means, Au-TiO2/PMS has the potential to improve the photocatalytic 

activity under visible light irradiation. 
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Figure 12.3: UV-Vis absorbance spectra of TiO2 NPs/PMS and their monohybrids. 

 

In section 6.3.1 one saw that Au NPs/PMS showed a pink colour in water to indicate the 

formation of Au NPs/PMS. This change in the colour of the reaction mixture is because 

of the excitation of surface plasmon resonance (SPR) in the Au NPs. Figure 12.3 

illustrates the band corresponding to SPR occurs (at 518nm) which indicates the 

formation of Au NPs (see Table 12.1). Au-TiO2 NPs/PMS on the other hand exhibits a 

blue shift of absorption at 373nm corresponding to an absorption edge at 3.3 eV. 

Previous studies have reported that doped metals in TiO2 (absorption edge is 3.6) does 

not change the position of the valence band edge of TiO2. Alternatively, it maybe that it 

introduces new energy levels of Au NPs into the band gap of TiO2. Thus, the absorption 

edge shifts to longer wave lengths [75]. Ag NPs/PMS (416nm) absorption is due to the 

SPR of silver NPs. The new features with Ag-TiO2 NPs/PMS that can be noted are the 

absorbance edge is 3.7eV and it shifts to a lower wavelength (333nm). The band at 333 

nm is weakened in intensity when Ag NPs were reacting with TiO2. This is different 

from the case of NPs of Ag with PMS [68]. Table 12.1 shows that absorption edges 

(ΔEg) of Ag/PMS and Au/PMS move to a higher wavelength (i.e. towards the visible) 

compared to P25, but not when TiOx is present. This is beneficial in a solar-

environmental sense (i.e. photocatalytic activity under visible light irradiation might be 

enhanced).  
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Table 12.1: Absorption edges (λmax (nm)) and MO adsorption capacities (n; molecules MO x 

1014/mg) 

 TiOx/PMS Ag/PMS Ag-

TiOx/PMS 

Au/PMS Au-

TiOx/PMS 

P25 

λmax 

(nm) 

336 416 333 518 373 410 [391] 

n 89.33  72.00  96.00 0.29 

[395] 

ΔEg 

(eV) 

3.6 2.9 3.7 2.3 3.3  

 

 

Some have seen a clear correlation between extents of adsorption and rates of 

photocatalysis on TiO2/carbon [396]. Others [397] have looked at the adsorption of MO 

on P25 and biosorbents; of course here the biotemplate is the biosorbent. A correlation 

exists between extents of MO adsorption and rates of its photodegradation [395]. P25 

adsorbs 16% of MO (when 10mg MO/L and 1g P25/L are used). The adsorption of MO 

took 1-2h to reach equilibrium; extents of adsorption (n) here are also shown in Table 

12.1. Here then it appears that overcoats raised the MO adsorption capacity of PMS by 

~300x over that for P25 (4.9µmol/g) [395]. 

 

12.2.2 Photocatalytic and temperature effect 

At high temperature, the samples exhibited superior photocatalytic activity due to their 

high crystalline form and specific surface area. Using PMS as a template and reducing 

agents play a significant role to form of hollow structure leading to high specific surface 

area and enables multiple reflections and diffractions of light. The results show 

increasing the photocatalytic performed due to the photocatalytic reactions which are 

based on chemical reactions on the surface. Figure 12.4 shows that the % photocatalytic 

removal from aqueous solution is higher for Au-TiOx/PMS and the Au-TiO2 (PMS) 

replica than P25; however, the weight of catalyst used varies. Table 12.2 compares the 

rates of MO removal from a 0.1mM solution when one corrects per mg of catalyst as 

measured using MO absorbance (464nm) changes. Rates of MO removal are all greater 

with present biomimetic PMS-based photocatalysts. One expected to see plasmonic Ag 

and Au NPs in combination with semiconductors TiO2/PMS offering a new generation 

of the photocatalysts, but the evidence of this is presently equivocal. It may be that the 

chemical communication between the NPs and the TiOx is poor, or that TiO2 has yet to 

be formed by calcination. On this point, it is clear that pre-calcination to produce TiO2 
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replicas gave superior photocatalytic activity. Presumably this is due to their 

nanocrystalline structure and their hierarchical structure left by the PMS 

biotemplate/reducing agent. It is possible that the product hollow structure has good 

specific surface area and probably facilitates multiple reflections of incident light. In 

addition, one sees photocatalytic activity decreasing in the order (but rate constants 

increasing) Au-TiO2 (PMS) >Ag-TiO2 (PMS)>TiO2 (PMS). All rates are greater than 

commercial P25. 

 

 

 

 
 

Figure 12.4: % photocatalytic removal of MO using: A) 0.25 mg/mL of non-

calcined/fresh B) and 0.08mg/mL of calcined replicas. Different catalyst weights were 

used. Rate data in Table 12.4 (column 2) is normalised for the catalyst weight. 
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Samples that had been pre-calcined at 600oC exhibited superior photocatalytic activity 

due to their highly crystalline form and specific surface area. Using PMS as a template 

and reducing agent plays an important role in forming a hollow structure leading to a 

high specific surface area and enables multiple reflections and diffractions of light. The 

results shows that increasing the photocatalytic performance due to the photocatalytic 

reactions are based on chemical reaction on the surface [67].  

Figure 12.5 shows that a linear transform can be used to determine if MO removal is 

first order, 

𝑡  =   ln(𝐴0 − 𝐴𝑡) +   𝑦 − − − (12.1) 

 

where A0 is the MO absorbance at λmax at 0 min and At is the λmax at t min. This seems 

to be the case (in that when the ln(A0-At) column is plotted against time the result is a 

linear plot and this indicates that it is a first-order process, and so, k1, the first order 

ratio constant was being deduced) and column 3 in Table 12.2 gives first-order rate 

constants. However here the rate and the TOF were considered to be of more 

importance in the real world. 

 

 

 
 

Figure 12.5A: Degradation of 0.1mM MO under UV-Vis light by fresh of Au-TiO2/PMS. 
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Figure 12.5B: Degradation of 0.1mM MO under UV-Vis light by Au-TiO2/PMS pre-

calcined at 600oC. 

 

 

Table 12.2: Rates and first-order rate constants of MO removal from 0.1mM aqueous solutions 

and derived TOFs. 

Sample Molecules MO x 

109/mg/s 
k1 (min-1) x 103 TOF x 105 (s-1) 

P25 132 157.7 455.00 

PMS 3205 92.7  

TiOx/PMS 1748 211.4 19.57 

Ag-TiOx/PMS 1370 142.8 19.03 

Au-TiOx/PMS 6090 51.2 63.44 

TiO2 (PMS) 6700 471.2  

Ag-TiO2 (PMS) 13889 436.1  

Au-TiO2 (PMS) 11111 355.6  

 

 

12.2.3 Turnover Frequency (TOF) 

The % MO photocatalytic removal is higher for Au-TiOx/PMS and Au/TiO2 (PMS) 

replicas than for P25, but then measurements are at different catalyst concentrations. 

Dividing the rate of photocatalytic removal of MO (molecules x 109/mg/s) from water 

in Table 12.2 by the extent of MO adsorption (n) from Table 12.1 (molecules MO x 

1014/mg) allowed the TOF [392] to be calculated. Clearly the TOFs in Table 12.2 

column 4 are modest, but the biomimetic replicas have TOFs that decrease in the order 

Au-TiO2 (PMS) >TiO2 (PMS)>Ag-TiO2 (PMS) and at their highest are just a factor of x7 lower 
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than for P25 anatase-rutile. Such biomimetic photocatalysts may be used to target 

organic water pollutants (e.g. via molecular recognition). Target pollutants include 

alkylphenol ethoxylates (e.g. TX100) that are endocrine disrupters in fish. In 1998, 

Brunel has a strong record in investigating these oestrogen-mimicking pollutants 

(Toxicology Letters, 102-103(1998), 337-342). It would be best if these were activated 

by solar radiation or sunlight, which means designing their absorption adages to higher 

wavelengths (by Au NPs being added to surfaces, etc.).  

 

12.3 Conclusions 

The surfaces of Portobello mushroom spores (PMS) have been (i) used to produce Au 

and Ag nanoparticles, which are held thereon and (ii) overcoated with TiOx. These 

adsorbed more methyl orange (MO) pollutant from water than commercial P25. TiO2 are 

activated at longer wavelength. After calcination they form biomimetic TiO2 (PMS) on 

removal of the biotemplate; they catalysed faster rates of MO from water 

(molecules/mg/s) than P25 anatase-rutile. Other biotemplates are now anticipated that 

will yield biomimetic photocatalysts with higher turnover number s-1 removal of 

endocrine disrupters from water.  
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Chapter 13: Discussion on importance and novelty of research and future 

work 

______________________________________________________________________ 

In this chapter, a brief explanation of the aims and the novelty of the research achievements 

and outcomes are presented. Finally, future work is proposed. 

13.1 The aims  

 

Section 1.8 indicated that the aims of the present research were to use PMS: 

(i) surfaces to synthesise Ag, Au, TiOx NPs to form NPs/PMS nanohybrids with 

antimicrobial properties. 

(ii) as a biotemplate for TiOx(PMS) biomimetic photocatalysts for control of water 

pollution by organic and coloured pollutants. 

(iii) interiors/exteriors to incorporate Ca2+, CO3
2- and HPO4

2- sequentially for 

formation of nHAp/PMS and  

(iv) interiors and exteriors to incorporate model therapeutic drugs (i.e. AA, Hb and 

insulin). 

 

13.2 Extent of Achieving the above Goals  

 

The author believes that these goals were broadly achieved. For example: 

(i) NPs (Ag, Au and TiOx) were synthesised on PMS surfaces to produce NPs/PMS 

that exhibited antimicrobial properties (which are nevertheless  non-toxic to 

mammalian cells [398]).  

(ii) TiOx produced on the PMS biotemplate surface was an effective biomimetic 

photocatalysts for removal of organic and coloured pollutants. These photocatalyst 

exhibited good and effective photodegradation of methyl orange. 

(iii)  HAp was produced sequentially on PMS, which can be thought of as a smart 

scaffold to build bone, engineered tissue and nanocarriers; this may be useful in 
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regenerative medicine. At the same time the author was able to mimic bone 

mineralization behaviour, altering scaffold and nano collagen.  

(iv)  AA, Hb and insulin were loaded onto and released by PMS as an oral or 

transdermal drug delivery system. This is a novel system that can be used to solve 

many medical problems (e.g. diabetes). The nHAp/PMS and nHAp/PMS-loaded 

/PVA hydrogel film may be used to regenerate bone or deliver any drug in a 

painless and harmless manner. 

13.2.1 Achievements and novelty 

The present work has shown that PMS can be used in many different medical fields: it can 

be used with NPs/PMS as antibacterial and fungal agents due to the increase in the 

resistance of bacteria and fungi to antibiotic these days. The novelty of PMS as a template 

and reducing agents to synthesise NPs is because: 

1-  PMS has a novel shape that looks like red blood cell; this character makes it more 

compatible and convenient to use in human body.  

2-  PMS has a unique size (about 6 µm) and surface chemistry that makes it excellent 

to act as a nanocarrier. PMS provided more reactive sites/surface 

functionality/chemical functions (-OH, -COO, -NH and -SH) on the PMS wall cell 

surface. These functional groups act as reducing, capping and stabilizing agents to 

produce TiOx, Ag and Au NPs comparable with most plant sources.  

3- PMS is thermally stable until 200oC and it does not degrade in different 

physiological solutions.  

Many studies have shown a method for encapsulation of iron NPs ( 8.56 mM) into red 

blood cells using a real-time imaging technique [399].  

Further, the use of PMS as a drug delivery system is new, with no previous study in this 

field. It is s green method, eco-friendly, easy and simple. The drug release will inevitably 

vary depending on the pH etc. Here, the novelty of PMS is seen as: 

1-  a red blood cell-like appearance which is used to carry tethered drugs [400], 

desiccation resistance, thermal stability and protein activity on the cell wall of PMS; 

all these make PMS suitable to be a drug delivery system.  

2- uniquely advantageous surfaces with multi-functional groups around a hollow space 

giving good loading properties as a drug delivery system. Moreover, it is already an 
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acceptable food that means it is suitable for drug loading, since it has no solubility 

or stability problems in gastric fluids. PMS/drug delivery/release was fast compared 

with a nanogel microsphere over several days.  

3- a micro-size that delivers drugs into cells by a non-endocytosis mechanism [401].  

4- an oval, natural and uniform shape with interacting cell wall/surface chemical 

properties.  

5- hydrophilic (polar) groups nCa+2 and HPO4
2- accepting which can provide suitable 

sites in which HAp can nucleate and then grow, XRD showed low crystallinity 

compared with commercial HAp (Bio-Oss). This advantage brings nCa2+ into 

nanomedicine [402] and nHAP/PMS more compatible as source artificial bone after 

PMS removal. 

It has been reported that nHAp-coated hydroxyethyl cellulose/PVA can be prepared as 

nano-fibrous scaffolds for medical applications ( e.g. as bone tissue engineering [401]). The 

importance of PMS is that the natural hydroxyl and carboxyl groups (available without 

chemical usage) on their cell wall surface act as nucleation sites able to direct the 

orientation of growth of nHAp the surface. In vitro, bioactivity showed rapid formation of 

bone-like HAp on the nHAp/PMS surface (that acts as a chelating reagent to accelerate the 

mineralization process). The apatite layer increased in extent with time in simulated body 

fluid (SBF). PMS must, it is assumed, have many functional groups which are necessary 

for the formation of chemical bonds adsorptive and electrostatic interactions with reagent 

species. Green synthesise of Ag NPs/PMS was shown to inhibit the growth of bacteria and 

fungi (but not Au NPs/PMs due to strong bonding with PMS cell wall surface). Ag 

NPs/PMS and nanohybrid TiOx/PMS, Ag-TiOx/PMS appear to have excellent anti-bacterial 

activity against both E.coli and S.aureus due to the generation of ROS (following the 

administration of NPs). Ag NPs/PMS have anti-bacterial activity in lower concentration 

than other NPs. The high activity of silver NPs is attributed to different species dissolving 

and releasing Ag0 and Ag+ clusters. The rate of photodegradation of methyl orange (MO) 

pollutant by TiO2 replicas (TiO2 (PMS), Ag-TiO2 (PMS) and Au-TiO2 (PMS)) was studied. The 

best rate of MO removal from water (in molecules/mg/s) was seen for Au-TiO2 PMS rather 

than P25 anatase-rutile. These results were due to novel product hollow structure of PMS 

(size and shape), volume ratio to specific surface area for NPs and probably facilitates 

multiple reflections of incident light. 
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13.3 Future work 

 

There are topics on the horizon that the author/supervisor have outlined in day-to-day 

research discussions but were not in the end attempted in the time available.  PMS could be 

the starting point of an artificial blood, but research never ends and it is hoped that this will 

be explored in future collaborative work: 

(i) Hb/PMS could be a novel artificial red blood cell (RBC). Artificial RBCs is 

one-fiftieth the size of a normal RBCs that is made from purified human 

hemoglobin. This protein was coated with a synthetic polymer. Recent studies 

point to design and synthesis RBC: “according to a presentation at the annual 

meeting of the American Society of Hematology, an artificial red blood cell has 

been created that can effectively pick up oxygen in the lungs and deliver it to 

tissues throughout the body” [403], by synthesis nanoliposomes [404], spherical 

colloidal particle using emulsion polymerization [398] and polystyrene [405]. 

PMS looks like RBC, is a natural microstructure of the same size and shape, and 

it has the same internal capacity. All these, could lead to a synthetic RBC in 

which PMS is loaded with Hb to produce a great artificial RBC. Artificial RBC 

might be exciting artificial oxygen carriers [406, 407].   

(ii) Au NP hydrogels have been prepared as switchable on/off drug delivery 

systems [408].  NPs/PMS can be developed to swell, sensitively with optical 

and thermal switching properties in SIF and SGF. 

(iii) cell surface chemistry or display systems are used to express a protein or 

peptide on the cellular surface of bacteria, yeast, insect and mammalian cells. 

These systems have been used because they are simple in operation and easy to 

analyse. They are free, accessible and stable for binding to the target. These 

systems might be new biotechnologies that make them a suitable cell factory for 

producing cellulosic ethanol. There are  many different biotechnical and 

biomedical applications, proving their effectiveness in protein engineering 

studies, such as vaccine development, bio-absorbents, biocatalysts and 

biosensors [409].   
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 Using yeast cell surface chemistry was reported using fluorescent labelling technique 

[410], moreover, a recent study shows that the yeast cell surface can be used as a cell 

factory to produce fuels and chemicals, because biofuel is an alternative energy to reduce 

carbon emissions in the world  [411]. Similarly, PMS already has proteins and 

phospholipids in their surface that can lead to selective enzymic activity. 

  

13.4 Errors, uncertainties and Novel Analytical Approaches   

 

The largest errors in the present work were in uptake and release study of PMS samples 

(Ca2+, PO4
3-, AA, Hb and insulin). For example, Figure 9.19 says kH for PMS/PVA is 7.02 

but at 1-2h0.5 the gradient corresponds to 4.00 and at 2-3h0.5 corresponds to 13.88. Hence kH 

is 9±5. These uncertainties could have been minimised with more duplicate experiments, 

but there were difficulties with PMS harvesting. Many techniques could have been used but 

were not available in the timescale of the project. Extended x-Ray Absorption Fine 

Structure (EXAFS) and X-Ray Photoelectron Spectroscopy (XPS) could have revealed the 

structure around metal centres and chiral AA could have been used.  

In another PhD it is hope that such ideas will be pursued. 
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Abstract 

 

The surfaces of Portobello mushroom spores (PMS) have been used to produce Au and Ag 

nanoparticles, which are held thereon. They have then been overcoated with TiOx. These adsorbed 

more methyl orange (MO) pollutant from water than commercial P25 TiO2.  After calcination they 

form biomimetic TiO2 (PMS) and removal of the biotemplate, they catalyse faster rates of MO from 

water (molecules/mg/s) than P25 anatase-rutile. Other biotemplates are now anticipated that will 

yield biomimetic photocatalysts with higher turnover number (s-1) removal of endocrine disrupters 

from water. 

 

Keyword: titania, photocatalysis, biomimetic, methyl orange, mushroom spores 

 

1. Introduction 

 

Alternative technologies for control of water pollution by organics include: adsorption on carbon or 

treatment with O3 [1], H2O2 [2], ultrasound/cavitation [3] and TiO2 [4] or biosynthesised functional 

CdS, CdTe and AgS photocatalysts [5]. 

 

 
          (a) 

 
     (b) 
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         (c) 

Figure 1. (a) 200-500nm diameter -Ag2WO4 

hollow spheres, (b) -Ag2WO4 nanorods and 

(c) removal of methyl orange from water: blue - 

no catalyst; red – nanorods; black - hollow 

nanospheres of Ag2WO4
 photocatalysts [13] 

 

Bio-inspired [6] and biomimetic [7] photocatalysts are promising [8] for removal of organic pollutants in water. 

Here bio-inspired photocatalysts based on TiO2 were most appropriate. Bioinspired [9] and biomimetic 

photocatalysts include TiO2/graphene oxide with molecular recognition [10] and TiO2 nanofibers [11]. The latter 

was tested with a 300W lamp when 60mg catalyst was suspended in 100mL of an aqueous solution of 

0.18mM methyl orange with magnetic agitation. Leaves have been used to provide a structural inheritance for 

ZnO photocatalysts [12] will be used in our on-going research. 

 
There are two broad experimental approaches available: process illumination at say 300W [11] and 

solar/environmental illumination at say 15W [13]. Here we have chosen the latter approach. 

 

It is also especially relevant that others have seen an effect of macroscopic structure on photocatalytic activity 
[13]. UV-absorbance suggested that 50mg metastable -Ag2WO4 was more active in the photodegradation of 

0.06mM methyl orange aqueous solution (10mL) at room temperature when irradiated by a 15W lamp at 

365nm without agitation when in the form of hollow spheres (200-500nm diameter; 20nm wall thickness; 

165.5m2.g-1 BET area; see Figure 1a) than as solid -Ag2WO4 nanorods (Figure 1b). The hollow nanospheres 

had a band gap energy of 2.88eV that was lower than for the nanorods (3.05ev). We were interested to know 

whether the photoactivity was structurally dependent or band-gap dependent. We preferred not to use -

Ag2WO4, but rather TiO2, that we knew could produce hollow structures on biotemplates [14]. One problem 

with -Ag2WO4 is that the thermodynamically favourable − phase transition had to be inhibited. Of 

course with TiO2 one has to recognise the potential transformation of anatase to rutile and the effect of any 

biotemplate-derived impurities. This then was the objective of the present preliminary study that is now 

reported. 

 

It is interesting that TiO2/graphite can be produced from cellulose on 1573K thermal treatment [15] since the 

authors are also working on TiO2/C produced from TiO2/biotemplates. 

 

2. Experimental 

 
2.1 Biotemplate and reagents 

Spores from fresh Portobello mushrooms (PMS) were harvested. 

 

The reagents are titanium(iv)isopropoxide Ti(OC3H7)4 (ACROS organics; 98%), ethanol (Sigma Aldrich; 

99.9%), 2-propanol (Fluka; 99.9%; IPA), silver nitrate (AgNO3) (Fisher chemical; >99%), gold (III) chloride 

hydrate (AuCl3.xH2O) (Sigma Aldrich; 99.9%) and methyl orange (Sigma Aldrich; 85.9%; RMM 327.33; 

MO). A commercial titania (P25; Sigma Aldrich; 35-65m2.g-1) was also used. 

 

2.2 Biotemplate TiOx overcoating and addition of Au/Ag NPs 

A 3mM Ti(OC3H7)4 solution was made up in 5 mL 2-propanol and filtered (0.22µm). 4-5 mg Portobello 

mushroom spores (PMS) were washed twice with water and acetone respectively and were then dispersed in 5 

mL IPA with magnetic stirring for 1-2h.  

 

PMS (4-5mg) was dispersed in 5 mL IPA (ultrasonic bath for 15 min). At this point, 5 mL of alcoholic (IPA) 

AuCl3 solution (3mM) was added with magnetic stirring at room temperature. The pH of the suspensions was 

1.4. Solutions were left for 3h under magnetic stirring. The colour of the solution changed after 1-3h. The 
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same steps were used to prepare Ag NPs/PMS using 3mM of AgNO3. These were considered green methods 

of synthesis of the Ag and Au NPs using the PMS cell wall. 

 

Ag-TiOx/PMS was prepared by ultrasonically dispersing 4-5 mg of PMS in 5mL IPA for 15min. Then, 5mL 

of alcoholic (IPA) AgNO3 solution (3mM) was added to the PMS dispersion with magnetic stirring at room 

temperature for 3h. The Ag/PMS was left overnight. Then to 5mL of Ag NPs/PMS was added Ti(OC3H7)4 

(3mM) in IPA with magnetic stirring for 3h. The same steps were used to prepare Au-TiO2/PMS in IPA.  

 

2.3 Biotemplate TiO2 replica formation 

Overcoated biotemplate samples (TiOx/PMS, Ag/PMS, Au/PMS, Ag-TiOx/PMS and Au-TiOx/PMS) were 

calcined at 773 K in air for 3h to remove the organic substrate, giving TiO2 replicas (TiO2 (PMS), Ag-TiO2 (PMS) 

and Au-TiO2 (PMS)).     
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 2. TEM images (a,c,e) and electron diffraction (b,d,f) of Au-TiOx/PMS (a,b), Ag-TiOx/PMS (c.d) and similar 

results were seen for Ag-TiOx/PMS IPA/H2O (e,f) 
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1.1 Methods of Characterization 

The structures of the samples were analysed using transmission electron microscopy (TEM, JEOL JEM 

2100f, field emission gun (FEG)) for morphology and particle size using a Gatan camera and imaging 

software (Gatan microscopy suite, version 3) with an accelerating voltage of 80 and 200kV. Ag, Au and TiO2 

nanoparticles were characterized by UV-Vis spectrophotometer (Perkin Elmer, Lambda 650s) using quartz 

cuvette.  TEM samples were prepared by adding a few mg of the photocatalysts and mixing these with resin 

(12 g of low viscosity (Taablv), 4 mg low viscosity hardener  

vH1, 9 mg of low viscosity VH2 hardener and 0.65 mg accelerator). They were left at 330K overnight and 

then microtomed. 

 

2.5 Adsorption and photocatalytic activity towards Methyl Orange (MO) 

MO possess an azo group (N=N) conjugated to two phenyl groups leading to a peak in the visible region 

(λmax= 464 nm). Samples (P25, PMS, TiOx/PMS, Ag/PMS, Au/PMS, Ag-TiOx/PMS and Au-TiOx/PMS, TiO2 

(PMS), Ag-TiO2 (PMS) and Au-TiO2 (PMS)) were tested in duplicate with magnetic stirring at 298K for their (i) rate 

and extent of adsorption of MO from an aqueous 0.1mM (or 0.01mM) solution over a period of 1h in the dark 

and (ii) photocatalytic activity over 10h at 298K by UV-Vis spectroscopy under 254 nm, 365 nm and white 

light (15W) in air. This does not indicate the nature of the products of decolouration, but it is close to 

solar/environmental levels of UV illumination [13]. Dividing the photocatalytic rate (mmol MO/mg catalyst/s) 

by the extent of MO adsorption (mmol MO/mg) gave the turnover frequency (TOF) in s-1 [16]. Some use the 

turnover rate for photocatalytic reactions [17].The absorption edge of the biomimetic photocatalysts and 

replicas was compared to that of rutile (3.0eV; 415nm) and anatase (3.2eV; 380nm).  

 
2. Characterization Results 

 
TEM analysis (see Figure 2) of the Au-TiOx/PMS and Ag-TiOx/PMS showed the Au and Ag NPs 2-10nm in 

diameter in the wall of the PMS surrounded by TiOx. Their nanocrystalline nature was confirmed by the 

selected area electron diffraction (SAED) pattern with bright circular spots. The lattice fringe spacing for Au-

TiO2 NPs is 0.23nm and 0.27nm corresponding to (111). Further, the (200), (220), (222) and (311) planes of 

the face central cubic lattice of Au NPs confirm that Au NPs are nanocrystalline. EDX suggested that Au-

TiOx/PMS contained 7.7at %Ti and 92.3at %Au. In the future this ratio will need to be changed to raise the 

TiOx content. 

 

Table 1 shows that absorption edges of Ag/PMS and Au/PMS move to higher wavelength (i.e. towards the 

visible) compared to P25, but not when TiOx is present. This is beneficial in a solar-environmental sense (i.e. 

photocatalytic activity under visible light irradiation might be enhanced).  

 

Some have seen a clear correlation between extents of adsorption and rates of photocatalysis on TiO2/carbon 
[18]. Others [19] have looked at the adsorption of MO on P25 and biosorbents; of course here the biotemplate is 

the biosorbent. A correlation exists between extents of MO adsorption and rates of its photodegradation [20]. 

P25 adsorbs 16% of MO (when 10mg MO/L and 1g P25/L are used). The adsorption of MO took 1-2h to 

reach equilibrium; extents of adsorption are also shown in Table 1 [20]. Here the overcoats raised the MO 

adsorption capacity of PMS by ~300x over that for P25 (4.9mol/g) [20]. 

4. Photocatalytic Results 

 
Figure 3 shows that the % photocatalytic removal from aqueous solution is higher for Au-TiOx/PMS and the 

Au-TiO2 (PMS) replica than P25, however the weight of catalyst used varies. Table 2 compares the rates of MO 

removal from a 0.1mM solution as measured using MO absorbance (464nm) changes. One expected to see 

plasmonic Ag and Au NPs in combination with semiconductors TiO2/PMS offering a new generation of the 

photocatalysts, but the evidence of this is equivocal. It may be that the chemical communication between the 

NPs and the TiOx is poor, or that TiO2 has yet to be formed by calcination. On this point, it is clear that pre-

calcination to produce TiO2 replicas gave superior photocatalytic activity. Presumably this is due to their 

nanocrystalline structure and their hierarchical structure left by the PMS biotemplate/reducing agent. It is 

possible that the product hollow structure has good specific surface area and probably facilitates multiple 

reflections of incident light. In addition one sees photocatalytic activity decreasing in the order (but rate 

constants increasing) Au-TiO2 (PMS) >Ag-TiO2 (PMS)>TiO2 (PMS). 
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a 

 
b 

Figure 3. % photocatalytic removal of MO using 0.25 mg/mL of non-calcined/fresh (a) and 0.08mg/mL of 

calcined replicas (b) 

 

 

 

 
a 

 
b 

 
c 

Figure 4. TiO2-overcoated 50μm Lilium longflorum pollen 

(a) and Rotala rotundifolia (RR) leaves (b). Optical 

absorption edges were also measured (c). 
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Table 1. Absorption edges (λmax (nm)) and MO adsorption capacities (n; molecules MO x 1014 /mg) 

 TiOx/PMS Ag/PMS Ag-

TiOx/PMS 

Au/PMS Au-

TiOx/PMS 

P25 

λmax (nm) 336 416 333 518 373  

n 89.33  72.00  96.00 0.29 [20] 

 

Table 2. Rates and first-order rate constants of MO removal from 0.1mM aqueous solutions and derived TOFs 

Sample Molecules MO x 

109/mg/s 
k1 (min-1) x 103 TOF x 105 (s-1) 

P25 132 157.7 455.00 

PMS 3205 92.7  

TiOx/PMS 1748 211.4 19.57 

Ag-TiOx/PMS 1370 142.8 19.03 

Au-TiOx/PMS 6090 51.2 63.44 

TiO2 (PMS) 6700 471.2  

Ag-TiO2 (PMS) 13889 436.1  

Au-TiO2 (PMS) 11111 355.6  

 
 

5. Turnover Frequency (TOF), Discussion and Conclusions 
The % MO photocatalytic removal is higher for Au-TiOx/PMS and Au/TiO2 (PMS) replicas than for P25, but 

then measurements are at different catalyst concentrations. Dividing the rate of photocatalytic removal of MO 

(molecules x 109/mg/s) from water in Table 2 by the extent of MO adsorption (n) from Table 1 (molecules 

MO x 1014/mg) allows one to calculate the TOF [16]. Clearly the TOFs are modest, but for the biomimetic 

replicas have TOFs that decrease in the order Au-TiO2 (PMS) >TiO2 (PMS)>Ag-TiO2 (PMS) and at their highest are 

just a factor of x7 lower than for P25 anatase-rutile. This is promising. At present the authors are working on 

other biotemplates (Lilium longiflorurm pollen and Rotala rotundifolia leaves) and their overcoating with 

TiO2 (see Figure 4a,c). However, their absorption edges (see Figure 4c) will need to be raised if they are to be 

used in sunlight. These may additionally be templated by the target organic water pollutants (e.g. to produce 

molecular recognition. Such target pollutants include alkylphenol ethoxylates (e.g. TX100) that are endocrine 

disrupters. Brunel has a strong record in investigating these oestrogen-mimicking pollutants.  
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Abstract 

Results show that nanoparticles (NPs) can be biosynthesized at room temperature on the reductive 

and chelating surfaces of Portobello mushroom spores (PMS). Using this green approach TiOx, Ag, 

Au, Ag-TiOx and Au-TiOx NPs have been prepared. These were characterized by TEM, SIMS and 

FTIR-FTIR. TiOx/PMS, Ag-TiOx/PMS, Au-TiOx/PMS and Ag/PMS were active in bacterial 

inhibition towards Eschericia coli and Staphylococcus aureus, but Au/PMS was not active 

(suggesting a strong Au-PMS interaction). TiOx/PMS, Ag/PMS and Ag-TiOx/PMS were equally 

active in an antibacterial and an antifungal sense when tested against Asperillus and Candide. All 

samples (except Ag-TiOx/PMS and Au-TiOx/PMS) showed an interesting interaction with DNA. 

We report on the process of fine-tuning these antibacterial properties, progress on making these 

nanomaterials optically self-indicating and movement towards optical control of their antibacterial 

activity. Au-TiOx/PMS shows a surface plasmon resonance (SPR) with a maximum at 518 nm that 

might be useful in following its anti-bacterial properties (i.e. making the bionanomaterial self-

indicating). The future of such green bio-nanomaterials is strong. 

 

Keywords: mushroom, spores, gold, silver, titania, Eschericia coli, Staphylococcus aureus, 
Asperillus, Candide, DNA  

 
1. Introduction 

 
Nanomaterials are used in bone/tissue engineering [1]. Just as importantly, they are also needed to control 

infections [2] associated with MRSA, antibiotic-resistant bacteria [3] and multi-drug resistant Staphylococcus 

aureus [4]. Microbial infections have become a global health problem, with antibiotic-resistant genes (ABG) 

and antibiotic-resistant bacteria (ARB) emerging. 

 

It is well established antimicrobials include 5-40nm Ag nanoparticles (NPs) [4] that may be biosynthesized by 

green routes from  

(i) Chlorella vulgaris microalgae cells [5]  

(ii) Centella asiatica extract [6]  

(iii) Arnicae anthodium extract [7] or 

(iv) Phlomis bracteosa plants [8]  

In the last case FTIR showed that the polyphenols were mainly responsible for reduction and capping of 

synthesized Ag NPs were shown to be formed by their characteristic surface plasmon resonance (SPR) peak 

at 453 nm and TEM. Biomimetic Ag-oxide nanomaterials [9], nanopatterned surfaces [10] and bio-NP 

composites [11] are also interesting in an antimicrobial sense, as are bioactive Ti-oxide surfaces [12]. It therefore 

seemed appropriate to investigate PMS-derived Ag NPs, Au NPs and TiOx/PMS, Ag/PMS and Au/PMS.  
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It also seemed suitable to test these against gram positive Staphylococcus aureus and gram negative 

Escherichia coli [5,13]; here we wished to measure the diameters of zones of inhibition (mm) on agar plates as 

previously [8], while also characterizing where the NPs were in relation to the PMS cell wall using TEM [4]. 

The authors appreciate that anti-microbial strains, that are resistant to conventional anti-microbial agents, 

have appeared and some agents are unable to access cell membranes, restricting treatment of intracellular 

pathogens and causing side effects [14,15]. The authors now report a preliminary study of the antimicrobial and 

antifungal activity of some green Portobello mushroom spore (PMS)-derived NPs in the hope that work at the 

bio-nanomaterials interface may prove useful. 
 

2. Antimicrobial Mechanisms 

 
Bacteria can be classified depending on the structure/functional components of the cell wall into: 

(iii) Gram-positive bacteria (e.g. Staphylococcus aureus (S.aureus)) whose cell walls contain a thick 

surrounding layer (20-50 nm) of peptidoglycan (PG) which is attached to specific acids [15] and 

(iv) Gram-negative bacteria (e.g.  Escherichia coli ( E.coli )) which is more chemically-structurally 

complex; here the PG layer is thin and the cell wall tends to be negatively charged [16], with outer 

membrane containing lipopolysaccharides [53],17].  

Anti-bacterial agents can be (a) bactericidal (killing bacteria) and (b) bacteriostatic (slowing bacterial growth 

[53]). The mechanism of antibiotic resistance may be innate or may involve prevention of the antibiotic from 

penetrating the bacterial cell wall or hydrolysis/modification/degradation/inactivation of the antibiotic [18,19].  

 

Most anti-microbial agents exhibit inhibition, affect DNA/RNA synthesis, affect the cell membrane or 

damage the proteins in the cell [14]. 

 

With the development of biomedical nanomaterials, safer and alternative anti-microbial agents have started to 

emerge; these may be unique or may increase the activity of the conventional anti-microbial agents [19]. 

Treatment strategies include: (i) photo-disinfection with OH. [344], (ii) UV-disinfection at say 264 nm [344], 

(iii) photo-catalytic disinfection when reactive oxygen species (O2
.-, .OH or O2

-) are generated [344] (e.g. with 

TiO2/H2O) [344] and (iv) nanoparticle disinfection. Nanomaterials can be expected to become more important 

due to their unique chemical [346], mechanical [347], catalytic [348], electrical, magnetic, optical and 

biological properties [349]. Such properties make NPs powerful tools for vast and diverse applications (e.g. 

anti-microbial, diagnosis, imaging, and thereby drug delivery (because NPs provide unprecedented 

opportunities to molecular process and interrogate cellular clinical application [350])). NPs have recently 

emerged as unique anti-microbial agents due to their shape, size and high surface area to volume ratio; NPs 

are of the same dimensions as proteins, nucleic acid, membrane of receptors, antibodies and other 

biomolecules [351].  

 

Antimicrobial NPs [26] operate by mechanisms that are similar (but slightly different due to their different 

chemical properties, and their size, surface area, shape, crystallinity, charge, surface energy, chemical 

composition and aggregation [45]). Such NP properties govern their interaction with/in living cells and the 

way in which they (i) damage or disrupt the integrity of bacterial membrane, (ii) change the microbial cell 

wall and nucleic basic pathway, (iii) block the enzyme pathway, and (iv) destruct the cell membrane [46]. 

Conversely, the cytoplasm of Gram-negative bacteria is a strong reducing environment that can affect the 

oxidation state for metal NPs [26]. 

 

Relevant antimicrobial NPs include (i) TiO2 that have weak mutagenic potential, but are lethal to S.aureus and 

E.coli under UVC in 60 min [19,26], (ii) plasmonic Ag and Au that are chemically stable, non-toxic to human 

cells, biocompatibility [16] and exhibit localized surface plasmon resonance (LSPR) [36] and colour due to the 

coherent excitation of all free-electrons with the conduction band causing (SPR) an in-phase oscillation [29].  

 

Ag NPs when coated onto a filter for water purification or coated onto medical devices or in dental resin 

components reduce infection [27] and can be employed in wound healing and can control vector transmitted 

infection [14] because they react with biomolecules (like DNA, RNA or enzymes during an electron- release 

mechanism) weakening DNA replication, combine with proteins (causing denaturation and inactivating them 

by reducing bacterial proteins levels [30]) and interact with P- or S- containing compounds (like DNA leading 

to damage the cell wall) and may attach to the cell membrane surface and disturb respiration and permeability 
[17,29]. Au NPs have a large number of atoms available to attach to the surface of bacteria [31,32].  
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Biosynthesized Au NPs are promising for many medical applications such as anti-tumor, labeling, imaging, 

apoptosis and interaction with DNA [33]. They also show good biocompatibility, being compatible with human 

body cells and being resistance to corrosion [34]. Au NPs show a significant anti-bacterial activity depending 

on their size and shape and also the type of bacteria [24].  They strongly bind to the bacterial cell wall, 

allowing them to disrupt the bacterial cell membrane, causing leakage of nucleic acids and cytoplasm [17,35], 

induce photo-mutagenic processes causing damage to DNA and essential proteins [15], increase in ATP (where 

ATP generation is a significant part in the respiration chain of bacteria via the NAD+/NADH reaction) 

intercellular ATP levels, leading to bacterial death and catalyze oxidation reactions,  producing ROS that lead 

to the death of bacteria [35]. 

 

Ag-TiOx and Au-TiOx nanohybrids show strong anti-microbial activity due to their multi-functionality, e.g. 

Ag-TiO2 and Au-TiO2 NPs exhibit excellent anti-microbial action [36]. Recently, in green bio routes have been 

used to synthesis NPs (fungi, bacteria, and plants) [32,33] that may have interesting anti-microbial activity. 

 

3. Experimental 
 

3.1 Materials 

Fresh Portobello mushrooms were harvested. Reagents titanium(iv) isopropoxide Ti(OC3H7)4 (ACROS 

organics; 98%), ethanol (Sigma Aldrich; 99.9%), 2-propanol (Fluka; 99.9%; IPA), AgNO3 (Fisher chemical; 

>99%), gold (III) chloride hydrate (AuCl3.xH2O; Sigma Aldrich; 99.9%) were used as received. Two 

bacterial strains (pathogenic) were used during the testing: Staphylococcus aurous (Gram positive) and 

Escherichia coli (Gram negative). In addition Aspergellis and candida were used. 

 

3.2 Instruments  

FTIR spectra were recorded on an IR-affinity-1 (Shimadzu) with ATR. −FTIR was undertaken on an FT-IR 

spectrometer (Perkin Elmer, Spotlight 300). Surface morphology and particle size were examined by scanning 

electron microscopy (SEM, Supra35 VP) with EDX after Pt or Au coating. Transmission electron microscopy 

(TEM, Jeol 2100f, field emission gun (FEG) was used to assess morphology and particle size using a Gatan 

camera/imaging software (Gatan microscopy suite, version 3). Secondary ion mass spectrometry (SIMS, Kore 

z-7861-M on a silica wafer) was used to investigate surface composition. Ag, Au and TiO2 nanoparticles were 

characterized by UV-Vis spectroscopy (Perkin Elmer Lambda 650s).  

 

3.3 Preparations 

A 3mM solution of Ti(OC3H7)4 in 5 mL 2-propanol (IPA) was made up and filtered (0.22µm). 4-5 mg 

Portobello mushroom spores (PMS) were washed twice with water and acetone respectively and were then 

dispersed in 5 mL water and added with magnetic stirring (1-2h) to give TiOx/PMS. 

 

PMS (4-5mg) was dispersed in 5 mL water (ultrasonic bath for 15 min). At this point, 5 mL of aqueous 3mM 

AuCl3 solution was added with magnetic stirring at 298K. The pH of the suspensions was 1.4 and adjusted to 

around 9 - 10 by adding NaOH (0.1 and 0.01M). These Au NP sols were left for 3h under magnetic stirring to 

give Au/PMS. The colour of the solution changed after 1-3h. The same steps were used to prepare Ag/PMS 

using 3mM of AgNO3. 

 

Ag-TiOx/PMS nanohybrid was prepared by ultrasonically dispersing 4-5 mg of PMS in 5mL water for 15min. 

Then, 5mL of aqueous AgNO3 (3mM) were added to the PMS dispersion with magnetic stirring at 298K for 

3h. The Ag/PMS was left overnight. Then to 5mL of Ag NPs/PMS was added Ti(OC3H7)4 (3mM) in IPA with 

magnetic stirring for 3h. The same steps were used to prepare Au-TiOx NPs/PMS in IPA.  

 

3.4 Bio-activity Measurements  

Antibacterial activity was determined in duplicate using Mueller Hinton agar. PMS and NP/PMS samples 

were dispersed in (and diluted with) IPA or H2O. The antibacterial activity of NPs/PMS was assessed against 

two pathogenic bacteria species: Staphylococcus aureus (Gram positive) and Escherichia coli (Gram 

negative) in the agar well diffusion method. Overnight cultures were used. After 24 h of incubation, bacterial 

suspension (inoculum) was diluted with sterile physiological solution, for the diffusion test, to 108 CFU/mL 

(colon forming unit) (turbidity = McFarland barium sulfate standard 0.5) [37]. The control sets (IPA and H2O) 

were maintained at the same condition. The bacterial inoculums were uniformly spread using a sterile cotton 

swab on a sterile Petri dish containing agar. 50 μL of the PMS or NP/PMS samples were added to each well 

(6 mm diameter holes cut in the agar gel, 20 mm apart from one another). The plates were incubated for 24 h 
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at 309K, under aerobic conditions. After incubation, confluent bacterial growth was observed. The diameter 

of the zone of inhibition can be measured in mm [37].  

 

In the agar diffusion disc-variant measurements, NP/PMS were dispersed in (and diluted with) IPA and were 

used to impregnated 6 mm filter paper discs (Whatman no. 2) to a loading of 10L or mg.m-2. The discs were 

maintained at 298K until evaporation was complete and were then kept under refrigeration until the test, 

when they were placed onto the surface of the agar and incubated overnight at 309 K, at which point the 

zones of bacterial inhibition were recorded. These measurements were in duplicate [38]. In anti-fungal activity 

measurements, the NP/PMS samples were assessed against two pathogenic fungi species: Aspergellis and 

candida using an agar diffusion disc method. Here the plates were incubated for 72 h at 309 K under aerobic 

conditions. After incubation, confluent fungi growth was observed. The radii of the regions of inhibition of 

the fungal growth were again measured (mm); again tests were performed in duplicate [38].  

 

Consideration was also given to PMS and NP/PMS interaction with DNA in a genomic DNA extraction 

measurement. Nucleic acids from each 200 μL of EDTA-whole blood sample were extracted (after cell lysis 

and protein denaturation according to the procedure 28) and stored frozen (253K) until required. The 

concentrations of extracted DNA were measured by NanoDrop ND-1000 spectrophotometer that measured 

absorbance of DNA, RNA, protein and dye at 220-750 nm [39]. 1.5μL of DNA was assessed at 260nm to 

determine DNA concentration and the optical density (OD) ratio [39]. To study the effect of/on PMS-based 

samples on genomic human DNA, 10 µL of each sample was mixed with 10 µL of human genomic DNA. 

The mixture incubated at 310K for 1 h, then the absorbance of mixture was measured at 260 nm [39] and the 

DNA concentration was thereby assessed.  

 
4. Characterization Results 

 
4.1 SIMS (see Table 1) 

The positive SIMS for PMS and TiOx/PMS showed some intense peaks. PMS peaks at 28, 45 and 68 m/z are 

decreased in intensity as a result of TiOx coating, while peaks at 63 and 64 m/z related to TiO+ and TiOH+ 

respectively appeared. The PMS ion fragments need to be related to surface functional groups seen in FTIR 

(Table 2). 

 

4.2 SEM and TEM 

Figures 1-5 illustrate the hollowed oval-shaped morphology of 5m-sized PMS that was similar to red blood 

cells and the location of the 10-20nm sized pseudo-spherical discrete Ag and Au NPs and the TiOx overlayers 

in the cell walls. The PMS shape is not changed by heating at 373K, apart from an increase on some concave/ 

convex curvature on fluid loss. When fractured, the cell walls appeared to be ~252 nm thick (i.e. able to 

accommodate many 10-20nm-sized NPs). Clearly, the Ag and Au NPs were biosynthesized by the functional 

groups in the PMS cell wall and remain fixed there. 

 

 
Table 1. Comparison of the intensities of some positive SIMS peaks for the PMS and TiOx/PMS. 

 

m/z peak SIMS intensity for PMS SIMS intensity TiOx/PMS 

produced from 0.03mM 

alkoxide solution 

Chemical assignment 

15 1200 --- CH3
+ 

23 10000 --- Na+ 

28 50000 14000 C2Hx
+. 

29 15000 --- K+ 

40 4000 --- Ca2+ 

45 7500 2000 C2H5O+ 

63 --- 175 TiO+ 

65 --- 240 TiOH 

68 1400 75 CxHyO+ 
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Table 2. Functional groups seen in PMS samples with FTIR 

Functional group O-H N-H C-H C=O C-O C-N P-C-O 

wavenumber (cm-1 ) 3493 3340 2912-2850 1745,1622 1369 1064 1100 

 
 

 

 
a 

 
b 

 
c 

Figure 1. SEM of PMS (a) held at 298K (scale bar=2µm),  (b) heated at 373K (scale bar=10µm) and ( c) fractured 

PMS 

 

 
a 

 
b 

 
c 

Figure 2. SEM of (a) Au-TiOx/PMSIPA, (b) Ag-TiOx/PMSIPA and (c) Au-TiOx/PMSH2O 

 

 
a 

 
b 

 
c 

Figure 3. TEM of whole Ag/PMS (a), surface of Ag/PMS (b) and Ag NP within the cell wall of Ag/PMS (c) 

 

 
a 

 
b 

 
c 

Figure 4. TEM of whole Au/PMS (a), surface of Au/PMS (b) and Au NP within the cell wall of Au/PMS (c) 
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Figure 5. TEM of Au NPs and TiOx layers in the cell walls of Au-TiOx/PMSIPA. 

 

 

 
 a b c 

Figure 6. Optical image (a) and total absorbance (b) in FTIR and FTIR (c) for Ag/PMS 

 

 
 a b c 
Figure 7.  Optical image (a) and total absorbance (b) in FTIR and FTIR (c) for Au/PMS 

     

 
 

 

 
 a b c 
Figure 8. Optical image (a) and total absorbance (b) in FTIR and FTIR (c) for Au-Ag/PMS 

 

TiO2 
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 a b c 
Figure 9. Optical image (a) and total absorbance (b) in FTIR and FTIR (c) for Au-TiOx/PMS 

 

 
 a b c 
Figure 10. Optical image (a) and total absorbance (b) in FTIR and FTIR (c) for Ag-TiOx/PMS 

 

4.3 Micro-FTIR (FTIR) and FTIR (Figures 6-10 and Table 2) 

Figure 6-10 show optical images, µFTIR and FTIR of Ag/PMS, Au/PMS, Au-Ag/PMS, Au-TiOx/PMS and Ag-

TiOx/PMS. FTIR allows mapping of chemical functional group mapping in PMS. Figures 6b-10b show some 

heterogeneity in the total absorbance of microbiological samples (4000-700 cm-1).  Figures 6-10c show 

variations in the absorption bands of hydroxyl, carbonyl and amino groups in FTIR spectra of these samples 

at 1369 cm-1 (C-O) and 1064 cm-1 (C-N). These may be responsible for the reduction of the chloroaurate ions 

(AuCl4
-) and silver ions, along with saccharides, thereby biosynthesizing NPs [40].  

 

5. Anti-microbial and Anti-fungal Activity Results 

 
Tables 3 and 4 show that IPA, Au3+

(aq) and Ag+
(aq) are active in inhibiting both gram positive (Staphylococcus 

aureus) and gram negative (Escherichia coli) bacteria, but not water or PMS alone. At the same time 

TiOx/PMS, Ag-TiOx/PMS, Au-TiOx/PMS and Ag/PMS in water are active in bacterial inhibition. In contrast, 

Au/PMS is not at all active. The inference must be that this is because there is a strong Au-PMS interaction 

arising from ready reduction of Au3+
(aq) by the PMS surface. Conversely there can be no free Au3+

(aq) after the 

interaction with dispersed PMS.  

 

Table 5 shows the antibacterial and antifungal activity of five samples produced from a H2O suspension. 

Again Au/PMS was inactive (as in Table 3). Interestingly, Au-TiOx/PMS was active in inhibiting E.coli and 

S.aureus, but not at all active in inhibiting Asperillus and Candide. TiOx/PMS, Ag/PMS and Ag-TiOx/PMS on 

the other hand were broadly equally active in an antibacterial and an antifungal sense.  

 

Table 6 shows how five PMS-based samples interacted with human blood DNA at 310K in light and dark 

conditions after samples had been separated into a PMS-sediment and a supernatant liquid. Data are shown as 

the % of the absorbance (260nm; A260nm) of the added DNA. In almost all supernatant liquid samples and 

PMS sediment samples (in light and dark conditions), A260nm increased greatly beyond the level of the DNA 

added initially. The only samples that did not show this effect in the supernatant liquid were Ag-TiOx/PMS 

and Au-TiOx/PMS, but even then the PMS sediment did show an elevated A260nm.  
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Table 3. Diameter (mm) of inhibition activity against E.coli and S.aureus by holes samples (9 mm diameter)  

 controls NPs/PMS in IPA NPs/PMS in H2O 

 H2O IPA PMS TiOx 

/PMS 

Ag -TiOx 

/PMS 

Au -TiOx 

/PMS 

Auo 

/PMS 

Ago 

/PMS 

Auo-Ago 

/PMS 

E.coli 0 15 0 15 16 20 0 13 11 

S.aureus 0 13 0 18 17 17 0 15 12 

NP or PMS concn 

(mg/100µL) 

- - 4 0.016 0.01/0.007 0.01/0.01 0.039 0.021 - 

 

Table 4. Diameter (mm) of inhibition activity of precursor salts and ions Au against E.coli and S.aureus (9 mm diameter) 

 salts in IPA salts in H2O 

 Au3+ Ti4+
 Ag+ Ag+ Au3+

  

E.coli 19 19 24 14 15  

S.aureus 28 22 24. 16 17  

Salt or ion concn 

(mg/100µL) 

3.05 2.55 0.05 0.05 3.05  

 

Table 5. Diameter (mm) of inhibition activity (6mm diameter) of samples dispersed in H2O 

 TiOx 

/PMS 

8g/50L 

Ag-TiOx 

/PMS 

13-21 

g/50L 

Au-TiOx 

/PMS 

42-130  

g/50L 

Au/ 

PMS 

25 g/50L 

Ag/ 

PMS 

13g/50L 

E.coli 9-7 10-9 8-9 0.00 9-11 

S.aureus 20 8-10 7-7 0.00 9-8 

Aspergillus 7 8 0.00 0.00 7-9 

Candide 11 9-7 0.00 0.00 11-12 

 

Table 6. Effect (%) on original human blood DNA in the light and dark in supernatant liquid about PMS 

samples and in PMS precipitates 

 TiOx 

/PMS 

Ag/ 

PMS 

Au/ 

PMS 

Ag-TiOx 

/PMS 

Au-TiOx 

/PMS 

Supernatant liquid/Dark 1048 133 216 89 50 

PMS sediment/Dark 1278 214 294 229 460 

Supernatant liquid/Light 659  228 659 194 

PMS sediment/Light 917   229 1622 

 

 

 
 

Figure 11. DNA structure, where a strand of the DNA backbone consists of de-oxy ribose sugar molecules (A, G, C and 

T) which are linked together by phosphate groups that possess C-O-P and P=O as binding site. The 3`C of sugar is 

connected via a phosphate group to 5`C of the next sugar by phosphodiester. 
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6. Discussion and Conclusions 

 
The biosynthesis of NPs/PMS can be explained by an important factor: the nicotinamide adenine dinucleotide 

NADH and NADH dependent enzyme. The reduction appears to be started by electron transfer as an electron 

carrier from NADH- dependent enzyme. This process may play a key role in the biosynthesis and bio-

transformation reactions [32]. The mechanism of formation of NPs/PMS may involve trapping of Ag or Au 

ions on the surface of PMS and electrostatic interaction between the positive charge of ions and negative 

charge of carboxylic and hydroxyl groups on the cell wall of PMS in basic solution [41]. Furthermore, PMS 

involves many functional groups and active compounds that can be reacted as both a reducing and capping 

agent [32] (NADH →NAD+    +   e-). Proteins and polysacchrides play an important role in any reaction with 

metal ions, because of the COO- and O-H  groups  which have a strong ability to chelate/react with Ag and 

Au ions. PMS contain many functional groups. For example, glucose has carbonyl groups which are highly 

polar (C+-O-) and namely an aldehyde. This structure is flat (trigonal) and it can be that hydroxyl ions attack 

the carbonyl group. The mechanism of reaction in an alkaline environment (pH ≥ 10) occurs according to: 

2Ag+ + -CH2OH (glucose) +  3OH- → 2Ago + -C=O +  H2O or              

Ag+ + -CH2OH (glucose) + OH- →  2Ago + -COOH +1/2 H2. It is known that edible mushroom consists of 

75% proteins [42]. For example, carbonyl group in amino acid, peptides of proteins, enzyme and 

polysaccharide might have a strong ability to bind with silver and play a role in the reduction of metal ions to 

atoms by the oxidation of aldehyde group to carboxylic acid  [43]. So, the proteins probably can form a layer on 

the Ag or Au NPs which prevents agglomeration of NPs. Therefore, the NPs are stabilized in the mixture [44]. 

 

Ag-TiOx/PMS is active against an antimicrobial and an antifungal agent, but Au-TiOx/PMS is only active 

against bacteria. This again may reflect on the strength of the Au-PMS interaction. One would expect that 

NPs/PMS would bind through several metals ions or atoms in the microbial cell [24].  

 

The properties of the bacteria cell wall can play a crucial role in different NPs/PMS because the wall is 

designed to provide rigidity, shape and strength to protect the cell from osmotic rupture. Gram positive 

bacteria were found to be more susceptible to the NPs/PMS than Gram negative bacteria because of the 

difference in their cell wall structure. Gram negative bacteria are considered to be more resistant due to their 

outer membrane acting as a barrier to many environmental substances including antibiotics [15].  In addition, 

the charge on the membrane of E.coli is negative because of the excess number of carboxyl groups, which 

upon dissociation makes the cell surface negative. The opposite charges of bacteria and nanoparticles are 

attributed to their bioactivity due to electrostatic forces leading to electrical interaction between the E.coli  

and NPs/PMS increasing the possibility of collisions and decreasing the bacteria growth [17]. 

 

Moreover, increasing the surface area/decreasing the particle size, could be helping to improve NP  anti-

microbial activity [24]. NPs have a large surface area available for interaction, which enhance the bactericidal 

effect more than the large sized particles; hence they impart cytotoxicity to the microorganisms. However, the 

aggregation of NPs leads to decreasing the property of the interaction of NPs with bacteria cells [17]. The size 

of NPs can give rise to electronic effects which promote their surface reactivity and prevent the aggregation 

of NPs. For example, NPs with diameter less than 10 nm have anti-microbial activity but NPs with diameter 

30-50 nm did not have good anti-microbial activity until NPs reached 20 µg/mL [24]. 

 

TiOx NPs/PMS and monohybrid have good anti-bacterial activity against E.coli. When the cell of bacteria 

absorbs the NPs significant oxidative stress happens due to the generation of free radicals like .OH, O2
- and 

H2O2 by oxidation of poly unsaturated phospholipids. Hence, these lipids started to submit a peroxidation 

reaction subsequently leading to: 

• glutathione (GSH) depletion 

• stress or eventual disruption in the morphology of cell membrane, and 

• the electron transfer leading to cellular death [34]. 

 

Ag NPs/PMS and monohybrid have excellent anti-bacterial activity against both E.coli and S.aureus due to 

the generation of ROS following the administration of NPs. Our results show that Ag NPs/PMS have anti-

bacterial activity in lower concentration than other NPs. High activity of silver NPs is attributed to species 

difference as they dissolve to release Ag0, Au0, Ag+, Au+ clusters. Several mechanisms have been suggested 

leading to the inhibition of bacteria growth: 

• Binding Ag NPs with proteins or lipo-poly-saccharide in the cell membrane leading to collapse [15]. 
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• Ag NPs were found to induce phosphate and interaction with atoms which have a high electron 

density like S, O and N. These are essential biological molecules as thiol group because Ag NPs 

have an extreme chemical affinity for sulfur group. The interaction with thiol or cysteine in protein 

leads to denaturation effects, loss of the subsequent of enzyme and changing cytoplasmic 

components [34].    

• Attacking the respiratory chain and inhibition of the respiratory enzymes with the division of cells 

and causing  death [17].   

• Starting to act on dehydrogenases of electron transport and reduction of cellular adenosine 

triphosphate (ATP) level. 

 

Interestingly, Au NPs/PMS do not have any bacterial activity. It can be suggested that: 

• Au NPs self-assemble in 4-5 m long PMS indicating a strong NP-PMS interaction [27]. 

• Au NPs aggregation caused a decreased inhibitory effect; increasing surface area generates further 

biophysical interactions [17]   

• Au NPs /PMS may be absorbed only on the cell of bacteria but cannot penetrate inside bacteria cells 
[24]. 

The ability of biomolecules (like nucleic acid and proteins) to chelate [34] and adsorb [35] Au NPs may direct 

the NPs to specific sites [34]  or change their biological effects [35]. Nevertheless, Au NPs are particularly 

attractive for target direction diagnostics and therapeutics in the human body [34].  

 

The potent anti-fungal of TiOx/PMS is the most effective catalyst for chemical transformation [35].  

 

Present data suggests that Ag/PMS has a potential as a biocide against Aspergillus and Candide. Indeed, the 

disrupting of the structure cell membrane and inhibiting the normal budding process is due to the damage of 

the membrane integrity [28]. 16). 

 

The results of the present study support the suggestion plant-derived NPs have antibacterial properties that 

can be utilized as antibacterial agents in new drugs for the therapy of infectious disease caused by pathogens 
[44]. 

 

In addition PMS-based nanomaterials clearly interact with DNA. Figure 11 illustrates the structure of DNA. 

The base pairs of DNA possess strong absorbance at 260 nm [45]; if the DNA helix is denatured, base stacking 

is destroyed and UV absorbance goes up. The effect of PMS and most NP/PMS samples was to increase 

absorbance at 260nm above that for the DNA introduced (both in light and dark conditions and in the 

supernatant and PMS sediment). The only exception was for the supernatant liquid of Ag-TiOx/PMS(H2O, IPA) 

and Au-TiOx/PMS(H2O, IPA). One assumes that all other samples lower base stacking, blocking of DNA 

replication and causing DNA damage [41]. Figure 12 shows that the absorbance changes in the form of 

hyperchromism and hypochromism. The present results appear to show that hyperchromism occurs 

suggesting breakage of the DNA structure. That means a strong interaction between TiOx NPs/PMS and 

nanohybrid with DNA.   

 

 

Figure 12. Hyperchromism and hypochromism of the 

DNA spectrum under UV light. (bases absorb UV 

radiation. If strands are allowed to anneal, base stacking 

reduces UV absorbance: hypochromism. If helix is 

denatured, base stacking is destroyed, UV absorbance 

goes up (hyperchromism). 

 

 

Electrostatic interactions can change the conformation/structure of DNA. For example, H-bonds, hydrophobic 

effect and stacking interactions between complementary bases hold the two strands of DNA together. When 

NPs/PMS were added, the base-base interaction was reduced in the DNA structure, owing to many bases 
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becoming free form and H-bond breakage leading to an increase absorbance [45]. Furthermore, the presence of 

a single stranded DNA will be higher than double stranded DNA in the same concentration.  

 

Moreover, the mechanism of reaction can occur by the phosphate group of DNA which has a negative charge. 

The positive charge of metals can bind to P=O to form P-O-M via electrostatic reaction [46]. From the results 

we can see that there are future applications for using these materials as anticancer drugs by destroying the 

nuclear materials for the tumour cells.  

 

Ag NPs appear to enter the cell and intercalate between the purine and pyrimidine base pars disrupting the 

hydrogen bonding between the two anti-parallel strands and denaturing the DNA molecule [47].  

 

In general, all samples can analyze DNA in dark and light. NPs/PMS in mixture and precipitate have an 

excellent effect which reaches 60 ng/µL. In contrast, NPs/PMS monohybrid supernatant show some decrease 

in absorbance due to lower NPs/PMS concentration [32]. Explain why DNA was not from PMS. 

 

The interaction between TiOx NPs/PMS and monohybrid with human DNA under UV can be explained via 

the covalent interaction and non-covalent interaction. First, NP/PMS hybrids can bind to alkylation or intra 

and inter strand crosslinking of DNA as a covalent interaction. Secondly, the non-covalent interaction leads to 

DNA strands breakage, changing DNA conformation or torsional tension [43].  Additionally, non-covalent 

interaction involves the following: 

• TiOx/PMS and hybrids could be interacting between bases pairs.  

• they bind to a sugar phosphate group’s backbone or the major or minor groove. 

• The electrostatic interaction of these NPs includes binding to the exterior of the helix by non-

covalent interaction [45]. 

Several hypotheses can be suggested to explain the increase in absorbance at 260 nm: 

(iii) Exposure of the bases’ purine and pyrimidine of DNA when NPs interact with DNA leading to a 

slight change in the human DNA conformation and  

(iv) NPs release ROS causing DNA damage [48]. 

 

Optical amplifiers (e.g. liquid crystals) have been reported [49] to be useful for detection of gram-positive and 

gram negative bacteria. The authors are considering whether their Au-Ag/TiOx bionanomaterials also have 

useful optical properties. Conversely, UV promotes antibacterial effects in TiO2 nanocomposites even after 

cessation of UV irradiation [50].  

 

 

Figure 13. UV-Vis absorbance spectra of TiOx NPs/PMS and their 

monohybrids. 

 

Figure 13 shows that Au-TiOx/PMS shows a surface plasmon resonance (SPR) with a maximum at  

518 nm, confirming the presence of Au NPs seen in TEM, and this might be used to follow its antibacterial 

activity, making this nanomaterial self-indicating. 
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