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Abstract 

Dental infections and diseases are a global health problem. They are caused by the 

failure to treat and remove biofilms from surfaces in the oral cavity. Current 

antimicrobial treatments are extensive and ineffective for localised antibiotic delivery 

to biofilms.  

This work describes the first ultrasound-responsive silica nanoparticle (SNP) drug 

delivery system for antimicrobial agents. The optimised preparation of antimicrobial 

agent, cetylpyridinium chloride (CPC) has been successfully encapsulated into silica 

nanoparticles. The drug delivery system has shown promising stability with minimal 

leakage and enhanced release kinetics when exposed to ultrasonic cavitation, 

produced from an ultrasonic scaler device used in dentistry.  

The CPC⊂SNP nanosystem was further investigated for its antimicrobial activity 

against Streptococcus sanguinis biofilms. A significant synergistic effect was shown by 

the combination of CPC⊂SNP and ultrasound compared to CPC alone. Therefore, 

showing a promising strategy for the localised and controlled delivery of antibiotics. 

This proof-of-concept model, lead to the successful encapsulation of the antibiotic, 

ciprofloxacin (CPX) into SNPs with smaller NP sizes. The CPX⊂SNP nanosystem 

showed promising US-responsive release and enhanced antimicrobial activity against 

Streptococcus mutans biofilms compared to larger drug loaded SNPs. 
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Chapter 1: Introduction 

1.1. An overview of the human oral microbiome 

The oral microbiome is a complex ecological system which harbours over 700 

species of bacteria, consisting of symbiotic, commensal, and pathogenic 

microorganisms.1–3 It is responsible for homeostasis, protecting the oral cavity, and 

preventing disease.4,5 All humans have a core microbiome in common, but depending 

on their lifestyle and physiological differences, variations can occur. The oral cavity is 

a gateway to the human body and is connected to the nose, throat, oesophagus, and 

trachea and to the ears via the eustachian tubes. There is constant exposure to dietary 

consumptions, saliva, and elements from the air.  

The oral cavity is coated with bacteria forming biofilms. A biofilm is defined as 

‘aggregates of bacterial microorganism that are embedded within a self-produced 

extracellular polymeric substances (EPS) matrix’.6,7 Typically, biofilms are adherent to 

any wet, non-sterile surface. They are widely used in the biotechnology industry for 

water filtration for safe drinking, biocatalysis and biofouling. However, biofilms are 

prevalent with plants, animals, and humans, as they are associated with persistent 

infection. Also, they cause contamination of medical devices and implants.6,8  

The surfaces in the oral cavity enable different microbes to accumulate at supragingival 

(above gumline) and subgingival (below gumline). Especially on the smooth, pitted or 

fissured surfaces of the tooth.9 The composition of biofilms can be influenced by 

various factors, which can lead to dental infections, such as caries (tooth decay), 

periodontitis (gum disease) and endodontic (root canal) infections.1,10 The presence of 
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bacteria has been linked to many systemic diseases4, such as cardiovascular 

disease11, diabetes12,13 and pneumonia.14,15 

1.1.1.   Biofilm formation in the oral cavity  

The process of biofilm formation is highly complex and is difficult to replicate in 

vitro biofilm models.16 Generally biofilms develop by coaggregation and coadhesion of 

bacterial cells via cell-to-cell recognition and cell-to-surface attachment.17 The 

coaggregation and coadhesion are important mechanisms for growth and stability of 

multispecies biofilms in the oral cavity.18 There are two types of bacteria: Gram-positive 

and Gram-negative, which differ by their outer structure. Gram-negative have three 

layers, the outer membrane consisting of lipopolysaccharides, a thin peptidoglycan cell 

wall and an inner membrane. In comparison, Gram-positive bacteria have many layers 

of peptidoglycan creating a thick layer.19,20  Although both types can cause serious 

Figure 1. 1: Biofilm formation cycle. The reversible phase involves acquired enamel 
pellicle which forms a thin film on a surface, mediating attachment of planktonic 
bacterial species. Maturation of the biofilm enters an irreversible stage of adhesion 
and aggregation of microcolonies to the surface. Eventually some cells will detach and 
disperse to create new colonies on other surfaces. Adapted from Kolenbrander et al.18 

and redrawn with BioRender. 
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infections, Gram-negative bacteria are a challenge to the healthcare sector due to the 

resistance to antibiotics. The fundamental double membrane structure provides extra 

protection.21  

The formation of biofilms on the teeth (Figure 1. 1) is thought to begin from the 

attachment of acquired enamel pellicle, a thin-film of proteins and other 

macromolecules derived from salivary glycoproteins. The mechanism of initial 

attachment to the tooth surface may occur through several pathways, unique to each 

bacterium. For example, some attach by sensing physiochemical changes or adhere 

via bacterial appendages (flagella/pili), which enable hydrophobic to hydrophobic 

interactions or cell body attachment.22,23 Initial adhesion of planktonic (free-floating) 

bacteria occurs via their recognition and interaction with specific sequences of amino 

acids in the pellicle salivary proteins. Primary colonisers include Gram-positive 

facultative anaerobes Streptococcus and Actinomyces species with the salivary pellicle 

that natural form on the tooth surface. For example, Streptococcus sanguinis plays a 

key role in oral biofilm development, as it is an abundant and commensal bacterium 

that aids the attachment of succeeding organisms that can lead to pathogenicity given 

the opportunity.  In such, promote secondary colonisers to allow coaggregation of 

bridging organisms, such as Fusobacterium nucleatum, Corynebacterium species 

together with Porphyromonas gingivalis.  Both F. nucleatum and P. gingivalis are 

contributors to periodontal disease.3,18 As the biofilm formation progresses, certain 

species enable coaggregation of other bacteria to produce multispecies and the 

process becomes irreversible. Eventually, clusters of cells from the mature biofilm can 

break off and form new biofilms on other surfaces. It is this biofilm formation and 

dispersion process that can often lead to infection in the host.24–26  
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An important feature of dental biofilm formation is the presence of extracellular 

polymeric substances (EPS) which surround the bacterial cells. This slime-like matrix 

is key for holding bacterial cells together, to provide a dense but highly porous biofilm 

network. It is mainly responsible for the architecture and integrity of the biofilm 

structure.22,27–29 Generally, the EPS is composed of three major components: 

extracellular polysaccharides, DNA and proteins.30,31  The structure of the biofilm can 

vary significantly, as can its functions. The EPS acts as a protective barrier for 

microbes to foreign materials, such as antimicrobial agents, but it is also stabilised by 

pH, retains water to prevent the biofilm from drying out, entraps nutrients and promotes 

bacterial cell adhesion and aggregation.32,33 

1.1.2.   Tooth structure & dental infections 

The human adult mouth contains 32 permanent teeth, classified into four types: 

incisors, canines, premolars, and molars. They differ in shape and size, which are 

related to their mechanical function of biting, tearing, and grinding. The tooth consists 

of the crown, which is visible in the mouth and the root buried below the gumline. The 

anatomised structure, shown in Figure 1. 2A, comprises of hard tissues: the enamel, 

cementum and dentine and soft tissue, the pulp. The dental enamel is the outer layer, 

covering the tooth crown. Enamel is the most highly mineralised substance in the 

human body and provides a hard resistant surface. Beneath the enamel is a thin layer 

of cementum covering the root and connected to the alveolar bone by periodontal 

ligament.34 Dentine is a porous, hard, mineralised, connective tissue that contains 

dentinal tubules that range in diameter from 1 - 4 µm.35 The microscopic channels run 
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through the dentine, radiating to the inner pulp canal. The pulp is in the centre of the 

tooth and includes a vascular and nerve supply.36 

A 

B 

Figure 1. 2: A) Healthy tooth highlighting the key structures and features. B) Unhealthy 
tooth, showing potential areas susceptible to bacterial infections. Created with 
BioRender. 
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Dental caries and periodontal diseases are non-communicable chronic oral infections 

with increasing prevalence in the human global population.37 Both infections occur due 

to a failure to readily remove pathogenic-associated biofilms. Periodontitis is caused 

by inflammatory and immune responses within the gingival (gum) and surrounding 

tissue (Figure 1. 2B). The secretion of proteolytic enzymes released from pathogenic 

bacteria in the dental plaque are predominately from Gram-negative anaerobes. Key 

periodontal pathogens include Aggregatibacter actinomycetemcomitans, P. gingivalis, 

Tannerella forsythia and Treponema denticola.38 Gingivitis is caused by dental plaque 

accumulation between the teeth and the gingiva. By maintaining good oral health, such 

as daily tooth brushing, discourages biofilm aggregates from reforming. However, 

ineffective control can progress gingivitis into periodontitis, a non-reversible infection. 

The inflammation response causes damage to the connective tissue and supporting 

alveolar bone. Consequently, causing tooth loosening, pain and even tooth loss.39–42 

Therefore, it is essential for biofilm removal or treatment to prevent chronic infections. 

Dental caries is another chronic oral disease, affecting an estimated 90% of the world 

population at least once in their lifetime.37 Caries is a result of localised destruction of 

the hard enamel tissue due to the acid-producing bacteria present in the dental plaque 

and fermentation of carbohydrates on the tooth surface (Figure 1. 2).43 The most 

common caries-related bacteria are Streptococcus mutans, Enterococcus faecalis and 

Lactobacillus species.43–45 Overtime, the retention of dental plaque on the tooth surface 

for prolonged periods, facilitates the acids to demineralise the enamel and expose the 

underlying dentin, creating carious lesions. If enough dental plaque is reduced or 

removed, the tooth can remineralise and prevent the progression of caries. However, 

dental caries further advances due to risk factors that interfere with microenvironment 
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balance. Frequent sugar consumption, which encourages the growth of carcinogenic 

species, is responsible for low pH conditions (pH 5.5) and contributes towards salivary 

dysfunction.46,47 Saliva has an important role in protecting teeth, but if the pH falls then 

the mineral structure of the tooth will break down from this acid attack. Breach in the 

enamel integrity, allows bacteria to invade the dentine and diffuse through the dentinal 

tubules to the pulp. This can initiate an inflammatory response that leads to diseases 

of the pulp (pulpitis and necrosis), pain and potential tooth loss.48,49 Elimination of the 

invading bacteria is therefore essential to the prevention and treatment of dental caries. 

1.2.  Removal of biofilms in dentistry 

Supragingival and subgingival plaque control is essential in the prevention of oral 

diseases. One main way to attain this is through antimicrobial agents or antiplaque 

agents that have been designed to prevent biofilm formation and or remove the 

established biofilm. For example, Chlorhexidine (CHX) and cetylpyridinium chloride 

(CPC) are two of the most frequently used antimicrobial agents in toothpaste and 

mouthwash formulations to inhibit bacterial plaque formation.50 They both have a broad 

spectrum of bactericidal activity at killing both Gram-positive and Gram-negative 

bacteria.51 There are various mechanisms in which antimicrobial agents can affect the 

bacteria. This can be achieved by inhibiting the cell wall or inducing membrane 

permeability; blocking metabolic pathways; inhibiting the protein or nucleic synthesis.52 

However, CPC containing mouth-rinses are often ineffective when used in conjunction 

with toothpaste, due to interactions with other ingredients.53 Another reason includes, 

the hindered penetration of CPC into the biofilm matrix and retentiveness 

(substantivity) on the dental and mucosal surfaces.54 Therefore,  low concentrations of 

antimicrobial agent reaching the target site and preventing localised delivery. 
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Alternatively, the administration of prescribed antibiotics are used to kill bacteria 

(bactericidal) or prevent growth (bacteriostatic) of bacterial infections. The most 

commonly used antibiotics in dentistry are β-lactams, nitroimidazoles, macrolides, 

lincosamides, fluoroquinolones and tetracycline.55,56. Alarmingly, antibiotic resistance 

is surging and is one of the most significant, challenging, and urgent threats to public 

health. Antibiotic resistance can develop for several reasons. For example, the misuse 

and overuse of antibiotics can enable spontaneous genetic mutations to occur in 

bacteria.55 Resistance can spread through horizontal gene transfer, by transferring 

plasmids between bacterial cells and species. As a result,  bacteria are becoming less 

sensitive to antibiotic treatments.57,58 Another survival strategy is when bacteria cells 

are embedded within EPS matrix of biofilms. Biofilms are already highly tolerant to 

antibiotics, as it is difficult to penetrate their structure.59 Resistance mechanisms of 

biofilms occur due to exporting the drug out faster than it can diffuse into the cell via 

efflux pumps. Also, antibiotics can be destroyed by chemical modifications from 

enzymes or even by reprogramming the target site.60–62 Therefore, it is becoming 

increasingly difficult to access bacteria communities within a biofilm using conventional 

antibiotics.  

Furthermore, dental restoration materials are used in dentistry to restore, reduce 

infection and exposure to unwanted bacteria.63 Demineralisation of the hard enamel 

and dentine tissue caused by dental caries are filled in with durable materials, such as 

composite resins. However, such materials have a resin base and can suffer from 

polymerisation shrinkage when cured, creating a gap between the filling and tooth 

structure.64 Any roughness on the surface of the filling will provided an ideal surface 

for more bacteria to accumulate and grow. This in turn will lead to recurrent caries and 



Chapter 1: Introduction 

9 
Menisha Manhota – March 2022 

deterioration of the restorative material.65 Furthermore, studies have been conducted 

for the incorporation of antimicrobial agents into resin composites to provide 

antibacterial activity.64,66 Unfortunately, modified resin composites with antimicrobial 

agents often influence the mechanical properties, resulting in the leakage of the 

antimicrobial agent. This will cause possible toxicity to surrounding tissues, reduction 

in the life of the filling due inadequate strength and toughness.67–69 

Other clinical strategies involve the mechanical removal of biofilms from dental and 

implant surfaces, termed mechanical debridement.70,71 There are various procedures 

to clean the tooth surface. This may be done by hand or by the use of ultrasonic tips. 

The use of ultrasonic vibrations generated by a power-driven hand-held instrument can 

disrupt and dislodge plaque and calculus (calcified plaque), quicker than manual 

curettes and scalers.72 The ultrasonic scaler (Figure 1. 3)  is often used by clinicians 

as an effective non-surgical device to remove supra and subgingival plaque, reducing 

Figure 1. 3: Mechanical debridement for removal of plaque from the surface of the 
tooth with an ultrasonic scaler device. Created with BioRender. 
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treatment times. Although there have been clinical studies on the efficiency for the 

removal of biofilms, it is more demanding from the subgingival, due to access and 

limited visibility. Therefore, it is difficult to eradicate bacteria that have reached and 

entered the dentinal tubules.73,74 It has been suggested treatment with antimicrobial 

agents and the ultrasonic scaler could enhance the biofilm removal strategy. However, 

antimicrobials can be washed away for clearance, by fluid in the oral cavity. Thus, 

diluting the concentration for any significant effect.75 It has also been proposed 

ultrasonic scalers can have an antimicrobial effect on periodontal pathogenic bacteria, 

however there is limited evidence whether cell death is due to acoustic energy 

produced by the oscillating tip.76,77 

1.2.1.  The effects of ultrasound  

A mentioned previously, biofilm removal can be exploited by the effects of US, 

which can also be desirable for treatment and drug delivery applications. Ultrasound 

(US) waves have a frequency greater than 20 kHz and are pressure waves that are 

transmitted through the expansion and contraction of a liquid.78 For example, ultrasonic 

scalers have a working tip that produce US waves at frequencies above 25-40 kHz and 

amplitude range between 10-100 µm.73,79 The ultrasonic energy is generated by either 

a magnetostrictive or piezoelectric transducer located in the hand-held piece of the 

ultrasonic scaler.80,81 A piezoelectric transducer converts alternating electric current 

directly into mechanical vibrations through the scaler tip. Magnetostrictive devices use 

a magnetic field, created by alternating electric current through a coil and 

ferromagnetic material, to transfer energy into mechanical energy. But the vibrational 

motion at the tip is elliptical and circular.78,82 Cooling water flows over the tip, which not 

only prevents frictional heating with the tip to surface contact, but assists with visibility 
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by debris clearance. 83–85  The generation of high energy from the ultrasonic scaler can 

cause biological and physical effects, thermally and mechanically.78 

Thermal effects produced from US waves can occur when the energy from the US 

wave is transferred to cells in the form of heat. By increasing the pressure, the 

frequency of the wave increase, as a result a rise in temperature. If the temperature 

reaches above 43 °C, this can cause strong hyperthermia.86 This is commonly used 

for tumour tissue ablation in the body with high intensity focused ultrasound (HIFU) 

rather than from dental ultrasonic scalers. The thermal effects can cause tissue 

damage by denaturing proteins leading to necrosis and allows for the tumour tissue to 

become more susceptible to chemotherapeutics.87 

Figure 1. 4: Propagation of an ultrasound wave to show the bubble expansion and 
collapse at the rarefaction and compression phases of two types of cavitation: A) 
inertial cavitation and B) non-inertial cavitation. Bubbles not drawn to scale. 
Reproduced from Izadifar et al.90 using BioRender. 
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Furthermore, mechanical effects from an ultrasonic scaler can occur from acoustic 

cavitation in a liquid. When US is applied in a liquid, acoustic cavitation occurs when 

the local pressure becomes lower than the saturated vapour pressure.88,89 It is this 

negative pressure that forms a cavity in the liquid, known as the cavitation threshold. 

During the US wave cycle (Figure 1. 4), a bubble grows from a small nuclei in the 

rarefaction phase. The bubble continues to grow with increasing pressure until it 

reaches the compression phase, which causes the bubble to oscillate. There are two 

types of cavitation: inertial and non-inertial. 78,90 

In Figure 1. 4A, shows the inertial cavitation process, which involves the rapid rise and 

collapse of gas bubbles. Here bubbles can expand to twice its initial radius size and 

when the pressure increases above the critical threshold the bubbles violently implode, 

releasing high energy shockwaves and high velocity microjets upon release.89,91 These 

localised extreme conditions can lead to the emission of light bursts, known as 

sonoluminescence; disruption to tissues to enhance drug transport; and formation of 

reactive oxygen species.92 This latter occurs when the high pressure and temperature 

generated from the bubble implosion, release significant heat energy that can split 

water molecules into hydroxyl free radicals and oxygen.93,94  These extremely reactive 

species can cause a series of chain reactions, especially on a cellular level. For 

example, the formation of hydrogen peroxide that are damaging to cells and influence 

the cell membrane permeabilization.95  

Alternatively, non-inertial cavitation (Figure 1. 4B) is a stable form of gas bubbles. This 

happens when the bubble is forced to oscillate in the acoustic field, as a result of lower 

energy and amplitude. This creates a phenomena of acoustic microstreaming, which 
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have velocities and shear forces that can enhance the cleaning of dental biofilms, but 

can be damaging to surfaces.79,96,97  

1.3.  Drug delivery systems  

The prevalence of antimicrobial resistance is a consequence of antibiotic treatment. 

Often regimes involve a long course of therapy to ensure sufficient antibiotic exposure 

to eradicate pathogenic bacteria.98 However, administration of antimicrobials can be 

inappropriately and over used leading to genetic alterations, such as gene expression 

and mutagenesis. Therefore, increasing frequent risk of bacterial antimicrobial 

resistance. Furthermore, delivery of antibiotics is not always localised to the infected 

site and are faced with challenges such as, solubility issues, lack of diffusion into 

biofilms and issues of rapid clearance from the target site. As a result, innovative 

strategies are crucial to combat the emergence of antimicrobial resistance to overcome 

the challenges of current antibiotic therapies. 

Nanomedicine is a rapidly evolving field, although is under used for dental applications. 

The dentistry  field would benefit from improved prevention, diagnosis, and therapy for 

oral and dental diseases.99,100 The use of nanomaterials offers an avenue to improve 

the effectiveness of existing therapeutics and better understand complex mechanisms 

underpinning infection. Also allow for the development of safer and effective treatments 

to overcome the fundamental limitations of conventional drug delivery.101,102  

Dental infections associated with biofilms are difficult to eradicate and is intrinsic to the 

resistance to antimicrobial agents and antibiotics. As previously mentioned, the 

complex architecture of the biofilm consists of bacteria colonies surrounded by an EPS 
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matrix. Therefore, traditional antibacterial agents lack the ability to penetrate the biofilm 

and kill the pathogenic bacteria.  

Nanoparticles (NPs) have been extensively studied due to their excellent properties 

that can be utilised as nanomedicines and nano-delivery systems.103–105 In addition to 

being antibacterial agents, NPs can act as delivery systems to deliver agents by drug 

encapsulation or attachment for targeted delivery to the site of action and have a 

controlled drug release.106,107 

The design and synthesis of NPs is highly important, as each NP can present its own 

unique properties. The nanosize (1-100 nm) and sub-micron (100-900 nm) scales of 

NPs provides a high surface area-to-volume ratio, offering increased interaction with 

bacteria. This enhances membrane permeability of the bacterial cell that enables an 

increased accumulation of NPs (active agent) at the infected site.108 Moreover, the 

nanostructure shape is a critical characteristic, as morphology and activity of NPs can 

improve the efficacy of treatment. Furthermore, NPs can be modified by providing a 

surface that can be functionalised with chemical groups and ligands to enhance the 

targeting to specific bacteria. The advantage of modifying NPs can help protect healthy 

bacteria and epithelial cells from cytotoxic and adverse effects. NPS will also shield 

drugs from enzymatic attack and drives interactions with the bacterial membrane to 

achieve an enhanced antimicrobial activity with control release of drugs.104 

The design of NPs can be optimised for stimuli-responsive drug release systems within 

the bacterial microenvironment. Internal stimuli can be fabricated to release the drug 

under physiological conditions dependant on the infection. Different types have been 

explored by releasing the drug from NPs under changes in pH, the presence of specific 
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enzymes or change in redox potential.109,110 Alternative systems have used external 

stimuli, where drug release has been achieved by magnetic, thermal, light and 

ultrasound applications.111 Having a drug delivery system where the release of the drug 

can be controlled is a highly desirable function to enhance the antibacterial activity, 

reduce side effects and risk of drug resistance.  

The NP platform is still a relatively new field and there are an increasing number of 

nanoformulations being successful approved by the Food and Drug Administration 

(FDA) and European Medicines Agency (EMA). Currently there are few antibacterial 

delivery nanosystems that remain in the clinical trials phases 1 to 3.101,112,113 For 

example ciprofloxacin and Amikacin loaded liposomes are two nanosized systems 

currently in phase 3 clinical trials for respiratory infections caused by Pseudomonas 

aeruginosa.114,115 The only dental product associated nanomedicine is of an 

antimicrobial peptide (C16G2) for prevention of dental caries caused by Streptococcus 

mutans in Phase 2.116 
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1.4.  Nanoparticle drug delivery systems for antibacterial agents 

NPs can be classified into two main categories (Figure 1. 5), organic nanoparticles, 

such as: liposomes, dendrimers, polymers, and micelles; and inorganic includes: silica, 

quantum dots, iron oxide and gold.104 

1.4.1.   Lipid-based nanoparticles  

Lipid-based nanoformulations include liposomes, nanoemulsions, solid lipid 

nanoparticles (SLNs) and nanostructured lipid carriers (NLCs). Many liposomal 

formulations have been approved and with more in clinical development for the 

encapsulation and intention for the delivery of drugs. The first nano-carrier of the 

anticancer drug, doxorubicin was delivered using liposomes.117,118 They are well-

investigated nano-carriers for improving the therapeutic index, enabling a targeted 

drug delivery and are considered non-toxic.119 Liposomes consist of phospholipids 

forming bilayers via self-assembly with the ability to entrap both hydrophilic and 

Figure 1. 5: Classes of Drug delivery systems, divided into two sub-sections:  organic 
materials, including lipid-based and polymeric and organic materials. Redrawn from 
Mitchell et al.104 
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hydrophobic drugs.120 As a drug delivery system, liposomes are advantageous due to 

their biocompatibility and high drug loading capacity.  

Despite liposome assisted drug delivery platforms showing many therapeutic 

advantages, they are heavily limited by their chemical stability, resulting in drug 

leakage or denaturing of the encapsulated drugs. A common strategy to overcome the 

barrier of instability includes, polymer coating with polyethylene glycol (PEG).121 Whilst 

PEGylation has improved NP stability and drug circulation times, it reduces the 

interaction with the target sites.122 Therefore, additional modifications with ligands and 

targeting moieties has led to more complex liposomal drug delivery systems. This 

creates more challenges often requiring multiple chemical synthetic steps. As a result, 

this can affect the biocompatibility, biodistribution and toxicological profiles, creating 

problems for scalability in industrial manufacturing processes and clinical 

translation.123 

1.4.2.   Polymeric particles  

Polymeric particles, made of natural and synthetic polymers have attracted much 

attention for delivery of a broad range of active agents, such as chitosan,124 albumin,125 

poly(lactide-co-glycolide) (PLGA)126 and poly (ε-caprolactone) (PCL)127. Generally, 

drug molecules can be bonded to the polymer backbone or encapsulated within the 

polymer core. Polymeric materials present several advantages as drug carriers, as 

they are associated with high bioavailability and biodegradability.128 There are a wide 

range of structures produced using a variety of techniques. Souto et al.129 reviewed 

and discussed the methodologies for synthesising polymeric NPs for potential targeted 

delivery of drugs. Most require several synthetic and purification steps. Consequently, 

the use of organic solvents during the preparation of NPs can generate toxicity 
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problems in biological applications. Therefore, it is essential for the removal of any 

residual solvent from the final product. In addition, polymeric NPs are limited by 

chemical stability, although biodegradability is a valuable property. However, the 

breakdown NPs could have toxic properties. They are prone to particle aggregation 

and premature release of active substances.129–131  

1.4.3.   Metal-based NPs 

Metal-based NPs are inorganic materials that have been applied to various areas of 

dentistry because of the potent antimicrobial properties. Metals such as gold, silver, 

iron, copper, and zinc are some with valuable antibacterial activity. Generally, titania 

oxide is popular for its use for dental implants. Titania improves the implant surfaces 

by reducing bacterial adhesion and increasing the tensile properties. Similarly, zirconia 

lowers the bacterial adhesion and improves the mechanical properties of the tooth, 

utilised as a polishing agent.100 The most extensively studied metal-based NPs are 

silver NPs (AgNPs).132 Silver has the advantages for being used as antimicrobial agent 

and in dental restorative materials, prosthetics and implants.  

Though the mechanism of action of metal-based NPs is unclear, bactericidal activity is 

often attributed to electrostatic interactions between the cationic metal ions and 

negatively charged bacterial cell wall, leading to potential cell death and biofilm 

elimination. In addition, the small sized NPs usually increase the toxicity, as they can 

easily diffuse and accumulate into bacterial cells. Whilst these types of NPs show 

promising potent bactericidal activity, there are major concerns over toxicity.133 For 

instance, the toxicity of AgNPs has been linked to the activity of free Ag+ ions in 

solution. There is no selectivity over mammalian or bacterial cells and AgNPs are 

susceptible to agglomeration. Also, at risk from oxidation and require surface 
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modification with agents, such as chitosan, thiols, or glucuronic acid for stabilisation. 

Furthermore, their non-specificity and small sizes risk crossing the blood brain barrier 

and accumulating in the brain via transsynaptic transport. Therefore, due to 

uncontrolled and unique toxicity mechanisms associated with metal-based NPs, further 

vigorous investigation is needed to evaluate their safety.134,135 

1.5.  Silica NPs 

Amongst the wide range of NPs researched, silica NPs (SNPs) are a unique class 

of inorganic NPs that can offer a diverse range of advantages for combating bacterial 

infections. Colloidal silica is stable in aqueous medium and have varied range of uses, 

some of which are used in adhesives, fillers, food additives, drug-delivery systems and 

imaging agents. The most common types of amorphous silica particles include, non-

Figure 1. 6: Various structures of silica nanoparticles formed, depending on the 
synthetic procedure used. Reproduced from Selvarajan et al.136 
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porous SNPs, mesoporous silica nanoparticles (MSNs), hollow MSNs (HMSNs) and 

core-shell SNPs.136 The difference in their structures is shown in Figure 1.6. 

1.5.1.   Non-porous silica nanoparticles (SNPs) 

The Stöber synthesis is a widely used procedure reported to yield non-porous 

SNPs, since 1968.137 This method was first introduced to produce NPs of controlled 

monodisperse sizes of 50 nm to 2 µm with spherical morphology and tunable surface 

properties. The Stöber method has provided a foundation for several protocols 

designed and used in present research. The silica growth mechanism, responsible for 

SNPs produced using the Stöber method, has been described by several authors, such 

as Bruneau and Humbert et al.,138 Van Blaaderen et al.,139,140 Giesche et al.141  and 

others.142–144 A general summary of the proposed synthetic route for non-porous SNPs 

is shown in Equation 1A-C.  

Equation 1: The sol-gel process of synthesising SNPs using TEOS precursor. The 
reaction proceeds in stages of hydrolysis and condensation reactions driven by a base 
catalyst to form Si-O-Si bonds. Also producing ethanol and water as side products. 

[A] 

[B] 

[C] 
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The standard silica precursor used is tetraethyl orthosilicate (TEOS), which undergoes 

a series of hydrolysis and alcohol and water condensation reactions, in which the 

ethoxy groups (-Si-OEt) are replaced with silanol groups (-Si-OH), as shown in 

Equation 1A. Unreacted -Si-OEt can also undergo condensation reactions with silanol 

monomers to contribute to the nucleation and growth of the NPs in Equation 1B. 

Finally, condensation between two silanol groups create clusters of siloxanes forming 

the predominate structure in silica NPs, in Equation 1C. The addition of 28% ammonia 

in a co-solvent mixture of ethanol: water, acts as a base catalyst, which is important 

for the rate of hydrolysis and condensation reactions that occur. 

Due to SNPs desirable physicochemical qualities, fine-tuning of the synthesis has led 

to the encapsulation and conjugation of various cargos, such as small drug molecules 

and organic dyes, for various drug loading and delivery applications. Particularly, the 

surface of SNPs is rich in silanol groups, which can act as an anchor for modifications 

with coupling groups, such as (3-aminopropyl) triethoxysilane (APTES) and (3-

mercaptopropyl) trimethoxysilane (MPTMS), thus enabling the loading and adsorption 

of various cargos. Surface modification have been particularly utilised for anticancer 

agents in light-based nanomedicines and photo-theranostics.145–149 A review by Cheng 

et al.,150 also addressed the attractive nature of employing non-porous silica NPs in 

the field of nanotechnology for biomedical applications, which will be discussed later 

in this chapter.  
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1.5.2.   Mesoporous silica nanoparticles (MSNs) 

Of the silica structures, MSNs have been extensively researched and utilised as a 

drug delivery system.151 In Figure 1. 7, MSNs are synthesised by adapting the sol-gel 

method used to make non-porous SNPs.152,153 Upon addition of an amphiphilic 

surfactants or block copolymers, they can act as structure-directing agents during NP 

synthesis. Cetyltrimethylammonium bromide (CTAB) is a widely used cationic 

surfactant to template a porous structure.154 Often, removal of the surfactant material 

is achieved with additional steps to the procedure via calcination or chemical extraction 

to expose the porous structure. Much attention to MSNs has been owed to its 

advantages of achieving NPs with increased surface area-to-volume ratio and tunable 

pore sizes from 2 to 50 nm, leading to higher drug or other therapeutic agents 

loading.151 Furthermore, the size and morphology are easily controlled through varying 

Figure 1. 7: General mesoporous silica nanoparticle (MSN) synthetic route, showing 
the interaction with the silica precursor and templating agent to form a surfactant 
templated MSN. Upon surfactant removal processes, the MSN structure remains. 
Based on Varache et al.152 
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conditions, such as reactant concentrations, reaction temperature and pH. However, 

altering these parameters is often challenging to produce NPs smaller than 100 nm. 

Synthetic procedures have since been adapted to achieve MSNs smaller than 100 nm. 

In light of this, NPs have suffered from monodispersed and uniform sizes. Therefore, 

more complex methods are being used for modification before or after the template 

removal stage.155–157 

1.5.3.   Stimuli-responsive MSNs for bacterial infections 

As a drug delivery system, MSNs can be engineered to encapsulate various agents 

through the conventional drug loading approach by absorption to the particle surface 

or modification of the internal pore structure. This is usually achieved by chemical 

modification, methods of which have been extensively reported in the literature,151 and 

has been used because open pores have often resulted in uncontrolled and leakage 

of drug molecules. Therefore, to overcome such drug release issues, additional 

functionalisation steps are required.151,158 To achieve a controlled drug release, it is 

common to have a stimuli-trigger responsive system incorporated into the design of 

MSNs to act as gate-keepers to block the release from the mesopores and to have an 

on-demand release.159–161  

1.5.3.1. Triggered release in the presence of bacteria  

There are various approaches to aid drug delivery, majority have focused on 

decorating the surface of MSNs with chemical moieties.  One strategy aims to target 

bacteria in biofilms by functionalising the surface of MSNs with positively charged 

polymers, shown in Figure 1. 8. Interestingly, Martínez-Máñez and co-workers162 were 

the first to report a stimuli-responsive system for antimicrobials. 
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 Until then no one had achieved a zero-release drug delivery system that could not 

only deliver the drug and release it in the presence of bacteria but show that MSNs 

could enhance the efficacy of antimicrobials. The work provided a platform to load 

vancomycin and then functionalise the surface with an anchoring ligand for ε-poly-L-

lysine. The positively charged polymer, ε-poly-L-lysine, was attached to the exterior of 

MSNs to cap the pores loaded with vancomycin. The final product showed particles 

sizes of 100 nm, positive charge of 23.6 mV and drug loading of 0.01 mmol/g. 

Vancomycin selectively targets Gram-positive bacteria, but in a nanoformulation with 

ε-poly-L-lysine a significant synergistic effect against Gram-negative bacteria E. coli 

was achieved. The polymer has antibiotic characteristics towards Gram-negative and 

can damage the cell wall. This can bind to the bacteria and uncaps from the MSN pores 

to enable vancomycin to access the cell. Therefore, it was demonstrated by MSNs 

loaded with vancomycin higher toxicity, showing a lower minimum inhibition 

concentration (MIC) of 0.75 µg/mL compared to free drug (>15 µg/mL).  

Figure 1. 8: Internal-stimuli, bacterial triggered drug release. MSNs loaded with drug 
and coated with positively charged polymer. Release is triggered upon contact with 
bacterial species. Note that bacteria cells and nanoparticles are to scale. Based on 
Velikova et al.162  
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Subsequently, Martínez-Máñez et al. have continued to expand nanoformulations 

using MSNs as a promising carrier for delivery of other agents, such as histidine 

kinases and linezolid. As well as, surface modification by pores capped with ε-poly-L-

lysine, in efforts to achieve a synergistic effect and overcome resistance against Gram-

negative bacteria.163,164 

Other studies have taken advantage of bacterial responsiveness to the MSN surface 

functionalisation. For example, Vallet-Regí and co-workers165 describe the 

development of a “nanoantibiotic”. This involves loading antimicrobial drug levofloxacin 

(LEVO) by adsorption into the MSN pores. Then modification to the exterior surface of 

MSNs with cationic polymers. Attachment of positively charged polymer N-(2-

aminoethyl)-3-aminopropyltrimethoxy-silane (DAMO) or third generation polycation 

dendrimer (G3) created nanosystems that were able to load 5 and 7.8 wt% of LEVO 

(L) into MSN-DAMO-L and MSN-G3-L internal pores, respectively. MSN-DAMO-L and 

MSN-G3-L produced average particle diameter sizes of 140 nm with a stable colloidal 

positive charge above 31 mV. Both nanosystems were able penetrate Gram-positive 

S. aureus biofilms. Evidence of MSN-DAMO-L and MSN-G3-L internalisation was 

examined with confocal microscopy imaging by labelling the lipid cell membrane and 

MSNs. However, the surface functionalisation with G3 provided a highly dense 

branched network of positive charges to allow for the internalisation by binding to the 

negatively charged membrane of Gram-negative E. coli and cause some permeability. 

Therefore, positively charged polymers combined with the antimicrobial agent 

produced a synergistic effect and showed sustained drug release via diffusion for 

antimicrobial efficacy.  
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Pathogen-selectively and detection is receiving much attention, with recent studies 

designing more complex systems, with attachment of aptamers and antibodies.166–168  

Although having a targeting nanosystem that can fulfil multiple goals, the synthesis 

stages and time increases and becomes more difficult, requiring more in-depth 

characterisations and purification steps to obtain a system that is suitable for biological 

testing. 

1.5.3.2. pH responsive MSNs 

Another smart drug delivery system where release is triggered by an environmental 

stimulus, is pH. Usually, pH-responsive nanosytems are stable in physiological 

conditions (pH 7.4) and change under acidic pH environments. Dental caries is an oral 

infection that is prone to having a low pH of 5.5, as a result of acid production by the 

oral biofilm, such as S. mutans bacteria.  

Fawzy et al.,169,170 developed a pH-dependent delivery system to tackle challenges of 

current durability and leakage of adhesive restorations, which can result in secondary 

caries. The surface of MSNs was modified by grafting synthetic polypeptide PLGA 

containing carboxyl groups, known for its pH-responsive behaviour and degradability 

of PLGA matrix in low pH. The antimicrobial agent, CHX was loaded into the pores and 

adsorbed on the external surface after PLGA modification. The final CHX-loaded/MSN-

PLGA formulation achieved a drug encapsulation efficiency of 95%, this was 10% 

greater than unmodified MSNs and a total drug loading of 24%. The drug release was 

tested at pH 7.4 and 5.0, both showed an initial burst release then constant release 

over a 24 h period. However, the release was faster and greater in acidic conditions. 

Therefore, the antimicrobial activity on S. mutans biofilms significantly reduced in 

viability upon exposure to CHX-loaded/MSN-PLGA examined at 24 h and after 30 
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days. Despite the remarkable antimicrobial activity, 20-30% of the biofilm remained 

viable. This still leaves the opportunity for pathogenic bacteria to continue to grow and 

cause infections.  

To improve the bactericidal activity and achieve a synergistic effect, Zhou and co-

workers171 developed a pH-responsive co-delivery system with AgNPs and CHX for a 

pH triggered drug release for antibacterial applications. The MSN structure was 

functionalised with amino groups to enable the surface to be decorated with nanosilver 

and then modified with carboxylate groups to introduce CHX through electrostatic 

interactions. Therefore, in higher pH, it was thought deprotonation of the carboxylate 

group prevents CHX from releasing.  Within 12 h, 39 % more CHX was released at pH 

5.0 compared to pH 7.4, a similar accelerated release was observed with Ag. The 

antibacterial activity of Ag-MSNs@CHX was tested on Gram-positive S. aureus and 

Gram-negative E. coli, which showed inhibition of 25 and 12.5 µg/mL, respectively. 

The study showed promising initial findings, however the nanosystem was only 

investigated on planktonic bacteria in a liquid culture, whereas bacterial species 

embedded in biofilm would require a much higher antimicrobial efficacy. 

Similarly, Ag-MSNs@CHX were further improved with the introduction of disulfide 

bridges into the silica framework, by Tang and co-workers.172 Organo-silica bridges 

has already been investigated for cancer therapy, but has not yet been applied as 

nanoantiseptics to therapeutically effect biofilms.173 In addition to two therapeutic 

agents, the system was a dual redox/pH stimuli-responsive for periodontal diseases, 

shown in Figure 1. 9. The introduction of disulfide-bridges in MSNs enables a 

biodegrade structure in the presence of glutathione. Glutathione can cleave the 

disulfide bond. A 21% of CHX loading was achieved, and release was accelerated at 
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pH 5.5 and in the presence of GSH. Almost all drug was released after 96 h. The 

inhibitory effects of Ag-MSNs@CHX showed a MIC of 12 µg/mL and minimum biofilm 

inhibitory concentration of 50 µg/mL. The activity of Ag-MSNs@CHX on S. mutans 

biofilms showed the viability to decrease in 24 h, however increases from 20 to 40% 

after 72 h. This may be problematic, as continued use of CHX for prolonged periods 

can induce unwanted side effects, as well as failure eradication of biofilm can lead to 

recurrence in infection. 

 

1.5.3.3. Photothermal triggers of NPs 

There are few drug release systems to target bacterial infections, especially those 

used in the clinic. As a result, Lin et al.174 developed a near-infrared (NIR) responsive 

system constructed of gold nanobipyridamids, (Au NBPs) in the core of MSNs 

encapsulated by a polymer hydrogel (GelMA) containing minocycline (MINO)  to form 

MINO-GelMA-AuNBPs@SiO2. Au NBPs is a photothermal reagent with strong surface 

plasmon resonance. The gold structure can provide a photothermal element to the 

Figure 1. 9: The pH-responsiveness of Ag-MSNs@CHX shows the release of CHX at 
low pH. Followed by disintegration of the MSN structure by the presence of GSH due 
to disulfide bridges. Reproduced from Lu et al. and Yue et al.172,173  
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system activated by NIR to cause photo-induced heat. Phototherapy (PTT) is a non-

invasive technique and can effectively kill bacteria reaching areas mechanical 

debridement for periodontal treatments do not. Although, the antibacterial efficacy 

against P. gingivalis was enhanced by Au NBPs when NIR light-irradiation was applied, 

the hydrogel used is highly soluble in presence of phosphate buffer solution at pH 7.4 

and enzyme solution of collagenase. This resulted in a rapid release behaviour of 

MINO and no control of drug release. The thermal effects from NIR were only applied 

to induce more MINO release after the initial burst. 

More recently, the Vallet-Regí group,175 showed the reduction of S. aureus biofilms by 

90%. A multifunctional nanosystem was developed to enhance the bactericidal activity. 

Gold nanorods were used as the core of MSNs and loaded with LEVO. The 

core@shell-type of nanoparticles, shown in Figure 1. 10,  were thiolated on the silica 

surface to allow the modification with nitrosothiol groups (-SNO). These groups were 

heat-labile linkers that release nitric oxide (NO) upon irradiation with NIR. NO has been 

considered a key regulator of biofilm disruption. Therefore, the studies of 

AuNR@MSN-SNO+LEVO triggered with NIR showed a three-fold increase at 

disrupting S. aureus biofilms compared to only applying AuNR@MSN to bacteria. The 

use of PTT can offer an avenue for a triggered release at locally infected sites. 

However, sophisticated chemistry to modify NPs would be required to achieve targeted 

photothermal killing and precise NIR irradiation to the infected site.176,177 In addition, 

PTT has been used for cancerous tumours, which are orders of magnitude larger than 

bacterial infections.178 Therefore, much harder to achieve precision NIR and non- 
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localised heat into healthy tissues may cause collateral tissue damage when 

eliminating biofilms compared to larger tumours. 

 

1.5.3.4. Magnetic stimulated NPs 

Incorporation of iron oxide into MSNs is relatively new and few publications for 

antimicrobial therapies, especially to treat oral biofilms, have been reported.  Majority 

of research has focused on magnetic hyperthermia to treat cancer, in vivo imaging 

agents or management of infections.179,180  

The Vallet-Regí group,181 expanded their silica research to include iron oxide-based 

magnetic NPs. They used mesoporous silica first coated with PEG and followed by a 

thermosensitive poly-N-isopropylacrylamide (PNIPAM) polymer, then 

superparamagnetic iron oxide NPs (SPIONs) were coated and antibacterial agent, 

LEVO was loaded (Figure 1. 11). SPIONs have shown to be effective as heating 

Figure 1. 10: Schematic of core@shell designed AuNR@MSN-SNO+LEVO 
nanosystem showing the triggered drug release from NIR laser. Reproduced from 
García el al.175 
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materials for local hyperthermia by applying an alternating magnetic field (AMF). 

Usually, electromagnetic radiation is adsorbed upon exposure to high frequency fields, 

converting into heat energy.179,180 The amount of heat released is dependent on the 

size, shape and composition of the NPs.182 The SPION-PNIPAM/PEG-MSN@LEVO 

nanosystem formed particles with diameters 255 nm and surface charges of - 6 mV. 

The thermal-triggered drug release was tested with increasing the temperature to 50 

°C. This resulted in release of 7.87 µg/mL in 6 h and also showed 3.5 µg/mL premature 

drug at 37 °C in 80 min. Additionally, the magnetic-triggered drug release resulted in 

9.44 ug/mL at 37 °C in 60 min. The nanosystem exhibited a 4 log10 CFU/mL reduction 

in E. coli biofilm viability, upon exposure to a magnetic field for 16 h. However, the 

nanosystem that was drug free also showed a decrease in the biofilm viability by 2 

log10 CFU/mL. This maybe an interesting SPION- based system with dual triggered 

drug release for potential of targeting zones directly on biofilms, but the number of 

Figure 1. 11: Schematic depiction of SPION-PNIPAM/PEG-MSN@LEVO nanosystem 
triggered by an alternating magnetic field. Modified from Álvarez et al. 181  
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synthetic steps to achieve the nanosystem and the long times needed for drug release 

are not feasible for oral infections.  

1.5.4.   Ultrasonic-stimulated silica NPs for drug release 

Ultrasound (US) has been used in a variety of medical applications, especially 

for imaging, increasing blood flow, tumour ablation, kidney stone disruption and 

dentistry.80,90 Mainly low intensity frequency ultrasound has been used for diagnostics 

purposes, as the low frequencies allow for continuous application and minimal thermal 

effects.183 On the other hand, high intensity focused ultrasound (HIFU) produces 

thermal (temperatures of 65 to 85 °C) and mechanical effects useful for tumour 

ablation.86 HIFU can also be combined with imaging techniques, such as US and 

magnetic resonance imaging (MRI) for increased precision and accuracy. In addition, 

US is a non-invasive technique and can be focused for localisation and controlled with 

transducers and phase arrays. For these reasons, there has been increased 

researched of US for its ability to permeabilise cell membranes, enhance the delivery 

of drugs and release of drugs from nanoparticles by thermal and mechanical effects. 

92,184,185 

US-triggered drug release from silica nanoparticles has been investigated as one of 

the most promising external triggers. The introduction of focused US has shown to 

substantially increase the drug release by carefully altering frequency, power and time 

of application. Generally, hMSNs, MSNs and core-shell MSNs have been used to load 

anticancer drugs into the porous channels and then coated with materials that block 

the pores to prevent drug leakage and can undergo removal upon US irradiation.186 
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The most common are polymer coated MSNs and one of the earlier reports was from 

Honma and co-workers.187 In this work, MSNs were loaded with 15 wt% ibuprofen 

(IBU) and the silica surface was modified with poly(dimethylsiloxane) (PDMS) polymer 

to form PDMS@MSN-IBU (Figure 1. 12). PDMS has been used in microfluidics, so 

was an ideal implantable material. Without PDMS or US trigger, a very fast release of 

IBU occurs in 3 h. However, PDMS restricted the release of IBU by providing a thick 

film barrier. In Figure 1. 12A, when exposed to 10 min pulses of US (28 kHz, 1.5 Wcm-

2), PDMS@MSN-IBU released 10% IBU over 100 min. US showed to enhance the 

drug release kinetics dramatically compared to PDMS@MSN-IBU with no US.  

 

 

Figure 1. 12: PDMS-MSN@IBU schematic A) US-triggered drug release from PDMS 
polymer compared to polymer and MSN. B) Representation of the release mechanism 
of IBU from nanostructure stimulated by US. Reproduced from Kim et al.187 
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It was reported that there was no damage to the polymer by scanning electron 

microscopy and assumed the polymer expands reversibility, as illustrated in Figure 1. 

12B. However, there must have been some disruption to the polymer due to the 

mechanical and thermal effects produced from US. Possibly, a similar effect to when 

US is applied to cells, where cavitation can cause small pores in the cell membrane, 

called sonoporation. In this case, the polymer could behave the same, resulting in the 

release of IBU. 

Alternatively, chitosan (CS) can block the pores of MSNs loaded with IBU. Depan et 

al.,188 developed CS-SBA-15@IBU system that upon US irradiation, at a frequency of 

33 kHz, the polymer matrix permeability could be altered to allow the release of IBU. 

The flexibility of CS chains enabled the absorption of water and swelling causing the 

hydrogen bonds between IBU and the polymer chains to weaken and dissociate. 

Therefore, cavitation effects generated by US enhanced the drug release, reporting 

pulsing the US increased the drug release than continuous application. 

Li et al.,189 built-upon the pervious US-triggered drug release systems by coating the 

MSN surface with a polydopamine (PDA) film with a 3 nm thickness. The anticancer 

drug, doxorubicin (DOX) was not only adsorbed into the silica mesopores, but was 

present in the PDA network, possibly due to π-π conjugation or hydrogen bonding 

interactions. The obtained MSN@DOX−PDA nanosystem showed diameter sizes of 

~100 nm and 13.6 wt% drug loading. Interestingly, the drug delivery system was 

responsive to both pH and HIFU, creating a dual release system. In acidic conditions, 

the PDA polymer was prone to partial degradation, weakening the interaction with DOX 

causing its release. In addition, MSN@DOX−PDA was activated with HIFU (1.1 MHz, 

100 W) by on/off switching, showing the pulsatile DOX-release behaviour. At pH 5.5 
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and 10 min HIFU the drug release was accelerated by 4% each time. Furthermore, the 

cytotoxicity of MSN@DOX−PDA’s was tested on HeLa cells, which revealed cell 

viability was not affected by concentrations of MSN or PDA up to 60µg/mL and the 

killing effect came from free DOX.  

More sophisticated systems were developed by using co-polymers to graft on the 

surface of MSNs to achieve a dual responsiveness for cancer treatments. An example 

was demonstrated by the Vallet-Regí group.190 Demonstrated in Figure 1. 13A, MSNs 

were functionalised with co-polymer poly(2-(2-methoxyethoxy) ethyl methacrylate-co-

2-tetrahydropyranyl methacrylate p(MEO2MA-co-THPMA) to act as gatekeeps for the 

pore entrances loaded with drugs. The THPMA monomer contains a labile acetal group 

that could be cleaved with US. In addition, p(MEO2MA) was included as the thermo-

responsive polymer to aid loading and retention of the drug. At a low critical 

temperature of 4 °C in aqueous solution, the polymer adopts a linear confirmation to 

allow the drug molecules to enter the pores and increasing the temperature above 10 

°C the polymer shows hydrophilic behavioural changes to form coil-like structures. 

However, aggregation problems due to the hydrophobic surface and lack of targeting 

moieties of the nanosystem resulted in Vallet-Regí and co-workers191 modifying the 

drug delivery system further, as displayed in Figure 1. 13B.  

Firstly, the US-responsive co-polymer p(MEO2MA-co-THPMA), termed PUS, was 

modified with PEG chains to provide stability to the NPs and prevent aggregation. The 

PEGylated polymer contained a maleimide group on one end to enable conjugation to 

the MSN surface via APTES carboxylic acid groups. Secondly, two different targeting 

agents were attached to the other end of the PEG chain. One included biotin (vitamin 

B7), as there is overexpression of biotin receptors in various cancer cells, hence a 
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desirable targeting moiety to increase cellular uptake of nanoparticles. The other 

included a peptide consisting of a Arg–Gly–Asp (RGD) sequence, which is selectively 

recognised by the αvβ3 integrin receptor. However, to evaluate the complex and 

versatile MSN@PUS-PEG-Biotin and MSN@PUS-PEG-RGD systems, fluorescein, 

ruthenium compound [Ru(bipy)3]2+ and Rhodamine B (RhB) were used as model 

molecules to load into the pores and test the release profiles with US. Generally, the 

Figure 1. 13: A) Schematic of thermal and US responsive co-polymer functionalised 
on MSN and B) further modifications with PEG and targeting moiety to form 
MSN@PUS-PEG-RDG. Adapted from Paris et al. 190-192  
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synthesised particles produced sizes of 250 nm with 2 nm pores and surface charge 

between -31 and -45 mV. A high drug loading of 30 % was possible and was shown to 

be consistent with all fluorescent molecules. Also 10 min US irradiation (1.3 MHz, 100 

W) demonstrated a triggered response with release reaching up to ~95 % after 24 h, 

almost a 4-fold increase compared to no US irradiation.  

In 2019, Vallet-Regí and co-workers,192 expanded their polymer US-responsive system 

to carry both an anticancer drug DOX and plasmid encoding suicide genes, cytosine 

deaminase (CD) or uracil phosphoribosyl transferase (UPRT). In this case, 

MSN@PUS was engineered by coating with polyethyleneimine (PEI) to include nucleic 

acids for gene transfection. Therefore, non-toxic pro-drug 5-fluorocytosine (5-FC), 

when injected, could be converted into toxic 5-Fluoruracil (5-FU) by activation through 

US-released suicide genes from MSN@PUS. Hence, the plasmids combined with 

anticancer agents had the potential for inducing cell death in mesenchymal stem cells.   

Co-polymers p(MEO2MA-co-THPMA) have become highly popular to graft onto MSNs 

amongst researchers, especially taking advantage of THPMA monomer’s critical US-

responsive properties and acting as gatekeeps for controlled drug release. Nair el 

at.,193 despite using a different co-polymer comprised of amino ethyl methacrylate 

(AEMA) to form p(AMEA-co-THPMA), the functionality remained the same by being 

sensitive to temperature and US. Their system differed to other reported MSNs, by 

their application purpose of transdermal drug delivery of 5-FU instead of intravenous 

administration. This was to avoid direct entry into the bloodstream and prevent 

unwanted side effects. The chemotherapeutic drug loaded MSN@p(AMEA-co-

THPMA) produced particles sizes of 340 nm, much larger than previously reported and 

positive surface charge of 32 mV. They showed sensitivity to 15 min US (1.3 MHz, 100 
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W), releasing 42% of 5-FU after 24h and surprisingly by SEM imaging showed changes 

in morphology. Post-US exposure the surface of the NPs appeared disrupted and 

looked aggregated, a result not reported by previous polymer-coated-MSNs.  

Alternative to polymer-based capped MSNs, supramolecular nanomachines has been 

employed to provide large bulky constructs to block prevent drug release. Zink and co-

workers, have already established ground-breaking work in developing stimuli-

responsive gate-keepers on MSNs for antibiotic and cancer drug delivery.194–196. 

However, US has been a less studied concept for drug release from silica. Therefore, 

in 2013, Zink and co-workers197 loaded DOX into MSNs with an iron oxide (Fe3O4) core 

Figure 1. 14: MSN capping with nanomachines A) crown-ether, B) cyclodextrin and 
C) Sodium alginate. Reproduced from Lee et al.; Wang et al.; Li et al.197-199  
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and attached a dibenzo-crown ether via amide linkages, illustrated in Figure 1. 14A. 

Cationic ions, such as Na+ or Cs+ were used as capping agents to coordinate to the 

crown ether to act as the nano-valve gatekeeper and formed 

Fe3O4@SiO2@meso(DOX)-SiO2@crown-ether. The release was tested in various pH 

conditions and pH 4 was chosen to mimic the conditions in tumour environments, which 

showed minimal premature drug release with no US. However, US (20 kHz, 130 W) 

irradiation at a pH 4, showed controlled and immediate release within the first 10 mins 

by dissociation of the metal ions from the crown ether, by 5-fold compared to the other 

crown-ether also studied. 

In comparison, the works of Wang et al.,198 focused on low intensity frequency US to 

trigger the release of loaded anticancer drug paclitaxel (PTX) from the hydrophobic 

modified internal channels of MSNs. The PTX loaded MSNs were coated with folic acid 

(FA) and β-cyclodextrin (β-CD) designed for active targeting to folic acid receptors 

overexpressed on cancer cells and cap the pores of MSNs, demonstrated in Figure 1. 

14B. Cavitation effects produced from low energy US (1 MHz, 1.0 W cm-2) on 

PTX@FA-β-CD/H-MSN, degenerated the alkyl bond between the MSNs and FA-β-CD, 

rapidly releasing PTX and showed to efficiently inhibit tumour growth. 

Other supramolecular interactions were also explored by Li et al.,199 by incorporating 

metal coordination bonds with a sodium alginate (SA) polymer coated of the surface 

of MSNs. As shown in Figure 1. 14C, this created a reversible on/off US system, where 

carboxyl (COO-) and calcium ions (Ca2+) interactions formed from the crossed linked 

SA polymer could break and reform. RhB was loaded into the MSN pores to produce 

MSN-SA@RhB nanosystem with sizes of 147 nm and achieved a loading of 14% RhB. 
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The on-off releasing profiles of RhB with 5 min total HIFU (1.1 M Hz, 80 W) irradiation 

showed 98 % release.  

To boost the US activity, enhancing agents, such as perflurohexane (PFH) have been 

entrapped into silica structures alongside therapeutic agents. Fluorocarbons increase 

the microbubble volume formation, intensifying the cavitation effect produced from 

US.200 Therefore, US sensitive and hydrophobic PHF has been included into several 

silica nanosystems and has been mainly reported to enhance tumour ablation, whilst 

releasing anticancer agents at the targeted site. An early example by Shi and co-

workers201 encapsulated hydrophobic camptothecin (CPT), hydrophilic DOX and PFH 

into a hollow interior of mesoporous shell. Fabrication of the porous silica shell and 

hollow core is usually achieved through an etching process that entails -O-Si-O- bonds 

to be broken under basic conditions, following the general steps in Figure 1. 15A. 

However, resulted in large diameters of 300 nm and encapsulation of 35% CTP. US-

triggered CPT release from CPT/DOX/PFH@hMSN was accelerated upon HIFU (150 

W cm – 2) irradiation by cleavage of the hollow stricture. However, CPT release was 

also apparent when no US applied aqueous solution, but slow due to its hydrophobicity. 

The combined effect of DOX and CPT co-encapsulated hMSNs showed significantly 

higher cytotoxicity on DOX-resistant MCF-7/ADR cells than single drug in hMSNs or 

drug alone. Thus, showing promising syngenetic effects for overcoming potential drug-

resistance issues. 

Similarly, in Figure 1. 15B silica nanoparticles were formulated with CPT and 

perfluorooctyl bromide (PFOB), another US-sensitive agent.202 Although in this design, 

CPT and PFOB were first loaded into a polymer (PLGA) before coating with an ultrathin 

layer of silica (4 nm thickness) using a nanoemulsion process. This formed  
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Figure 1. 15: Schematic representation of silica nanosystems including US enhancing 
agents A) synthesis of hollow MSNs (hMSNs) for co-delivery of DOX and CPT. B) 
CPT/PFOB@SNCs nanocapsules activated by US. C) Drug loaded liposome. Adapted 
from Chen et al., Ma et al. and Amin et al. 201,202,204    



Chapter 1: Introduction 

42 
Menisha Manhota – March 2022 

nanocapsules CPT/PFOB@SNCs of 200 nm sizes and almost a 4-fold higher drug 

loading was achieved compared to hMSNs, due to the hydrophobicity of PLGA core. 

The intact silica shell acted as a barrier to reduce drug release and structural collapse 

was dependant on the shell thickness to allow rapid drug release induced by HIFU (3.5 

MHz, 80W) irradiation expelling PLGA and silica segments. On demand HFIU was 

highly favourable to produce a synergistic effect in breast cancer cells.  

More recently, hydrogels and liposomes have been utilised to coat SNPs to add 

multifunctionality to the nanosystem, such as for US imaging, HIFU therapy, and 

prevent uncontrolled release.203 As a result, Bakowsky and co-workers204 took 

advantage of the high loading capabilities and fabricated a US-responsive drug release 

system. A liposome coating on the MSN surface was filled with DOX and 

perfluoropentane (PFP). The electrostatic interaction played a key role between the 

MSNs, liposome, and DOX to the facilitate drug entrapment of 48%. Interestingly, drug 

release was stimulated by a HIFU (12 MHz, 351.37 W cm-2), which showed complete 

drug release after 3h and minimal leakage (10%) with no US. Therefore, incorporating 

PFP into the MSNs favoured the production of large volumes of gas bubbles by 

vaporisation PFP upon exposure to US irradiation. The combined mechanical and 

thermal effects increased internal pressure rupturing the lipid structure, forcing the 

rapid release of DOX, shown by transmission electron microscopy.  

Besides MSNs other silica structures have been utilised for drug delivery and release 

with a US-trigger. For example, Kapoor et al.,205 deviated from the typical MSN 

spherical shape and synthesised silica nanotubes (SNT). The internal structure of SNT 

remained like MSNs, containing porous channels created by a sol-gel templating 

method. However, in terms of morphology SNTs were much larger in size with lengths 
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of 10 µm and inner and outer diameters of 200 and 300 nm, respectively.  The SNTs 

were coated in 2,3 dihydroxynaphthalene (DN) to prevent the escape of 25% loaded 

IBU. The drug release kinetics of IBU from SNT-DN: IBU were conducted in simulated 

body fluid (SBF) at 25 °C with and without a US-trigger. In absence of US, 20% of IBU 

was released after 30 h, compared to the control MSNs loaded with IBU, which showed 

~80%. Furthermore, US-irradiation (33 kHz) exhibited release kinetics that were more 

favourable with 0.5 min impulses and 2 min rest times rather than continuous US, 

displaying higher IBU yields of 37%. Additionally, the shorter impulse times with US 

resulted in far less debris formed, which could have unknown and unwanted 

cytotoxicity effects. 

The next few fabricated silica US-responsive systems have been based on hollow 

MSNs. The hollow interior is an excellent feature for enhanced drug loading capabilities 

and the composition is desirable to improve bio-safety issues. The porous hMSN shell 

provides a reservoir for both hydrophobic and hydrophilic drugs by diffusion and 

encapsulation via the pore channels. 

Qian et al.,206 synthesised hMSN with a chemical alkaline etching process and loaded 

with anticancer drug, PTX forming large sizes of 450 nm and drug encapsulation of 

90.9 mg/g (Figure 16A). No additional surface modifications were reported to block or 

slow the release of PTX, which lead to 60% uncontrolled release within 12 h with no 

US irradiation. Although with three pulses of US-irradiation (1 MHz, 1.5 Wcm-2), 82% 

of IBU had been release in 5.5 h, a 3-fold increase. Hence, the π-π supramolecular 

interactions of silica framework with drug were US-sensitive, triggering IBU release. In 

other works, He and co-workers207 developed and demonstrated a combined tumour-

targeting, image guidance for precision gas therapy and US-stimuli drug release 
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nanosystem. For MRI guidance, image contrast agent iron oxide NPs (SPIONs) were 

used as the core to hMSNs (Figure 16B).  

The mesoporous silica coating was formed layer-by-layer with etching methods to load 

a highly hydrophobic drug, N,N′-di-sec-butyl-N,N′- dinitroso-1,4-phenylenediamine 

(BNN6). The high loading capacity of hMSNs provided efficient loading of 623 mg 

BNN6 per gram silica by a nano-casting method, driven by degassing under vacuum 

Figure 1. 16: A) schematic of BNN6-SPION@hMSN for triggered release of nitric 
oxide and B) PEG cleavage from MSN surface to release (Gd(DTPA)2−)  with US. 
Adapted from Jin et al. and Chen et al.206-7  
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to form BNN6-SPION@hMSN (Figure 1. 16A). Importantly, BNN6 prodrug structure is 

stable in aqueous conditions and is responsible for liberating nitric oxide (NO) to inhibit 

the growth of tumours. US induced the release of •NO free radicals caused by 

decomposition of BNN6 by removal of two nitrosyl groups. Adjusting the powered 

settings of the US applied, increased the amount of NO generated. For biological 

studies, the highest power setting of US (0.5 MHz, 1.5 Wcm−2) caused greater 

cytotoxicity, reducing the cell viability by 94% with 200 µg mL-1 BNN6-SPION@hMSN 

concentration. Zink and co-workers,208 employed MRI contrast agent gadopentetate 

dimeglumine (Gd(DTPA)2−) into amine functionalised MSNs. The surface was modified 

with HOOC-PEG-COOH designed seal the MSN pores and cleave when stimulated by 

HIFU, as exhibited in Figure 1. 16B. Even though, this system focused on the release 

of an MRI imaging agent, a good loading of 24% was achieved with a positively 

charged compound and showed a 62% release efficacy with 30 min US irradiation (20 

kHz, 75 Wcm−2).  

A very unique silica designed US-responsive nanosystem was established by 

Malekmohammadi et al..209 Dendritic silica mesoporous particles were prepared by the 

traditional MSNs synthesis, but modified with a titanium precursor to form titanium 

dioxide layers on the surface of the silica nanoparticles. This formed dendritic 

silica/titania nanoparticles (DSTNs), which were functionalised with PEI-FA through 

electrostatic interactions to act as gatekeeps to block the loaded anticancer drug, 

curcumin (CUR). The fabricated particles had diameters of 173 nm, a drug loading 

capacity of 25% and encapsulation efficient of 43%, similar to other reported MSN 

structures. Titania was included for its sonosensitiser properties, important for inducing 

reactive oxygen species. Therefore, US (1 MHz, 2 Wcm-2) triggered release of CUR 
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was stimulated by titania, which generated free radicals (OH• and O2
-) that cleaved PEI 

from the surface of MSNs. The new system showed accelerated drug release with only 

120s US and overall, 78% CUR in 48h.  In addition, US-triggered CUR@PEI-FA-DSTN 

showed the enhanced cytotoxic activity on HeLa cells. A remarkable 5-fold cell death 

was shown compared to 200 µg/mL free CUR (18% inhibition).  
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1.6.  Research aims 

To summarise, there is a need for localised delivery and controlled release of 

antimicrobial agents to improve the prevention and eradication of dental biofilms, 

responsible for infections. Current NP methods that involve drug loading and a 

controlled triggered drug release, are complex. They require several synthetic, 

characterisation and purification steps to overcome problems of stability, drug loading 

and ensuring the release of the drug with an internal or external stimuli. The effect of 

nanotechnology on dentistry remains limited and more research is required to 

investigate the efficacy of nanomaterials. In addition, SNPs have been recognised for 

their ability to load drugs, provide protection and enhance the bactericidal activity.  

Furthermore, the combination of US and nanoparticles has substantial potential to 

enhance the drug release and delivery. To-date US-stimulated antimicrobial release 

from SNPs has not been investigated before for dental applications. 

Therefore, the overall aim of the PhD project is to develop a simple SNP drug delivery 

system to incorporate antimicrobial agents. The drug will be released on-demand by 

ultrasonication for treatment of biofilms. This will contribute towards dental infections 

and SNP stimuli-responsive drug delivery fields. To achieve this, the project has been 

divided into three areas: 

• Firstly, to design and synthesise a one-pot method to create SNPs that can 

encapsulate antimicrobial agents without any additional steps and modifications. 

Optimisation of the synthetic process will be evaluated and analysed by various 

characterisation techniques. This information will give conditions that affect the 

particle formation and confirmation of drug loading. In addition, an ultrasonic scaler 
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(clinal dental tool) will be used to assess the drug release behaviour from the SNPs 

with and without US activation. After establishing a proof-of-concept model this can 

be tested for its antimicrobial efficacy.  

• The optimised drug loaded SNP system will be investigated for its effectives against 

oral strains of bacteria. A single-species biofilm model will be developed to study 

the antimicrobial efficacy in combination with US.   

• Finally, the SNP drug delivery model will be investigated if it can be applied to other 

antimicrobial agents and evaluated for its bactericidal activity.   
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Chapter 2: General Methods & Procedures   

2.1. Synthesis of SNPs with Cetylpyridinium Chloride 

All general reagents were purchased from commercial suppliers without any 

additional purification needed. N-cetyltrimethylammonium bromide (C16TAB ≥ 99.0%), 

cetylpyridinium chloride monohydrate (CPC), concentrated hydrochloric acid (HCl, 

37%), tetraethyl orthosilicate (TEOS ≥ 99.0%), sodium hydroxide (NaOH) and ethanol 

(EtOH) were all obtained from Sigma-Aldrich (Merck). Ammonium hydroxide (NH4OH, 

28.0-30.0% NH3) was obtained from Fisher Scientific.  

2.1.1.  Synthesis of plain non-porous SNP (Plain SNP) 

The Stöber method with modifications was used to synthesis non-porous 

SNPs.1,2 First a solution containing EtOH (26.66 mL), ammonia (1.88 mL, 0.93 M), 

water (1.57 mL, 2.9 M) and TEOS (2.4 mL) were added together. The reaction mixture 

was kept at 25 °C for 12 h under stirring (150 rpm). The plain SNPs were isolated by 

centrifugation (15 min, 7830 rpm) and washed with water three times. After three cycles 

of the centrifugation-washing procedures, the plain SNPs were dried under vacuo to 

yield a white solid powder. 

2.1.2. Synthesis of encapsulated CPC inside SNP (CPC⊂SNP) 

For CPC loaded SNPs, the same procedure was followed for plain SNPs with 

the addition of CPC solution (3mL of 155 mg mL-1 at 3 h. The reaction mixture was 

kept at 25 °C for a total of 12 h under stirring (150 rpm). The CPC⊂SNP particles were 

isolated by centrifugation (15min, 7830 rpm) and washed with water three times to 
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ensure removal of excess reactant and drug. After three cycles of the centrifugation-

washing procedures, CPC⊂SNP were dried under vacuo to yield a white solid powder.  

 

Figure 2. 1: Flow diagram to represent CPC concentration added to reaction at 25 or 
80 °C and time of addition 0, 1, 3 or 6 h.  

 

Preparations of SNP1 to SNP6 followed CPC⊂SNP method, changing the CPC 

concentration: 0.05, 0.2, 0.5, 2, 82 and 115 mg mL-1. The drug was added after 3 h, 

dissolved in 3 mL H2O.  

Other preparations SNP7 to SNP13 followed CPC⊂SNP method, but the CPC 

concentration was kept at 155 mg mL-1 and time of addition 0, 1, 3 and 6 h were 

changed and examined at 25 and 80 °C. 

2.1.3.  Preparation of MCM-41 type MSN’s 

Mesoporous silica nanoparticles were synthesised according to methods by Wu 

et al.3 and Varache et al.4 with slight alterations. C16TAB (0.25 g, 0.68 mmol) and NaOH 

(12.5 mM, 1.5 mmol) were dissolved in ultrapure H2O (120 mL), then TEOS (1.25 mL, 

5.6 mmol) was added dropwise over 10 min. The solution was stirred at 750 rpm and 

CPC addition

(x mg mL-1)

25 °C

0 h 1 h 3 h 6 h

80 °C

0 h 1 h 3 h 6 h
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heated to 80 °C for 2 h. The white precipitate formed in the reaction was isolated by 

centrifugation (15min, 7830 rpm) and washed with water three times. For the removal 

of the surfactant template (CTAB), the isolated white solid was calcinated at 600°C for 

8 h. Alternatively to remove CTAB, the particles are centrifuged and washed with 

MeOH. The nanoparticles are then heated in MeOH (50 mL) and concentrated 

hydrochloric acid (3 mL) under reflux for 24h.  The nanoparticles are centrifuged and 

washed with MeOH. The nanoparticles were dried under vacuo to yield a white solid 

powder, plain MSNs. 

2.1.4. Synthesis of adsorbed drug loaded particles (CPC@MSN) 

The previously synthesised plain MSNs were added to a solution of CPC 

dissolved in H2O (2 mg mL-1). The mixture was stirred at room temperature for 24 h. 

After CPC@MSN was isolated by centrifugation (15 min, 7830 rpm) and dried under 

vacuo to yield a white solid powder. 

2.1.5. Synthesis of templated drug loaded particles (CPC⊂MSN) 

CPC (250mg) was dissolved in ultrapure H2O (120 mL) with NaOH (12.5 mM, 

0.15 mmol), then TEOS (1.25 mL, 5.6 mmol) was added dropwise over 10 min. The 

solution was stirred at 750 rpm and heated to 80 °C for 2 h. The CPC⊂MSN particles 

were washed and isolated by centrifugation (15 min at 7830 rpm) then dried under 

vacuo to yield a pale-yellow solid powder. 

2.2. Synthesis of SNPs with Ciprofloxacin Hydrochloride 

All general reagents were purchased from commercial suppliers without any 

additional purification needed. Ciprofloxacin hydrochloride (CPX, purity 95%, CAS 

8639-32-0, Fluorochem Ltd.), tetraethyl orthosilicate (TEOS, ≥ 99.0%, CAS 78-10-4, 
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Sigma-Aldrich), sodium hydroxide (NaOH, ≥ 98%, pellets (anhydrous), CAS 1310-73-

2, Fisher Scientific) and ethanol (EtOH), Ammonium hydroxide (NH4OH, 28.0-30.0% 

NH3, from Fisher Scientific). 

2.2.1 Synthesis of drug encapsulated CPX⊂SNPs via method A 

For CPX encapsulated silica nanoparticles, a solution containing EtOH (26.66 mL), 

ammonia (1.88 mL, 0.93 M), water (1.57 mL, 2.9 M) and TEOS (2.4 mL) were added 

together. The reaction mixture was kept at 25 °C under stirring (150 rpm). After 3 h, a 

prepared CPX solution (3 mL) was added to the reaction and continued to stir for a 

total reaction time of 12 h.  The CPX⊂SNP_A particles were isolated by centrifugation 

(15 min, 7830 rpm) and washed with water (20 mL) three times. After three cycles of 

the centrifugation-washing procedures, the CPX⊂SNP_A particles were dried under 

vacuo to yield a white solid powder. 

2.2.2. Synthesis of drug encapsulated CPX⊂SNPs via method B 

Method B CPX encapsulated silica nanoparticles were prepared by adding a 

mixture of EtOH (25 mL), NH4OH (1.5 mL) and CPX (3 mL) to a fast-stirring (>750 rpm) 

solution of TEOS (2 mL) and EtOH (5 mL). The reaction was mixed vigorously for 5 

mins at 750 rpm and then left to stir for 3 h at 25 °C. The CPX⊂SNP_B particles were 

isolated by centrifugation (15 min, 7830 rpm) and washed three times with water (20 

mL). After three cycles of the centrifugation-washing procedures, the CPX⊂SNP_B 

particles were dried under vacuo to yield a white solid powder. 

2.2.3. Synthesis of adsorbed drug loaded CPX@SNPs via method A or B 

First Plain SNPs were synthesised via method A or method B without drug addition 

and all other conditions and reagents were kept the same. The Plain SNPs were 
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isolated by centrifugation (15 min, 7830 rpm) and washed with water three times. After 

three cycles of the centrifugation-washing procedures, the Plain SNPs were dried 

under vacuo to yield a white solid powder. 

Plain SNPs (100 mg) were added to a solution of CPX (200 mg) dissolved in H2O (35 

mL). The mixture was stirred (150 rpm) at room temperature for 24 h. After 

CPX@SNP_A and CPX@SNP_B were isolated by centrifugation (15min, 7830 rpm) 

and dried under vacuo to yield a white solid powder. 

2.3. General procedures for nanoparticle characterisation 

Dynamic light scattering (DLS) and Zeta (ζ)-potential measurements were 

performed on a Zetasizer Nano ZS (Malvern Instruments Ltd, UK) at 25°C in ultrapure 

water. For DLS, each was repeated 5 times combining 11 runs per measurement. ζ-

potentials were recorded in triplicates with 100 runs per measurement at 140 V.  

The size and morphology of all samples were prepared by mounting onto a carbon 

coated aluminium stub before splutter coating with gold (Quorum Emitech K550X 

splutter coater). A scanning electron microscope (SEM), XL30 ESEM-FEG (Philips) 

was used under high vacuum, at 20 kV electron beam and 20,000- 25000x 

magnification. All images for particle-size were analysed by ImageJ software.  

Several spectroscopic techniques were performed for chemical and structural 

characterisation. Mass spectrometry (MS) analyses were performed on a Bruker 

ultrafleXtreme instrument. A pulsed Nd: YAG laser at a wavelength of 355 nm was 

operated at a 100 Hz frequency. The course was operated in positive mode with a 

delayed extraction time of 30 ns. Data was acquired and processed with the Flex 

Analysis 3.10 software. Samples (1 mg) prepared for matrix-assisted laser 
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desorption/ionization time-of-flight/time-of-flight (MALDI-TOF/TOF) MS were added to 

a matrix (100 uL) α-cyano-4-hydroxy-cinnamic acid (CHCA) 10 mg mL-1 in MeOH: ACN 

+ 1% formic acid + 100 uL MeOH) and 20 µL was spotted on a steel MTP384 anchor 

chip plate. Fourier-transform infrared (FT-IR) spectroscopy was performed on samples 

using the Varian 640-IR spectrometer (Agilent Technologies). Solid-state emission 

spectra were acquired using Edinburgh Instruments FLS900 equipped with a 450 W 

Xenon lamp, double excitation, and emission monochromators. Wavelengths were 

controlled using Edinburgh Instruments v6.8 PC software. All spectra were corrected 

for Photomultiplier tube and instrument response. Solid-state UV-Vis absorption 

spectra were recorded using a Varian Cary 5000 dual beam spectrometer (Agilent 

Technologies) in reflectance mode with solid-state attachment.  

High resolution transmission electron microscopy (HR-TEM) was carried out on a Jeol 

1400 BioTEM and FEI TECNAI F20 (Philips). All images for particle-size were analysed 

by ImageJ software. 

2.3.1. Sample preparation for imaging of CPC⊂SNP 

For SEM imaging, CPC⊂SNP were immersed in either MeOH or H2O and 

cavitation was applied using the ultrasonic scaler device. The total time of cavitation 

was 10 min, after the particles were centrifuged for 5 min at 7830 rpm and washed 

once before drying under vacuo. The dried particles were then splutter coated with 

gold before imaging.  

Sample preparation for HR-TEM: 

1) CPC⊂SNP no US 

2) CPC⊂SNP with US applied in H2O (2 mg mL-1) for 2 min. 
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3) CPC⊂SNP stirred in MeOH (1.5 mg mL-1 stirred at 400 rpm) for 72 h.  

The solutions were then centrifuged for 5 min at 7830 rpm and washed once before 

drying under vacuo. After drying the powder was transferred to a carbon-film copper 

mesh grid for imaging. 

2.4. Drug loading entrapment measurement 

The drug concentration was measured from absorbance using UV-Vis 

spectroscopy with a Varian Cary 5000 dual beam spectrometer (Agilent Technologies). 

The drug loading entrapment was calculated by using the following equation:  

% 𝑫𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒊𝒏𝒈 𝒆𝒏𝒕𝒓𝒂𝒑𝒎𝒆𝒏𝒕 

=  
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 (𝒎𝒈) − 𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒇𝒓𝒆𝒆 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒔𝒖𝒑𝒆𝒓𝒏𝒂𝒕𝒂𝒏𝒕 (𝒎𝒈)

𝑻𝒐𝒕𝒂𝒍 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈  (𝒎𝒈)
 𝒙 𝟏𝟎𝟎 

In general, all supernatants after reaction and subsequent washings were collected 

and 1 mL was used to record the remaining drug in solution. This was then subtracted 

from the initial amount of drug added to the reaction and divided by the total amount 

of drug added, multiplied by 100 to determine the drug loading entrapment percentage. 

Thermogravimetric analysis coupled with FT-IR (TGA-FTIR) was performed using TGA 

8000™ Thermogravimetric Analyzer (PerkinElmer, UK) at a heating rate of 10 °C min-

1 from 30 to 800°C under a nitrogen atmosphere. TGA was used to calculate the drug 

loading, determined by the weight loss curve and expressed as drug (ug) per 

drug⊂SNP (mg) (µgdrug mgdrug⊂SNP 
-1). 
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2.5. In Vitro drug-release studies 

2.5.1.   General drug release measurements 

For all samples, dry solid particles were immersed in the release media of ultrapure 

H2O (10 mg mL-1) at pH 7.4, 37°C. For a measurement of release, 1 mL of the particle 

suspension was removed and centrifuged for 5 min at 7830 rpm. The supernatant was 

collected and analysed by UV-Vis spectrometry by monitoring drug absorbance at the 

wavelength maximum (λmax). The concentration of drug was calculated by its calibration 

curve that determined the absorption coefficient (ε, M-1cm-1). The amount of drug (µg) 

per drug loaded silica NP (mg) could be determined. Then the drug solution was then 

returned to the stock media. 

2.5.2.   Ultrasound-responsive triggered drug release in short 

intervals  

To confirm the drug release from the silica NP structure with an external trigger 

the ultrasonic scaler (P5 Newton XS, Satelec, Acteon, France) with tip 10P was used 

for mechanical cavitation at low, medium, or maximum power (P=10, 15 or 20 

respectively). It should be noted power settings are reference of the dial control on the 

ultrasonic scaler. The power is not representative of the power output and cannot be 

measured accurately due to tip shape. The set-up of the ultrasonic scaler handheld 

piece was positioned inside a 50 mL centrifugal tube, immersed in 10mL release 

media, and fixed at distance of 10 mm above the SNPs.  Subsequently, cavitation was 

applied in 2 min intervals using the tip of the hand-held piece. After each cycle, the 1 

mL of the particle suspension was removed and the measurement procedure from 

section 2.4. was followed.  
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2.5.3.   Investigation of drug leakage in static conditions 

For the stability studies, the static release was run in parallel to the US-triggered 

release experiments to monitor the leakage of CPC via passive diffusion. The same 

method for measurements to determine the drug concentration was followed as in 

section 2.3.1. 

2.5.4.   Continuous ultrasound with ultrasonic bath 

To maximise drug release, cavitation was applied to the NPs over a continuous 

period using an ultrasonic bath (frequency 30 kHz). First, the foil test was implemented 

to find the hot spots for zones of cavitation. Subsequently, the 50 mL centrifugal tube 

containing the NP solution was positioned and fixed in the same place. Cavitation was 

applied continuously, and measurements were taken at predetermined intervals of 

0,10, 20, 30, 60, 90 and 180 min. This procedure was conducted in both MeOH and 

H2O. The drug release was monitored by following measurement procedure in section 

2.4. 

2.6. Biological studies 

2.6.1.   General procedure & chemicals  

Brain heart infusion (BHI, CM1135, Oxoid, Dorset, UK) broth and agar (BHI, 

CM1135, Oxoid, Dorset, UK) were used to culture Streptococcus sanguinis (ATCC 

10556), Streptococcus mutans (3209), Pseudomonas aeruginosa (PA14), P. 

aeruginosa (PAO1-N) and Enterococcus faecalis (ATCC 29212) from frozen stocks 

stored at -80°C and obtained from Professor Paul Williams, University of Nottingham. 

All bacterial overnight cultures were prepared by bacteria from frozen stock were 

streaked on BHI agar and incubated overnight (37 °C, 5 % CO2 environment). Liquid 
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cultures were prepared with a single colony in 5 mL BHI broth before incubating for 20 

h in the orbital shaker (37 °C, 100 rpm).  

To prepare artificial saliva a modified method described by Prattern et al.5 was used. 

To ultrapure water (1 L) the following were added sequentially, accurately to 0.001g: 

Sodium chloride (NaCl, 0.35 g, VWR 102415K), potassium chloride (KCl, 0.2 g, Sigma 

60129), calcium chloride (CaCl2, 0.2 g, WVR 007103020), yeast extract (2 g, Oxoid 

LP0021), lab lemco powder (1 g, Oxoid L29), hog gastric mucin (type III, partially 

purified) (2.5 g, Sigma M177) and protease peptone (5 g, Oxoid L85). The mixture was 

left to stir for 1 h, then autoclaved. After sterilisation 40 % sterile urea (1.25 mL, 0.5 g 

urea, Oxoid SR20, in 1.25 mL ultrapure H2O) was added using a 0.22 µm filter. Once 

the urea was added the media was wrapped in aluminium foil to exclude light and 

prevent protein degradation and stored at 4 °C. 6 

For biofilm BHI medium: 1 % sucrose was added to sterilised BHI broth. First the 

sucrose (3.5 g, Sigma S0389) was mixed with sterilised filtered ultrapure H2O (3.5 mL) 

then added to BHI broth (350 mL) with a sterile syringe. 

Phosphate buffered saline (PBS, Dulbecco A, Sigma P4417) solution was prepared by 

dissolving one tablet in ultrapure H2O (200 mL) and autoclaved for sterilisation.   

2.6.2. Minimum inhibitory concentration (MIC) assay 

The MIC of antimicrobial agent or particles was determined using one bacterial 

strain at a time.  Overnight cultures were prepared in BHI broth (5 mL) from bacteria 

previously streaked on BHI agar plates. The overnight cultures were incubated for 20 

h at 37 °C, 100 rpm. A stock solution of bacteria was made by adjusting the OD600 to 

0.1 by diluting the bacterial inoculum with fresh BHI broth. A 2-fold dilution series of 
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antibiotic or particles in BHI broth was made (note in the first well of the plate the drug 

concentration will be halved, for example the concentration of CPC desired was 80 µg 

mL-1, so made an initial concentration of 160 µg mL-1). In a 96-well plate,  200 µL of 

the first concentration in the dilution series of drug was added to 200 µL of diluted 

culture into the well. Then 100 µL of the drug and bacteria medium was added to 100 

100 µL in the next well. This step was repeated 8 times, so each well had a total volume 

of 200 µL. The 96-well plate was incubated for 24h under anaerobic conditions. For 

controls: 1:1 ratio of bacteria to BHI broth to make sure bacteria growth is maintained, 

BHI broth was used to show no contamination and empty well to obtain background 

reading of the well plate. The growth and no growth were determined visually and by 

measuring the OD600 using the microplate reader (ELx800, BIO-TEK instruments Inc.) 

in triple triplicates (N=9) with the Gen5 data analysis software for all measurements.  

Table 2. 1: Concentration range used for MIC assay in Chapter 4. 

 S. sanguinis S. mutans E. faecalis  

CPC 80-0.16 µg mL-1 80-0.16 µg mL-1 80-0.16 µg mL-1 

Plain SNP 16-0.3 mg mL-1 - - 

Plain MSN 16-0.3 mg mL-1 - - 

 

Table 2. 2: Concentration range used for MIC assay in Chapter 5. 

 CPX 

S. sanguinis 80-0.08 µg mL-1 

S. mutans 80-0.08 µg mL-1 

P. aeruginosa (PA14) 80-0.08 µg mL-1 

P. aeruginosa (PAO1N) 80-0.08 µg mL-1 

E. faecalis 80-0.08 µg mL-1 
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2.6.3. Antimicrobial activity against planktonic S. sanguinis  

 Overnight bacterial stocks were prepared in 5 mL BHI broth and incubated at 

37 ºC, under orbital shaking at 100 rpm. After overnight growth, 3 mL of the turbid 

culture was diluted with 7 mL BHI broth and pre-weighed samples were added (see 

Table 2.3 ). Samples had no US applied or US was applied for 2 min, then all samples 

were incubated at 37 ºC, 100 rpm. After 3 h, a serial dilution was performed for all 

samples in a 96-well plate. Each sample was prepared in triplicate. 180 µL aliquots of 

BHI broth were added to each well with 20 µL of samples for the first dilution (1 x 10-

1). Subsequently, 20 µL was taken from the first dilution and added to the next well with 

BHI broth. This was repeated 7 more times. For each dilution, 20 µL aliquots were 

spotted onto BHI agar plates three times, which were divided into four segments. This 

was repeated for each sample. Once dry, all plates were incubated in a CO2 

environment at 37 ºC overnight. Following this, the number of colonies were counted 

and the colony forming unit was calculated for each sample and its dilution. The serial 

dilution was repeated for samples taken at 8, 24 and 48 h.  

Table 2. 3: Concentration of sample used to test antimicrobial activity on planktonic 
bacteria with and without US (P10, 10s). 

 
Concentration / 

mg mL-1 

Bacteria - 

CPC 0.5 

Plain MSN 10 

 

2.6.4. Agar Diffusion Assay 

Overnight bacterial stocks were prepared as mentioned in section 2.4.1. The 

inhibition of growth on bacteria from samples were tested using an agar diffusion 
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assay. BHI agar plates were inoculated by swabbing with an overnight culture of 

bacteria to create an evenly distributed lawn of bacteria. In each agar plate, five wells 

of 6 mm in diameter were cut with the larger end of a sterile pipette tip, approximately 

equal distances apart. Each well was loaded with 50 µL of sample from stock solutions. 

Afterwards the plates were incubated at 37 °C in 5% CO2 for 20 h in static conditions. 

At the end of incubation time the bacterial growth was confluent on the agar surface, 

except at areas of growth inhibition where there was a clear zone surrounding the well. 

The zones of inhibition were measured using a millimetre ruler. All experiments and 

measurements were performed in triplicates and the mean and standard deviations 

were obtained. All samples were dispersed in ultrapure water and was used as 

negative control. 

The inhibition of growth of S. sanguinis was tested using an agar diffusion assay using 

the following samples: 

Table 2. 4: Concentration added to well of agar plate. 

 Concentration in 50 µL 

CPC 500 µg mL-1 

Plain SNP 2 mg mL-1 

CPC⊂SNP 2/5/10 mg mL-1 

Plain MSN 2 mg mL-1 

CPC⊂MSN 2 mg mL-1 

CPC@MSN 2 mg mL-1 

 

The inhibition of growth of S. sanguinis, S. mutans, P. aeruginosa (PA14), P. 

aeruginosa (PAO1N) and E. faecalis. This was tested using an agar diffusion assay 

using the following samples: 
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Table 2. 5: Concentration added to well of agar plate. 

 Concentration in 50 µL 

CPX 2 mg mL-1 

Plain SNP 10 mg mL-1 

CPX⊂SNP_A2 10 mg mL-1 

CPX@SNP A 10 mg mL-1 
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2.6.5. Development of single-species biofilm model  
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 Figure 2. 2: Photographs and schematic representation of experimental set-up of the 
ultrasonic scaler for biofilm viability assay. A 12-well plate with 72 h grown biofilm 
covered Thermanox coverslip (13 mm diameter) was placed inside a well and secured 
with double sided tape to ensure the slip remains in position during cavitation. A solution 
(3 mL) containing the treatment was pipetted into the well plate. The ultrasonic scaler 
(Satelec P5 Newtron XS scaler, Acteon Group, USA) with tip 10P was fixed parallel and 
10 mm away from the biofilm using a clamp stand to aid the positioning. The scaler was 
operated at a power setting of 10 (medium power) for 10s. 
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The chosen bacteria used in the study to form a single species biofilm model for 

treatment with nanoparticles and ultrasonic scaler. An overnight bacterial culture in BHI 

broth was prepared from bacteria, as mentioned in section 2.6.1.. Firstly, Thermo 

Scientific™ Nunc™ Thermanox™ Coverslips (13 mm diameter, cell culture-treated 

one side) were added to a 24-well plate and primed with artificial saliva for 15 min 

(described in general methods section).5  The artificial saliva was removed and the 

overnight bacterial suspension was diluted to x103 in fresh BHI medium with 1% 

sucrose and 1mL was added to each coverslip. The 24-well plate was incubated at 

37°C, 100 rpm for 24 h. Afterwards the medium was removed and replaced with 2 mL 

fresh medium. This was repeated to obtain biofilms grown for 72 h.  

The Gram-positive Streptococcus sanguinis (ATCC 10556) was used in the 

current study to form a single-species biofilm model for treatment with nanoparticles 

and ultrasonic scaler.  

Table 2. 6: Sample concentrations of samples added to the biofilm, testing incubation 
time with sample after release with US (P10, 10s). 

 
Incubation time / 

min 

Concentration / 

mg mL-1 

Cavitation only 30 - 

CPC 30 0.5 

CPC⊂SNP 5 10 

CPC⊂SNP 15 10 

CPC⊂SNP 30 10 
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Table 2. 7: Antimicrobial activity against S. sanguinis biofilms. Sample concentrations 
used for live/dead staining and CFU-methods. CPC, Plain SNP and CPC⊂SNP 
without and with US (P10, 10s) incubated at 37°C 

 
Incubation time / 

min 
Concentration 

Bacteria 30 - 

CPC 30 13 µg mL-1 

Plain SNP 30 10 mg mL-1 

CPC⊂SNP 30 10 mg mL-1 

 

Two Gram-positive strains S. sanguinis and S. mutans was used in the current study 

to form a single-species biofilm model for treatment with nanoparticles and ultrasonic 

scaler.  

Table 2. 8: Antimicrobial activity against S. sanguinis and S. mutans biofilms. Sample 
concentrations used for live/dead staining, without and with US (P10, 10s) incubated 
at 37°C 

 
Incubation time / 

min 
Concentration 

Bacteria 30 - 

CPX 30 0.68 µg mL-1 

CPX⊂SNP_A2 30 10 mg mL-1 

CPX⊂SNP_B5 30 10 mg mL-1 

 

2.6.6. Determination of CPC release from CPC⊂SNP for biofilm studies 

CPC⊂SNP particles were immersed in the release media of ultrapure H2O (10 

mg mL-1) . Then US was applied for 10s at power setting P10 on the ultrasonic scaler. 

Then incubated in a water bath at 37°C for 30 min. For a measurement of release, 1 

mL of the particle suspension was removed and centrifuged for 5 min at 7830 rpm. The 
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supernatant was collected and analysed by UV-Vis spectrometry by CPC absorbance 

at the wavelength maximum of 259 nm. The concentration of CPC released was 

calculated by its absorbance and absorption coefficient (ε = 4191 M-1 cm-1). The 

amount of drug (µg) per drug loaded SNP (mg) could be determined. This was 

repeated three times and the amount of CPC released was averaged. This was the 

concentration used for biofilm studies.  

2.6.7. Determination of CPX release from CPX⊂SNP for biofilm studies 

CPX⊂SNP particles were immersed in the release media of ultrapure H2O (10 

mg mL-1) . Then US was applied for 10s at power setting P10 on the ultrasonic scaler. 

Then incubated in a water bath at 37°C for 30 min. For a measurement of release, 1 

mL of the particle suspension was removed and centrifuged for 5 min at 7830 rpm. The 

supernatant was collected and analysed by UV-Vis spectrometry by CPX absorbance 

at the wavelength maximum of 275 nm. The concentration of CPX released was 

calculated by its absorbance and absorption coefficient (ε = 43060 M-1 cm-1). The 

amount of drug (µg) per drug loaded SNP (mg) could be determined. This was 

repeated three times and the amount of CPX released was averaged. This was the 

concentration used for biofilm studies.  

2.6.8. Biofilm viability studies & ultrasonic scaler experimental set-up 

In a 12-well plate, the Thermanox coverslips were either treated with the sample 

solution and no cavitation or with sample solution and cavitation and then incubated at 

37°C, 100 rpm for 30 min. The biofilm treatment process achieved using a Satelec P5 

Newtron XS scaler (Acteon Group, USA) with a 10P tip in all experiments. The 

handpiece of the scaler was fixed with manual clamp stand and adjusted to 10 mm 
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from the biofilm surface and the orientation of the tip was kept in a horizontal position 

relative to the biofilms. The biofilm coverslips were stuck to the surface of 12-well plate 

using double-sided tape and wells were filled with H2O (3 mL) to completely immerse 

the tip surface of the scaler (note the cooling water flow unit part of the scaler was not 

used in these experiments). The ultrasonic scaler was operated at low (P10) or high 

(P20) power for 10 seconds.  

2.6.9. Live/dead staining assay 

Filmtracer™ LIVE/DEAD® Biofilm Viability Kit (Invitrogen, California, USA) was 

used to stain the biofilms. A stock solution of the stain prepared with SYTO® 9 stain (3 

µL) and propidium iodide (3 µL) in filter-sterilised ultrapure H2O (1 mL), this was enough 

to strain 5 biofilms. After the biofilms had been treated, they were washed with PBS 

solution and the staining solution (~200 µL) was added gently to the biofilm. The 

biofilms were incubated for 20-30 min at room temperature and protected from light 

exposure with foil. The stain was removed, and biofilms were washed by rinsing gentle 

once with PBS to remove all excess strain. To fix the biofilms, the coverslips were 

placed onto microscope slides (biofilm facing up) and a drop of Invitrogen™ ProLong™ 

Gold Antifade Mountant (ThermoFisher Scientific, Massachusetts, USA) was added 

before putting a 22 x 26 mm cover glass on top. The slides were left to solidify and dry 

for 24 h and were stored in the dark to preserve fluorescence.7 

2.6.10. Confocal laser scanning microscopy (CLSM) imaging 

The biofilms viability was imaged with confocal laser scanning microscope (LSM 

700, Carl Zeiss GmbH, Germany). The images were obtained with the Zeiss Zen lite 

2011 software. A x40 oil immersion objective (Zeiss Objective EC Plan-Neofluar 
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40x/1.30 Oil DIC M27, FWD = 0.21 mm) in combination with an immersion oil 

(Immersol™ 518F) was used. The emission/excitation wavelengths for the stains were 

488 nm/<550 nm for SYTO® 9 and 555 nm/>550 nm for propidium iodide. Both the 

green and red channels were imaged together with an image size of 1024 x 1024 

pixels. Five random locations were scanned on each biofilm sample and 2-3 Z-stacks 

of 10-30 µm optical thickness separated by 1.30 µm increments from the surface were 

obtained for each condition. Z-stacks were examined to calculate the biofilm thickness 

and for 3D visualisation analysis.  

2.6.11. Image analysis of single-species biofilms 

The percentage of live and dead bacteria in each image was determined from the 

CLSM images. An automated computation method developed and described by S. E. 

Mountcastle et al.8 was used to evaluate the cell viability. The macro created was a 

method carried out using the ImageJ software (version 2.1.0). This was achieved by 

splitting the CLSM images into two different channels (green and red) and converted 

into an 8-bit image. A series of erosion, reconstruction and dilation steps had been 

incorporated into the script to perform on each channel (element size 3). The total 

bacteria were calculated by number of pixels in the image (green and red), 

differentiating between background noise depending on intensity values. A Gamma 

command (set at 1.5) was used to correct for uneven fluorescence intensities and 

allowed for detection of faint bacteria. Then segmentation and thresholding were 

performed by using the Otsu’s threshold. The output was presented as white pixels, 

which the number of pixels corresponding to the dead (red) bacteria was calculated. 

This was used to determine the area of dead bacteria, followed by the total number of 

white pixels, which were used to calculate the total area of all bacteria. Finally, the 
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percentage of viable cells (green) were calculated from the total area of bacteria and 

red bacteria. The macro is used based on the assumption that the image contains a 

single-species biofilm and output is a percentage of live cell area. 
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Figure 2. 3: Example of image analysis steps used in ImageJ to calculate bacterial 
viability from a confocal image of biofilm with LIVE/DEAD stain. Images show S. 
sanguinis biofilm cultured for 48 h (20 µm scale bar). Figure taken from Mountcastle et 
al..4 
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2.6.12. Colony counting method – colony forming units (CFUs) 

An alternative quantification method to determine bacterial growth was 

conducted by counting the number of colony forming units in a bacterial suspension, a 

well-known procedure known as the Miles and Misra method.9 After treatment the 

biofilms were removed from each well and coverslip and redispersed by using the 

vortex for 2 min in fresh BHI broth (3 mL). A serial dilution was performed using the 

Miles and Misra method to count the number of CFUs.  BHI broth (180 µL) was 

aliquoted into each well with 20 µL of samples for the first dilution (1 x 10-1 ). 

Subsequently, 20 µL was taken from the first dilution and added to the next well with 

BHI broth, repeating the process to 1 x 10-8 dilution. For each dilution, 20 µL aliquots 

were spotted onto BHI agar plates three times. This was repeated for each sample and 

all plates were incubated at 37 ºC in a 5 % CO2 environment overnight. Following this, 

the number of CFU/mL was determined for each sample prepared in triplicate. 

2.6.13. Scanning electron microscopy (SEM) imaging of biofilms 

For further visualisation of bacterial biofilms, samples were prepared for SEM 

imaging by a fixation and dehydration procedure described by Dysktra et al..10 The 

biofilms were rinsed with three times with PBS to remove the culture medium.  

1. For fixation: the samples were immersed in 2.5% EM grade glutaraldehyde in 

0.1 M sodium cacodylate buffer, pH 7.3 for 10 min. Note the fixative must be 

prepared fresh but can be kept up to 1 week in the fridge. For a 10 mL stock 

solution of the fixative, ultrapure H2O (4 mL), 0.2 M sodium cacodylate buffer 

pH 7.3 (5 mL, prepare in advance, pH with sodium hydroxide, the pH is 
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important) and 25% EM grade glutaraldehyde (1 mL, CAS 111-30-8, Sigma-

Aldrich) were mixed.  

2. Dehydration of each specimen was performed by removing water slowly in 

ethanol solutions of increasing concentration, for at least 10 min in each %: 20, 

30, 40, 50, 60, 70, 90, 95 (twice) and 100 % (twice). The ethanol (100 %) was 

completely removed and hexamethyldisilane (HMDS, CAS 999-97-3, Sigma-

Aldrich) was added quickly to cover the surface before the sample could dry out 

and left to evaporate overnight in a fume cupboard.  

After the fixation and dehydration process the biofilms were prepared for imaging 

with the SEM. The biofilm coated coverslips were adhered onto aluminium stubs using 

12 mm carbon adhesive tabs (Agar Scientific) and secured with single-sided 

conductive copper tape. All samples were sputter coated with gold (Quorum Emitech 

K550X, Kent, UK) before insertion into the SEM. The morphology and changes to the 

bacteria before and post treatment were examined using a Zeiss Evo MA-10 SEM (Carl 

Zeiss Jena GmbH, Germany) and SmartSEM software. Imaging was performed at x10-

25 k magnifications with a working distance of 8-10.5 mm and accelerating electron 

beam voltage of 20 kV. 

2.7. Bacteria viability statistical analysis  

2.7.1. Biofilms treated with CPC in Chapter 4 

All statistical analyses were performed in GraphPad Prism (v. 5.03). In biofilm viability 

studies the percentages of live and dead S. sanguinis, were represented by the mean 

with standard deviation for each group. Normality tests were performed to determine 

the distribution of data in each group using Kolmogorov-Smirnov, D’Agostino & 
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Pearson and Shapiro-Wilk tests for comparison. The graph showing the mechanical 

disruption of US in section 4.3.3.., used the Mann Whitney U, unpaired t-test (two-

tailed, non-parametric) to compare cavitation times to bacterial control. For the time-

kill assay with CPC⊂SNP (and synergetic effect of CPC⊂SNP, to determine the 

significance, one-way ANOVA non-parametric was employed with the Kruskal-Wallis 

test. Followed by a post-test conducted with the Dunn’s test multiple comparison test. 

A value of P ≤0.05 was considered significant. 

2.7.2. Biofilms treated with CPX in Chapter 5 

Statistical analysis was performed on percentage viability of in vitro S. sanguinis 

and S. mutans biofilms. The bacterial viability was determined from the automatic 

image analysis software used in ImageJ and then statistics were calculated in 

GraphPad Prism (v. 5.03). Data presented in bar graphs were shown as mean and 

standard deviation (SD) for sample sizes between 7-14. The significance level was set 

at p<0.05. Kolmogorov-Smirnov was used to access data normality and homogeneity 

of variance. Firstly, two groups were compared by the non-parametric Mann-Whitney 

U test. The test was used to show the effect of biofilms treated with CPX, 

CPX⊂SNP_A2, CPX⊂SNP_B5 or nothing at all compared to with the addition of 

cavitation. One-way ANOVA, non-parametric Kruskal-Wallis test was performed 

followed by the post hoc test, Dunn’s Multiple Comparison Test to compare all factors 

categorically. A value of P ≤0.05 was considered significant. 

 

 

 



Chapter 2: General Methods & Procedures 

85 
Menisha Manhota – March 2022 

2.8. References  

1 W. Stober, A. Fink and E. Bohn, J. Colloid Interface Sci., 1968, 26, 62–69. 

2 D. Zhang, Z. Wu, J. Xu, J. Liang, J. Li and W. Yang, Langmuir, 2010, 26, 6657–
6662. 

3 S. Wu, Q. Deng, X. Huang and X. Du, ACS Appl. Mater. Interfaces, 2014, 6, 
15217–15223. 

4 M. Varache, I. Bezverkhyy, L. Saviot, F. Bouyer, F. Baras and F. Bouyer, J. Non. 
Cryst. Solids, 2015, 408, 87–97. 

5 J. Pratten, A. W. Smith and M. Wilson, J. Antimicrob. Chemother., 1998, 42, 
453–459. 

6 M. Lodovici, L. Raimondi, F. Guglielmi, S. Gemignani and P. Dolara, Toxicology, 
2003, 184, 141–147. 

7 L. F. Dawson, E. Valiente, A. Faulds-Pain, E. H. Donahue and B. W. Wren, PLoS 
One, 2012, 7, e50527. 

8 S. E. Mountcastle, N. Vyas, V. M. Villapun, S. C. Cox, S. Jabbari, R. L. 
Sammons, R. M. Shelton, A. D. Walmsley and S. A. Kuehne, npj Biofilms 
Microbiomes, 2021, 7, 1–12. 

9 B. Y. A. A. Miles and S. S. Misra, 1931, 732–749. 

10 M. J. Dykstra, P. C. Mann, M. R. Elwell and S. V. Ching, Toxicol. Pathol., 2002, 
30, 735–743. 

 

 

 



Chapter 3: The Synthesis, Optimisation & Characterisation of Cetylpyridinium Chloride Loaded Silica 
Nanoparticles  

86 
Menisha Manhota – March 2022 

 Chapter 3: The Synthesis, Optimisation & 

Characterisation of Cetylpyridinium Chloride 

Loaded Silica Nanoparticles   

3.1 Introduction 

A critical challenge for dental infections and diseases is the restricted delivery 

of antimicrobial agents to achieve an effective therapeutic efficacy at the site of action.1 

The research into SNPs, as drug delivery systems have provided a platform to enhance 

the delivery of therapeutic agents, by fine tuning their properties and functions.2 Most 

importantly, SNPs have been recognised for its ability to achieve a high drug loading 

and ease of modification capabilities to provide value properties. Of the classes of  

SNPs, MSNs have demonstrated their porous structures can incorporate antimicrobial 

agents.3 Although porosity has shown to induce premature drug leakage from the MSN 

framework, which many researchers have investigated functionalisation of the silica 

surface with coatings or internal pore modifications to block and prevent uncontrolled 

release.3,4 As a result, the drug release can be controlled by internal-stimuli, triggered 

by bacterial contact, change in pH or redox conditions. Also with external-stimuli; by 

applying light, temperature changes, magnetic fields and ultrasound.5–7 

The combination of a stimuli-responsive drug loaded MSNs have shown many 

advantages for release and delivery of antimicrobial agents.8 Notably, nanosystems 

have showed to enhance the bactericidal activity compared to free antimicrobial agent 

alone. Synergistic effects were demonstrated by both drug and nanoparticle 
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together.9,10 Furthermore, SNPs provide protection for the drug to be delivered into 

biofilms, some triggered release mechanisms achieving deeper drug penetration and 

activity.11 However, US-stimulated antimicrobial release from non-porous SNPs has 

not been investigated before, especially for dental applications. So far, anticancer 

agents have been studied for a controlled release, from SNPs.12–14 The focus has been 

attaching polymers to the silica surface to act as gatekeepers that can be removed 

with an US trigger and protect the entrapped drug.15–18 Even more, nanomachinery 

has provided capping ligands on MSN porous channels to prevent the drug escaping. 

The supramolecular molecules contain liable bonds that are cleavable to US.17,19,20 

Recent developments have advanced to cater for multifunctional purposes and 

increased use of hollow MSNs to include imaging agents, US microbubble enhancers, 

modifications for specific targeting moieties and dual drug release.21–24 Although, 

attaching US liable ligands may resolve the undesired release to an extent, the 

increasing number of synthesis steps to control drug release reduces the ease of 

synthesis. This results in longer synthesis times, additional characterisation, and 

increased costs.25  

To eliminate additional synthesis stages, one-pot syntheses have been 

attempted to encapsulate metal complexes or template antimicrobial agents within the 

mesoporous structure to increase the drug efficiency and retention. Examples in the 

literature have been based on templating agents typically used in the synthesis of 

organised materials to form MSNs.26–32 Commonly ionic surfactants, such as CTAB 

are used as they have the fundamental physical properties of self-assembling into 

micelles above its critical micelle concentration (CMC). This has assisted in the 

formation of a uniform porous silica network. However, CTAB is well known to be 
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cytotoxic to healthy cells and undesirable for biological work if not removed after NP 

synthesis.33–35 Instead, antibacterial agents have been studied for encapsulation. For 

example, Stewart et al.36  incorporated octenidine dihydrochloride, a surfactant-like 

drug, into a MSN type structure, as shown in Figure 3. 1A. The NPs produced large 

sizes of 500 nm and showed slow drug diffusion from MSNs. In comparison,  Dubovoy 

et al.37 templated benzalkonium chloride, a bactericidal drug, into the MSN structure, 

demonstrated in Figure 3. 1B. However, formed even larger particles of 650-850 nm 

and the release kinetics were enhanced slightly in lower pH conditions. Similarly, both 

one-pot examples explored diffusion of the drug from the silica as the release trigger 

and the antimicrobial activity was only studied on bacteria in planktonic conditions.  

Figure 3. 1: One-pot synthesis examples of templated drug within a mesoporous silica 
nanoparticle structure of A) Octenidine dihydrochloride and B) Benzalkonium chloride. 
Adapted from Stewart et al. and Dubovoy et al..36,37 
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Non-porous SNPs have found use in biomedical applications and this offers new and 

exciting platform for drug delivery.38 Commonly, non-porous SNPs have been utilised 

for molecular imaging and less so for drug delivery. One-pot synthesises with positively 

charged dye complexes has been previously reported by Lewis et al., Rossi et al., and 

Zhang et al..39–41 to produce luminescent nanoparticles for imaging purposes. Zhang 

and co-workers41 used this process by reporting encapsulation of a ruthenium dye 

within the silica network with no additional modification. Notably, the effect of adding 

the ruthenium complex at different time points throughout the reaction, changed the 

emission intensity of ruthenium.  In Figure 3. 2, showed the proposed silica growth 

stages and the difference in drug encapsulation. The tetraethyl orthosilicate (TEOS) 

consumption was monitored during the reaction and the luminescent properties of the 

NPs post-synthesis were examined. Zhang et al.41 found addition of the dye at 3 h 

exhibit greater emission intensity from dye loaded particles, due to a balance in the 

silica nucleation and aggregation. 

Figure 3. 2: Schematic illustration to show the different stages of silica growth with the 
addition of Ru(Phen)3

2+ dye molecule and emission spectra, Adapted from Zhang et 
al.41 
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In addition to drug loading, the delivery of submicron silica particles can be effectively 

deposited on the surface of the tooth. This was demonstrated by Claire et al.,42 in 

Figure 3. 3A.  The luminescence produced from encapsulated ruthenium complex 

within the silica particles, was shown using confocal imaging. This promising work led 

to the successful rapid delivery of sub-micron particles to occlude and penetrate inside 

the dentinal tubules from the acoustic cavitation behaviour produced from an ultrasonic 

scaler, reported by Vyas et al..43 Figure 3. 3B, showed potential effects of cavitation 

with sub-micron silica particles was advantageous to infiltrate the tubules ~185 µM in 

depth, over double the distance without cavitation. However, there has been little 

research into the use and effectiveness of the ultrasonic scaler to release drugs from 

SNPs. Therefore, combining drug loaded non-porous SNP with US would be a novel 

and desirable delivery system. 

2 µm 

A B 

Figure 3. 3: The delivery of sub-micron silica particles A) schematic of silica particles 
with encapsulated luminescent ruthenium and image of deposition on tooth surface.  
B) shows particle penetration into the dentinal tubules in water with cavitation applied 
of depths of 185 µM with cavitation from ultrasonic scaler. Adapted from Claire et al. 
and Vyas et al..42,43  
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The desirable property of drug loading could potentially be useful in encapsulating CPC 

into a non-porous SNP and triggered by an external stimulus for release. 

Cetylpyridinium chloride (CPC) is a commercially available cationic surfactant with 

potent antimicrobial properties against a broad range of bacteria.44 The drug was 

approved by the food and drug administration (FDA) and is an active ingredient found 

in many medicines and commonly found in mouthwashes due to its potent and broad-

spectrum of antimicrobial properties.45–47 It has been found to alleviate plaque-induced 

infections to promote a healthy oral microbiota environment. The mechanism of action 

Figure 3. 4: Structure of cetylpyridinium chloride (CPC), showing the formation of 
micelles above its critical micelle concentration (CMC) in aqueous conditions. Created 
with BioRender. 
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has been reported to proceed by the positive charged head group interacting with the 

negative bacterial membrane. CPC causes disruption to the lipid bilayer allowing the 

hydrophobic tail to permeabilise the cell membrane, resulting in the leakage of its 

intracellular contents.48,49  Additionally, CPC can inhibit the action of the extracellular 

enzymes, which are responsible for synthesising a polysaccharide, sucrose, well 

known to be important for the development of dental caries. Therefore, CPC can limit 

the biofilm formation on the surface of the tooth, to prevent oral disease such as 

gingivitis and periodontitis (gum diseases) and dental caries.50,51 Due to CPC’s 

chemical structure, which contains a pyridine ring and a 16-carbon chain, its 

hydrophilic head group and lipophilic tail permits the formation of micelles (Figure 3. 

4) in aqueous and low alcoholic solutions at its CMC value of ~0.99 mM.52–55  
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3.2 Chapter Outline  

The design, synthesis, and characterisation of CPC encapsulated SNP 

(CPC⊂SNP) is reported for a potential application contributing towards improving 

dental diseases. This is a new approach to develop a drug delivery system based upon 

non-porous SNPs aiming to produce a silica shell to delay the drug release. This will 

be the first one-pot synthesis to incorporate an antimicrobial agent into the silica 

network that can be activated by cavitation produced from an ultrasonic scaler (Figure 

3. 5). The CPC⊂SNP will be a proof-of-concept model with the purpose to tackle 

challenges associated with uncontrolled drug leakage, improve the pharmacokinetics 

and activity of antibiotics, and protect the drug until released to reduce the risk of 

antimicrobial resistance. Additionally, provide a platform for US-triggered drug release 

from SNPs that could be beneficial for encapsulation of other antimicrobial agents and 

improve treatment of dental diseases. 

  

Figure 3. 5: Schematic representation of US triggered drug release from CPC⊂SNP. 
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3.3 Results & Discussion 

3.3.1.   Synthesis & optimisation of CPC loaded SNPs  

To develop a one-pot synthetic route for encapsulation of CPC, the Stöber 

method was adapted, which has been used to produce non-porous SNPs (SNPs).41  

First plain SNPs were prepared with no drug, yielding a white precipitate and would 

be used as a control NP in these studies for comparison to drug loaded SNPs. 

The procedure for plain SNPs was further adapted to incorporate CPC into the 

reaction. To obtain the optimal CPC loaded into SNPs, the reaction conditions, such 

as, the drug concentration and reaction temperature were investigated. Initially, the 

concentration of CPC added was attempted between 0.05 to 155 mg mL-1. This range 

was chosen based on the solubility limit of CPC in solution, the limit of quantification 

using UV-Visible spectroscopy and to determine the maximum drug loading. UV-

Visible spectroscopy was a suitable technique to determine the loaded CPC in a 

sample. In water, CPC shows an intense absorption peak in the region of 230-280 nm, 

which is characteristic of the π- π* transitions of the aromatic pyridine ring system. 

Whereas silica materials do not adsorb light in the UV-Visible region. As a result, the 

absorbance of CPC at different concentrations was used in the Beer’s Lambert law to 

obtain the molar absorptivity (ɛ) of 4190 ± 5.6 M-1 cm-1 at a wavelength (λmaxima) of 260 

nm. The absorbance could then be used to determine the entrapped drug in the NP 

samples. This was calculated by Equation 2, using the remaining CPC in solution 

post-synthesis and subsequent washes to subtract from the initial amount of CPC.   
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Equation 2: 

% 𝑫𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒊𝒏𝒈 𝒆𝒏𝒕𝒓𝒂𝒑𝒎𝒆𝒏𝒕 

=  
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝑪𝑷𝑪 (𝒎𝒈) − 𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒇𝒓𝒆𝒆 𝑪𝑷𝑪 𝒊𝒏 𝒔𝒖𝒑𝒆𝒓𝒏𝒂𝒕𝒂𝒏𝒕 (𝒎𝒈)

𝑻𝒐𝒕𝒂𝒍 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝑪𝑷𝑪  (𝒎𝒈)
 𝒙 𝟏𝟎𝟎 

Table 1: Summary of drug loading entrapment percentage of different CPC 
concentration preparations. determined by UV-Vis absorbance of CPC at λmax = 260 

nm, ε = 4190 ± 5.6 M-1 cm-1 and observed drug release. 

Sample 
Drug concentration 

added to reaction (3 mL) 
/ mg mL-1 

Drug loading 
entrapment / % 

Drug release 
observed in 

H2O 

SNP1 0.05 0 No 

SNP2 0.2 33 No 

SNP3 0.5 51 No 

SNP4 2 52 No 

SNP5 82 70 No 

SNP6 155 83 Yes 

 

Table 1 shows a summary of the drug loading entrapment percentages obtained from 

samples SNP1-6 prepared with CPC. The addition of CPC to the reaction mixture after 

3 h and total length of reaction was kept the same for SNP1-6. By increasing the initial 

CPC concentration added to the reaction, it resulted in a greater drug loading efficiency 

from 0 to 83%. It is possible during the SNP growth process, using tetraethyl 

orthosilicate (TEOS) enabled a crosslinked network of negatively charged silanol 

groups (Si-OH) that can interact with the positive charge on CPC. The higher drug 

concentrations increased the presence of positive charges creating more opportunity 

for electrostatic interactions to occur. Therefore, Table 2 highlighted there was a 
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positive correlation between CPC concentration and drug loading entrapment with 

SNP6 exhibiting a high loading efficiency of 83%. Furthermore, SNP6 was the only 

drug delivery system to show drug release in water with use of applying US (discussed 

later in this chapter). The initial concentration studies were a beneficial starting point 

to change other reaction parameters.  

To further examine conditions, the reaction temperature was altered to 25 °C and 80 

°C to confirm the maximum drug loading. In addition, the concentration of CPC (155 

mg mL-1) remained consistent, but was added at different times during the reaction, at 

0, 1 and 6 h to compared to addition at 3 h. The purpose of changing the time of CPC 

addition was to also observe any changes to the drug loading efficiency. 

Table 2 shows a summary of prepared SNP6-13 samples with their calculated drug 

loading entrapment percentages. The comparison between 25 and 80°C showed 

displayed no significant changes to the loading entrapment nor did the time of the CPC 

addition. Although, SNP13 did exhibit a higher loading efficiency of 87% with CPC 

addition at 6 h and temperature of 80°C than SNP6. However, upon further 

characterisations studies, shown in the next section, SNP13 was not a suitable 

candidate for drug delivery.  

In this case, CPC additions before 3 h showed lower efficiencies than at 3 h, possibly 

affecting the silica’s nucleation process. Also, in agreement with studies from Zhang et 

al.41, who showed a stronger emission from a ruthenium dye at 3 h into the reaction. 

For these reasons, CPC inclusion at 3 h at 25 °C seemed the most promising. For 

subsequent characterisations of SNP7-13 drug loaded particles developed see 

Appendix section 3.5. 



Chapter 3: The Synthesis, Optimisation & Characterisation of Cetylpyridinium Chloride Loaded Silica 
Nanoparticles  

97 
Menisha Manhota – March 2022 

Based on the various SNPs synthesised, the most optimum particles were achieved 

with the SNP6 method. The particles produced from this method has been renamed 

as CPC⊂SNP for the rest of this chapter. This decision was made based on the 

promising initial results of the drug loading efficiency and comparisons made to the 

other SNPs.  

Table 2: The drug addition time (t), reaction temperature (T) and drug loading 
efficiency measured by UV-Vis absorbance of CPC at λmaxima = 260 nm, ε = 4190 ± 5.6 

M-1 cm-1. 

Sample 
Drug 

addition, t / h 

Reaction 
temperature, T / 

°C 

Drug loading 
efficiency / % 

SNP7 0 25 65 

SNP8 1 25 65 

SNP6 3 25 83 

SNP9 6 25 25 

SNP10 0 80 26 

SNP11 1 80 33 

SNP12 3 80 83 

SNP13 6 80 87 

 

3.3.2.   Characterisation of CPC⊂SNP drug delivery system 

3.3.2.1.   Size & morphology  

The chosen CPC⊂SNP was first characterised by dynamic light scattering 

(DLS). DLS measurements uses estimations to obtain the hydrodynamic size of 

particles in solution. The NP diameter size is usually displayed by intensity, volume or 

number, based on the Stokes Einstein equation.56 
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In addition, a polydispersity index (PDI) value provided information on the size 

distribution of how well the particles were dispersed in solution. Figure 3. 6A shows 

the diameter sizes of CPC⊂SNP compared to Plain SNP. The average diameter 

measured by intensity of CPC⊂SNP when dispersed in water was 420 ± 49 nm. This 

was much larger than the diameter obtained for Plain SNPs of 238 ± 61 nm. The low 

PDI values of 0.308 and 0.233 for Plain SNP and CPC⊂SNP respectively, also 

suggested a narrow particle size distribution and uniform diameter size. It was evident 

there was a clear size difference between particles with no drug loaded and drug 

incorporated into the NPs. The SNP method generally produced large diameters 

possibly due to a long reaction time of 12 h, resulting in continued nucleation growth 

of the silica network. However, the size of CPC⊂SNP were still considered a suitable 

size for delivery into the dentinal tubules, which have diameters of approximately 2-

4µM.57 
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Figure 3. 6: Comparison of Plain SNP and CPC⊂SNP by A) DLS graphs showing size 
distributions by intensity and number. Hydrodynamic sizes are summarised in the table 
with surface charge reported by the zeta potential. B) SEM images and analysis of 
measured physical sizes. 
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Additionally, the surface charge was measured and determined by the zeta potential 

in an aqueous solution, also displayed in Figure 3.6A. Plain SNP was used as control 

to show unmodified silica has a highly negative and stable charge of -45 ± 9 mV. This 

is due to the abundant Si-OH groups available on the particle surface and dense silica 

network. Upon incorporation of drug, CPC⊂SNP showed a slight decrease in the zeta 

value to -32 ± 6 mV but remained stable after drug inclusion. The overall negative 

charge of the silica system supports that CPC has been integrated into the silica 

network and the slight increase in charge is due to remaining CPC on or near the 

surface. This was further supported by comparison to a control method that used 

mesoporous silica to incorporate CPC to form CPC⊂MSNs. The CPC⊂MSNs sample 

showed high positive charge of +36 ± 5 mV (Appendix: Figure S3.32). This indicated 

the cationic nature of CPC, which dominates the surface and pores of the silica bulk 

particles. Hence, CPC⊂MSNs would not be an ideal drug delivery system for CPC 

without further modifications. On the other hand, SNP13 had previously shown a high 

drug loading efficiency of 87 %, showed a more positive surface charge of -21 ± 4 mV 

than CPC⊂SNP. Not only did this indicate a system with less colloidal stability, but the 

addition of CPC later to the reaction suggested more drug interactions to the surface 

of the particle rather than encapsulated, indicated also by the smaller size diameter of 

less than 200 nm. For these reasons CPC⊂SNP remained the more suitable method 

for synthesising drug loaded particles with CPC.  

In addition, scanning electron microscopy (SEM) was a complimentary technique to 

DLS analysis to determine the shape and size of SNPs. The images shown in Figure 

3. 6B illustrated both Plain SNP and CPC⊂SNP methods had produced particles of 

uniform and spherical shapes. The particles looked well dispersed and correlated to 
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the low PDI values obtained by DLS. Furthermore, after image analysis the physical 

diameters of particles had an average of 272 ± 25 and 289 ± 39 nm for Plain SNP and 

CPC⊂SNP, respectively. There was variation in measured diameters of SNPs, the 

Plain SNP seems coherent between DLS and SEM measurements, however 

CPC⊂SNP revealed smaller diameters with SEM. The hydrodynamic diameter is often 

influenced by interactions between particles and the media used for dispersion. In this 

case, the DLS averages were higher for CPC⊂SNP because of possible water 

hydration included into the NP and the entrapment of CPC. Whereas the sample 

preparation for SEM was of dry particles and were not affected by water or solvents.  

3.3.2.2. Structural analysis of CPC⊂SNP 

Further analysis of CPC⊂SNP was conducted and compared to plain SNP by 

MALDI-TOFMS, FT-IR and solid-state UV-Vis and fluorescence. These techniques 

were important to confirm the presence of CPC and reveal any changes to the silica 

structure. 

 MALDI-TOF mass spectrometry is a relatively simplistic and high-resolution analytical 

technique and can be used for detection of CPC. The instrument was used in positive 

mode to indicate the presence of CPC in the SNPs. In Figure 3. 7A, a spectrum of 

pure CPC monohydrate was obtained and indicated a m/z peak at 304. This attributed 

to the cetylpyridinium ion and loss of the chloride salt. The spectrum of CPC alone was 

compared to the formulation of CPC⊂SNP.  The spectrum for drug loaded SNP also 

showed the same peak at 304 m/z, which reflected the presence of CPC in its ion form, 

confirming the presence of CPC. This finding is in agreement with studies shown by 

Morrow et al.,58 in which they observe spectra of quaternary ammonium compounds 

from mouth-rinse formulations and their fragmentation under MALDI conditions.  
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Figure 3. 7: A) MALDI-TOFMS of CPC monohydrate and CPC⊂SNP prepared in α-

Cyano-4-hydroxycinnamic acid (CHCA), acetonitrile (ACN) and formic acid in MeOH 
in 1:1 ratio. B) UV-Visible absorption spectrum of CPC in H2O (ε4190 M

-1
 cm

-1) and C) 
Solid-state UV-Visible spectra shows the absorbance in reflectance mode for detection 
of CPC powder (λ260nm) from plain SNP and CPC⊂SNP. D) Solid-state emission 

spectra of CPC and CPC⊂SNP λexc=260 nm and λem=340-480 nm. Spectra were 

corrected for PMT response. 

Plain SNP 
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Therefore, MALDI-TOFMS demonstrated its versatility at detecting a low molecular 

weight compound for analysis and by the mode of ionisation of cationic surfactants, 

CPC presence could be confirmed in CPC⊂SNP. 

The drug loaded SNPs were examined using FT-IR spectroscopy, the spectra can be 

found in the Appendix Figure S3.14-15. It is clear in plain SNP and CPC⊂SNP 

spectra, they both had the characteristic formation of Si-O-Si and Si-OH vibrational 

bands at 1051, 950 and 794 cm-1 (highlighted in red), which indicated silica was the 

dominant material. With FT-IR spectroscopy, it was thought changes to the spectra 

would confirm the modification of the silica with CPC. CPC monohydrate has C-H 

stretching of alkyl chain at 2922 and 2852 cm-1, weaker bands are observed at 

approximately 2158, 1635, 680 cm-1, which are characteristic of the aromatic nitrile 

stretch, C=C bend and C-H bend respectively (highlighted in blue). However, no 

vibrational bands correlated to CPC for the spectra for CPC⊂SNP, probably due to 

CPC’s weak transmission bands and the strong intensity of the silyl bands making it 

difficult to distinguish the CPC bands. 

An alternative method was employed to confirm the presence of CPC by exploiting its 

photophysical properties. The characteristic absorbance spectrum of CPC in solution 

was displayed in Figure 3. 7B, indicating a λmax at 260 nm. Due to scattering of silica 

NPs in solution, diffuse reflectance was employed to measure the absorbance of CPC 

when incorporated into the silica system in its solid form, shown in Figure 3. 7C. As 

expected, the plain SNP in the absence of drug showed no absorbance peaks 

corresponding to CPC and showed light scattering instead. Whereas CPC⊂SNP 

showed adsorption at approximately λmax = 260 nm consistent with CPC. This 
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reinforced CPC is present in the NPs but should be noted the amount of drug was not 

quantifiable in its solid form. 

Furthermore, pure CPC, although not emissive in water at pH 7.4, is luminescent in its 

solid form when excited at its λmax at 260 nm. The emission spectrum in Figure 3. 7D 

was collected between 340-480 nm. The result of a strong emission peak at 

approximately at λmax at 396 nm also implies the presence of CPC loaded silica. The 

reason for luminescence of CPC in its solid phase is unknown, it could be attributed to 

the possibility of π- π* stacking of the aromatic rings or the interaction between the 

drug and silica influencing an enhanced emission from CPC⊂SNP. Although solid-

state UV-Visible and emission techniques confirmed the CPC in the silica structure, it 

was not a suitable technique to quantify drug loading or to provide information if the 

drug was on the surface or encapsulated within the SNP structure, hence further 

characterisation was required.  

3.3.2.3. Drug loading content 

The total drug loading amount was quantified by using thermogravimetric 

analyser coupled with FT-IR and gas chromatography-mass spectroscopy (TGA-FT-

IR-GCMS). TGA is commonly used to characterise materials based on their thermal 

stability.59 The weight change is monitored in real-time as the sample is heated at a 

constant rate. The thermal curves obtained in Figure 3. 8, indicated the weight loss 

percentage due to the decomposition of volatile organic compound, CPC monohydrate 

with increasing temperature. Silica is well known to be thermally stable at high 

temperatures, hence was ideal to use TGA to determine the amount of CPC present. 
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First, the decomposition of plain SNP was tested, the thermal curve showed no 

significant weight loss, supporting silica’s stability under high temperatures.  

The overall weight loss was <2%, due to the loss of water and was deemed negligible. 

The drug decomposition of CPC occurred at 234 °C, in agreement with the literature 

values.60,61 The decomposition profile of  CPC⊂SNP displayed two steps. The initial 

step attributed to the loss of water <180 °C and the other analogous to the pyrolysis of 

CPC occurring between 233-476 °C (5% error), which gradually declined. Although the 

TGA can be coupled with FT-IR to obtain spectra in real time, in this case CPC was 

too weak and previously been shown that FT-IR was unable to detect CPC peaks with 

SNP prepared drug loaded samples. However, previous studies from other preparation 

methods, samples such as: adsorbed CPC@MSN and templated CPC⊂MSN did 

reveal comparable bands associated to that from CPC (clearly shown in Appendix 

S3.39). It supported that the main weight loss step between 280 and 500 °C was due 

to the pyrolysis of CPC, by strong characteristic peaks attributed to the CH2 and CH3 

Figure 3. 8: Thermogravimetric analysis curves of plain SNP (10 mg) and CPC⊂SNP 
(10 mg), showing the overall weigh loss with increasing temperature. 
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vibrational stretches and bends. In addition, at the inflection points (IP) of CPC@MSN 

and CPC⊂MSN curves, the sample was vaporised and run through a GC column. 

Retention peaks from the fragmentation of the organic material were detected by mass 

spectroscopy. This was achieved by holding the temperature at 300 °C and 510 °C to 

allow separation of the two main decomposition stages. The retention peaks at 2 and 

11 min corresponded to the pyridine ring and alkyl chain of CPC, respectively 

Therefore, coupling all three techniques strengthened that the major weight loss was 

due to CPC. The sample principles could be applied to the SNP prepared samples with 

CPC, as the same starting materials were used. Therefore, the TGA-FT-IR-GCMS 

could determine quantitatively the amount of CPC loaded. 

The overall weight loss due to CPC decomposition from CPC⊂SNP was calculated to 

be 7.7%. Therefore, it was calculated the drug loading per mg of CPC⊂SNP was 77 

µgCPC mgCPC⊂SNP 
-1. In addition to the drug loading value, the entrapped drug was 

derived from the initial amount of CPC and the free CPC in solution after the reaction 

and subsequent washes measured by UV-Vis absorbance, which was calculated to be 

83% of CPC encapsulated into CPC⊂SNP. The level of drug loading of CPC⊂SNP 

was comparable to the literature and was sufficient.20,62–67 It was difficult to compare 

the loading because majority of drug delivery systems are MSNs based, where the 

drug has been adsorbed to the surface or included within the pore after the NP has 

been synthesised making it straightforward to calculate the loading amount. 

Determination of drug loading through encapsulation into a supposedly non-porous 

SNP system is difficult to quantify and normally aided by fluorescent molecules. 

However, for the purposes of this research, this was not explored here. From the drug 
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loading quantification acquired by the TGA, this was used for the drug release studies 

with examination with and without US. 

3.3.3.   In Vitro drug release studies of CPC⊂SNP 

After successful preparation of CPC⊂SNP, the drug release behaviour with and 

without US was investigated. First, CPC⊂SNP was dispersed in water (2 mg mL-1) and 

the temperature was maintained at 37°C. A temperature probe was used to monitor 

the temperature of the water bath that surrounded the universal tube containing the 

sample. The ultrasonic scaler tip was directly immersed into the NP solution. As shown 

in  Figure 3. 9, the drug release was measured in the same way the drug loaded 

entrapment studies were conducted, using the UV-Vis absorbance of CPC (λ=260 nm) 

to calculate the concentration of drug. The release profiles of CPC from CPC⊂SNP 

are shown in Figure 3. 10. CPC⊂SNP was exposed to 2 min pulses of ultrasound (US) 

at three different power settings. The ultrasonic scaler was applied at low (P10), 

Figure 3. 9: Illustration of US triggered release of CPC from drug loaded SNP and 
separation method to achieve CPC absorbance in solution. Created with BioRender. 
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medium (P15) and high (P20) at a frequency of 28-36 kHz. It is clearly seen from 

Figure 3. 10A and B that CPC release was dramatically enhanced by US.  

The profiles showed drug release could reach up to 6, 8 and 13 µgCPC mgCPC⊂SNP 
-1 at 

output power setting low, medium and high, respectively. By applying 2 min US each 

time, stimulated the CPC release. There are several reasons to rationalise the release 

Figure 3. 10: Drug release profiles of CPC⊂SNP (2 mg mL-1, H2O, 37 °C, pH 7.4). The 
natural release profile with no ultrasound and different power setting on the ultrasonic 
scaler (low- P10, medium-P15, high-P20) were compared. CPC⊂SNP was exposed to 
ultrasound for 2 min pulses for a total of 10 min. The release was monitored by UV-Vis 
absorbance at λmax 260 nm. A) mass of CPC release and B) overall percentage of CPC 
release with 10 min. 
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mechanism with US. It is well known that thermal and mechanical effects are a 

consequence of US waves generated in a fluid.68 These effects can have an impact on 

the silica surface upon interaction. The US vibrations from the tip attenuated by the 

particles can be converted into other forms of energy, such as heat. A rise in 

temperature could force the release of CPC and cause damage to the surface of 

CPC⊂SNP, especially at the highest power setting. However, US was used for short 

periods of time, the solution was maintained at 37 °C and silica is a material that is 

stable under high temperatures. In the literature, most of the US-responsive silica-

based NP drug delivery systems are coated with materials that are affected by US, 

rather than the silica NP. For example, functionalisation with polymer chains, which 

are more prone to degradation or disruption by heat.69 Therefore, it was thought 

thermal effects were not a major contributor to release.  

The main mechanism of US that is most likely to influence the release of CPC was 

acoustic cavitation. The mechanical effects due to the rise and collapse of gas bubble 

in the solution could have a profound impact on the silica70. By increasing the power 

setting, this may have led to high pressures in the water causing bubbles that have 

formed to become unstable. This can result in violent bubble implosion, releasing high 

energy shockwaves or even microjets, that can destroy CPC⊂SNP’s surface to induce 

release.71 Alternatively, if non-inertial cavitation was produced by the US tip then US 

could have had a milder impact on CPC⊂SNP. 

Furthermore, the production of cavitation could be impacted by CPC⊂SNP in solution. 

Reports in the literature have mentioned SiO2 NPs delay cavitation by reducing the 

bubble growth rate. Others believe strong hydrogen bonds are formed in solution with 

silica. On the other hand, other researchers have suggested NPs promote 



Chapter 3: The Synthesis, Optimisation & Characterisation of Cetylpyridinium Chloride Loaded Silica 
Nanoparticles  

110 
Menisha Manhota – March 2022 

cavitation.72,73 It is unclear from these studies how the phenomenon of cavitation 

effects CPC⊂SNP, but also the mechanism of NP’s acting on cavitation.  

To further the understanding of CPC release with US, CPC⊂SNP samples were 

observed with two different imaging techniques, SEM and HR-TEM in Figure 3.11. 

The images of no US (Figure 3. 11A) were compared to the effects of 10 min of US 

(Figure 3. 11B) CPC⊂SNP. Firstly, SEM had previously been used to assess the 

morphology and sizes of CPC⊂SNP after synthesis and was used again to reveal any 

structural changes to the NPs. The uniform and spherical nature of the particles was 

preserved with no US in water. Even when US was applied, the CPC⊂SNPs remained 

unchanged in the size and shape. However, due to the limitations of the SEM 

resolution, it would be difficult to detect small changes to the individual particles. 

Despite this, CPC⊂SNP particles were evaluated using HR-TEM instead. The HR-

TEM instrument has a high magnification range to observe defects that can be resolved 

on the atomic scale. The use of a high-powered electron beam, up to 300 kV, is 

valuable for high resolution images of nanomaterials and is more suitable than TEM. 

Normal TEM uses a weaker electron beam, has lower resolution and is limited to thin 

specimens for the electrons to pass through to create a projection image.74–77 The 

bright-field HR-TEM micrographs showed CPC⊂SNP particles had a dark contrast and 

smooth-like textures attributing to a solid and high mass density before exposure to 

US in Figure 3. 11A. Highlighted by the yellow outlines and increasing the 

magnification from ~100 kx to 295 kx, emphasised the solid structure of CPC⊂SNP, 

which had no porous channels. This possibly indicated that the particles have a silica 

shell thick enough to entrap the drug within the structure. 
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Figure 3. 11: SEM and HR-TEM micropgraphs of CPC⊂SNP A) without US and B) 
with 10 min US. SEM magnification 35 kx, 20.0 kV electron beam; Bright-field HR-TEM 
magnification 49-295 kx, 300 kV electron beam; HAADF-STEM magnification from 190 
to 540 kX. 300 kV electron beam. 
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 The HR-TEM images could help explain the delayed response of drug releases from 

CPC⊂SNP when no US had been applied.  

To support these findings, high-annular dark field scanning TEM (HAADF-STEM) was 

employed. HAADF-STEM is a powerful and complementary technique to other imaging 

methods and was used to enhance the contrast of the particles, by reversing their 

appearance. This further corroborated CPC⊂SNP dense nature and loaded with CPC. 

Furthermore, bright-field HR-TEM, revealed alterations to the surface of CPC⊂SNP 

with US applied for 10 min in aqueous solution. Indicated by the red arrows in Figure 

3. 11B, the roughness to exterior of the silica shell is visible. Remarkably with HAADF 

STEM, dark and small circular features were apparent. In addition, the shape of 

CPC⊂SNP appeared to have deformed slightly with US. In the literature, application 

of US has been responsible for the breakage of covalent bonds, non-covalent π- π, 

metal coordination and hydrogen bonds.78 Some researchers have shown US induces 

flexibility to polymer coating and in some cases causing damage to the drug delivery 

system and breaking them apart.16 As a result, all have led to an accelerated expulsion 

of drugs. In this case, the HR-TEM images can support the assumption of mechanical 

and thermal effects produced from US, which could contribute to weakening the 

electrostatic interaction between positively charged CPC and the negative silica 

network. Therefore, operating the US at maximum power (P20) promotes disruption to 

the silica shell releasing CPC. 

More studies were conducted to support the drug release from CPC⊂SNP with the 

ultrasonic scaler. The release media conditions were changed to methanol and 

continuous US was applied using an ultrasonic bath. The US bath was used instead 
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of the ultrasonic scaler tip, to observe the effect to the drug delivery system over a 

longer period. The solvent was changed to methanol, as it is less polar than water, 

meaning CPC would have a higher solubility and increase the detection. Depicted in 

Figure 3. 12, CPC⊂SNP displayed rapid release kinetics in methanol, showing an 

initial burst release within the first 10 min. By this point majority of CPC (30 µgCPC 

mgCPC⊂SNP 
-1) had been release.  Thereafter, CPC release remained slow and steady, 

reaching up to 45 µgCPC mgCPC⊂SNP 
-1. In comparison, the gradual release kinetics in 

water amounted to 40% less than in methanol after 180 min. 

Interestingly, CPC was found to be more soluble in methanol that water, hence the 

difference in release rates. Previously, it has been proposed the structure integrity of 

CPC⊂SNP is based on the formation of CPC micelles encapsulated into the silica 

Figure 3. 12: Drug release profiles of CPC⊂SNP (2 mg mL-1, 37 °C, pH 7.4) with 

continuous cavitation from ultrasonication bath for 180 min in MeOH and H2O. 
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framework by weak electrostatic interactions of positively charged CPC and negatively 

charged Si-O- groups. Introduction of methanol into the drug delivery system can 

increase the repulsion between head groups of CPC molecule when in its micelle 

form.52 Rafati et al., reported a conductometric technique to show that by increasing 

the alcohol concentration, causes the destabilisation of micelles and increases the 

degree of dissociation of molecules.52 Therefore, is possible methanol lowers the CPC 

CMC to below ~0.99 mM in water,54 enhancing release of CPC in methanol when 

exposed to US. Unfortunately, not all the expected drug was released in this time and 

is thought more drug could be trapped within the silica network and may not release 

with US or methanol. 

To verify the effect of methanol on CPC⊂SNP, a sample was stirred in methanol for 

72 h. More images were taken to visualise any structural changes with SEM and HR-

TEM. In Figure 3. 13, the SEM images, indicated by the arrows, the surface appears 

to have a crinkled like texture, but the overall shape and size was unaltered. In bright-

field HR-TEM mode, bright circular features with darker ringed outlines were strikingly 

obvious. At a higher magnification of 295 kx the diameters were measured, averaging 

20 nm in size. Even more, the features were still evident with HAADF-STEM, showing 

dark circular holes.  The development of structural changes to CPC⊂SNP is more likely 

due to the effect of MeOH, not Us. Instead, the indicated how CPC micelles/aggregates 

formed during the synthesis could have been incorporated into the internal silica 

particles system. Therefore, encapsulating CPC in a one-pot process has most likely 

produced silica shell to protect and prevent diffusion of CPC. 
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Figure 3. 13: SEM and HR-TEM micropgraphs of CPC⊂SNP in MeOH (1.5 mg mL-1 
stirred at 400 rpm, 72 h. SEM magnification 35 kx, 20.0 kV electron beam; Bright field 
images with magnification from 48 to 295 kX; HAADF STEM with magnification from 
190 to 540 kX. 300 kV electron beam 
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3.4 Conclusions 

In this study, a model drug delivery system, CPC⊂SNP, has been developed 

and optimised by loading the drug, CPC. The antimicrobial drug was successfully 

encapsulated into the SNP framework through a one-pot process and found that 

introducing CPC at 3 h into the reaction mixture, was ideal for efficient drug 

entrapment. Various characterisation techniques provided sufficient evidence that 

CPC⊂SNP had been successfully achieved. Complimentary techniques were utilised 

to determine the uniform and spherical size and shape, as well as the presence of CPC 

in CPC⊂SNP.  

Furthermore, CPC⊂SNP was responsive to US at frequencies between 28-36 kHz 

showing enhanced drug release. Importantly, CPC⊂SNP showed minimal leakage 

with no US when compared to other conventional drug loaded silica systems with CPC, 

such as templated CPC⊂MSN and adsorbed CPC@MSN methods. On-demand and 

controlled release was successfully achieved by applying US produced from an 

ultrasonic scaler. The release kinetics were enhanced with US and suggestions of the 

mode of release. Release was thought to be induced by thermal and mechanical 

effects of US. However, HR-TEM analysis was a good indicator to show the structural 

damage that could have been caused by cavitation effects. This also indicated a core-

shell type of drug delivery system had been created, responsible for preventing 

uncontrolled release. 

Although methanol was used to help understand the release of CPC with US, instead 

provided more insight of how CPC could be loaded into the silica NP. This revealed 
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noticeable pore like structures and the potential drug incorporation into the silica 

network. 

Even though it has been strongly suggested cavitation is responsible for the release of 

CPC. This work could benefit from experiments that can detect and visualise cavitation 

bubbles, such as sonochemiluminesence or high speeding imaging 

CPC⊂SNP will be the first reported antimicrobial-SNP drug delivery system triggered 

by US. The new drug delivery system has the potential for future clinical applications 

and the proposed one-pot processes reduces the need for multi-step and complicated 

reactions. Also, subsequent characterisation and purification stages. Finally, this work 

presents CPC⊂SNP as US-responsive model drug delivery system that can be utilised 

for the encapsulation of other antimicrobial agents. 

.  
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3.5. Appendix 

3.5.1. Synthesis and Characterisation of CPC loaded NPs 

  Molar Equivalence 

Sample TEOS H2O CPC NH4OH EtOH 

SNP 1 23 0 154 39.8 

SNP1 1 23 3.71 x 10-5 154 39.8 

SNP2 1 23 1.49 x10-4 154 39.8 

SNP3 1 23 3.71 x 10-4 154 39.8 

SNP4 1 23 6.19 x 10-4 154 39.8 

SNP5 1 23 6.08 x 10-2 154 39.8 

SNP6 1 23 1.16 x 10-1 154 39.8 

Figure S3. 1: The ratio of starting materials using in the reaction for SNP-6 presented 
by their molar equivalences. 
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Sample 
Drug 

Concentration 
/ mg/mL 

CPC Moles 
in reaction / 

mmol 

CPC 
Concentration in 

reaction / mM 

SNP 0 0 0 

SNP1 0.05 0.004 0.01 

SNP2 0.2 0.0017 0.05 

SNP3 0.5  0.0042 0.12 

SNP4 2  0.0070 0.2 

SNP5 82 0.6860 20.58 

SNP6 155  1.3034 39.10 

Figure S3. 2: Table to show the initial CPC drug concentration before added to total 
reaction volume compared to concentration and number of moles of CPC when added 
to total volume of 30 mL after 3 h , 25 °C. 
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Figure S3. 3: DLS analysis of SNP1-6 in H2O, showing their size distribution by intensity 
graph. 
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3.5.1.2. Investigation of drug addition and temperature of CPC loaded SNPs 

  Molar Equivalence 

Sample 
Temperature 
of Reaction / 

°C 
TEOS H2O CPC NH4OH EtOH 

SNP7 25  1 23 1.16 x 10-1 154 39.8 

SNP8 25 1 23 1.16 x 10-1 154 39.8 

SNP6 25 1 23 1.16 x 10-1 154 39.8 

SNP9 25 1 23 1.16 x 10-1 154 39.8 

SNP10 80 1 23 1.16 x 10-1 154 39.8 

SNP11 80 1 23 1.16 x 10-1 154 39.8 

SNP12 80 1 23 1.16 x 10-1 154 39.8 

SNP13 80 1 23 1.16 x 10-1 154 39.8 

 

Figure S3. 4: The ratio of starting materials used in the reaction for SNP6-13, the table 
highlights molar equivalences of reaction mixture testes at 25 and 80 °C. 

 

 

 

 

 



Chapter 3: The Synthesis, Optimisation & Characterisation of Cetylpyridinium Chloride Loaded Silica 
Nanoparticles  

122 
Menisha Manhota – March 2022 

 

A 

B 

C 

Figure S3. 5: Plain SNP A) SEM image and size distribution graph. Magnification 
25,000x, 20.0 kV electron beam and analysed using ImageJ (Version 2.1.0). B) DLS 
analysis in H2O, showing size distribution by intensity graph: 238 ± 61 nm, PDI: 0.308 
and C) zeta potential charge: – 46 ± 6 mV. 
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A 

B 

Figure S3. 6: DLS analysis of SNP7 in H2O, showing size distribution by intensity 
graph: 308 ± 42 nm, PDI: 0.811 and zeta potential charge: – 36 ± 7 mV. 
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A 

B 

Figure S3. 7: DLS analysis of SNP8 in H2O, showing size distribution by 
intensity graph: 167 ± 39 nm, PDI 0.277and zeta potential charge: -39 ± 5 mV. 
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Figure S3. 8: DLS analysis of SNP6 in H2O, showing size distribution by intensity 
graph: 420 ± 49 nm PDI: 0.233 and zeta potential charge: -32 ± 6 mV. 
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Figure S3. 9: DLS analysis of SNP9 in H2O, showing size distribution by intensity 
graph: 341 ± 60 nm and Zeta potential charge: -40 ± 6 mV. 
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Figure S3. 10: DLS analysis of SNP10 in H2O, showing size distribution by intensity 
graph: 376 ± 32 nm (26 %), PDI: 1.000 and zeta potential charge: -36 ± 5 mV. 
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Figure S3. 11: DLS analysis of SNP11 in H2O, showing size distribution by intensity 
graph: 231 ± 83 nm, PDI: 0.120 and zeta potential charge: -3 ± 4 mV. 
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Figure S3. 12: DLS analysis of SNP12 in H2O, showing size distribution by intensity 
graph: 266 ± 77 nm, PDI: 0.123 and zeta potential charge: -21 ± 5 mV. 
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Figure S3. 13: DLS analysis of SNP13 in H2O, showing size distribution by intensity 
graph: 194 ± 59 nm, PDI: 0.076 and zeta potential charge: -21 ± 4 mV. 
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Figure S3. 14: Structural analysis with FT-IR spectroscopy of CPC, plain SNP and 
CPC⊂SNP post synthesis. Blue indicates peaks found in CPC And red indicates silica 
formation. 
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Figure S3. 15: Structural analysis with FT-IR spectroscopy of CPC, plain SNP and 
CPC loaded SNPs post synthesis (SNP7-13). 
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A 

B 

Figure S3. 16: A) UV-Vis absorption spectra of CPC in H2O at different concentrations 
(0.005, 0.01, 0.025, 0.05, 0.075, 0.1, 0.15 and 0.2 mM). B) Calibration curve of CPC 
to calculate the absorption coefficient (ε) using the Beer Lamberts Law. Concentration 
plotted against absorbance at λmax=260 nm to determine ε = 4191 ± 5 M-1cm-1 (mean 

and standard deviation, n=3). 

. 
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A B 

C D 

Figure S3. 17: UV-Vis absorption spectra of CPC in A) MeOH and B) EtOH (0.03, 
0.06, 0.13, 0.25, 0.5 mM). C) Calibration curve of CPC to calculate the absorption 
coefficient (ε) using the Beer Lamberts Law. Concentration plotted against absorbance 
at λmax=260 nm D) Table of determined ε values. 
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B 

A 

Figure S3. 18: Solid-state UV-Vis A) DRA spectra for SNP6-13 presented as B) 
absorbance using the derived equation shown. 
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B 

A 

Figure S3. 19: Solid-state Emission spectra of A) SNP6-9 and B) SNP10-13. λex at 

260 nm, λem = 395-398 nm, λem range collected from 350-480 nm, slit width 8 nm.. 

Corrected for PMT response. 
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3.6.1.3. Drug loading content  
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Figure S3. 21: TGA curve of SNP7, Showing the overall weigh loss with increasing 
temperature. 

Figure S3. 22: TGA curve of SNP8, Showing the overall weigh loss with increasing 
temperature. 
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Figure S3. 23: TGA curve of SNP6, Showing the overall weigh loss with increasing 
temperature. 

Figure S3. 24: TGA curve of SNP9, Showing the overall weigh loss with increasing 
temperature. 
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Figure S3. 25: TGA curve of SNP10, Showing the overall weigh loss with increasing 
temperature. 

Figure S3. 26: TGA curve of SNP11, Showing the overall weigh loss with increasing 
temperature. 
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Figure S3. 27: TGA curve of SNP12, Showing the overall weigh loss with increasing 
temperature. 

Figure S3. 28: TGA curve of SNP13, Showing the overall weigh loss with increasing 
temperature. 
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 Step assignment 

Sample 

H2O CPC 

Region / °C Weight loss / % Region / °C Weight loss / % 

SNP7 <180 3.0 223 – 617 5.3 

SNP8 <180 3.8 230 – 458 7.6 

SNP6 <180 4.0 223 – 476 7.7 

SNP9 <180 5.1 251 – 540 3.7 

SNP10 <180 2.7 470 – 593 6.5 

SNP11 <180 2.7 239 – 319 4.6 

SNP12 <180 3.2 305 – 601 5.3 

SNP13 <180 3.4 380 – 607 4.1 

 

Figure S3. 29: Summary table of TGA data, showing the weight loss percentages of 
samples SNP6-13 at different temperature ranges due to water and CPC loss. 
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3.5.2. Other CPC loaded SNPs  

 

A 

B 

C 

Figure S3. 30: Plain MSN: A) SEM imaging, magnification, electron beam 20 kV, 
analysed with ImageJ.  B) DLS analysis showing size by intensity: 201 ± 28 nm and 
C) Zeta potential charge -35.4 ± 6.32 mV. 
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C 

Figure S3. 31: Adsorbed CPC@MSN A) SEM imaging, magnification, electron beam 
20 kV, analysed with ImageJ . B) DLS analysis showing size by intensity: 234 ± 24 nm 
and C) Zeta potential charge 2.03 ± 10.09 mV. 
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A 

B 

C 

Figure S3. 32: Templated CPC⊂MSN: A) SEM imaging, magnification, electron beam 
20 kV, analysed with ImageJ. B) DLS analysis showing size by intensity: 217 ± 26 nm 
and C) Zeta potential charge: +36 ± 5 mV. 
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⊂ 

Figure S3. 33: FT-IR spectra of CPC, plain MSN, adsorbed CPC@MSN and 
templated CPC⊂MSN. The blue bands show peaks related to CPC and red related to 
silica bonds. 
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⊂ 
λmax=260 nm 

λmax=260 nm 

⊂ 

Figure S3. 34: Confirmation of CPC presence using A) Solid-state UV-Vis 
spectroscopy, showing shows the absorbance in reflectance mode for detection of 
CPC (λmax= 295 nm). B) Solid-state emission spectra of CPC λexc=260 nm and 

λem=340-480 nm, spectra were corrected for PMT response. 
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Figure S3. 35: Bright-field HR-TEM micrographs of A) plain MSN, B) adsorbed 

CPC@MSN and C) templated CPC⊂MSN. HAADF STEM to show the porous network and 
sizes of D) CPC@MSN and E) CPC⊂MSN. Using a 300 kV electron beam and analysed 
using ImageJ. 

Figure S3. 36: Small angle powder X-ray diffraction (SAXRD) patterns of synthesised 

plain MSN, CPC@MSN and CPC⊂MSN. 2θ ≈ 2.26° and two smaller peaks at 3.92° and 
4.53°, indexed to (100), (110) and (200) respectively, typical of MCM-41 type MSNs, 
of a 2D hexagonal mesoporous structure. 
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⊂ 

Figure S3. 37: TGA curves of plain MSN, CPC@MSN, CPC⊂MSN and CPC, showing 
the weight loss profiles with heating rate of 10 °C min-1 from 30 to 800°C under nitrogen 
atmosphere. Step changes are reported in the summarised table to highlight 
temperature ranges and weight loss percentages due to CPC. 



Chapter 3: The Synthesis, Optimisation & Characterisation of Cetylpyridinium Chloride Loaded Silica 
Nanoparticles  

150 
Menisha Manhota – March 2022 

 

 

 

 

 

A 

B 

Figure S3. 38: FT-IR of A) pure CPC monohydrate and B) CPC from CPC@MSN   
(orange) and CPC⊂MSN (green)  at derivative points from the TGA curve. 
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Figure S3. 39: Fragmentation of CPC by mass spectroscopy obtained from TGA-FTIR-
GCMS after FI-R detection. Temperature held at 300 and 510 °C at the two main 
decomposition stages, obtaining retention peaks at 2 and 11 mins, corresponding to 
pyridine ring and alkyl chain ion fragmentation of CPC respectively of CPC⊂MSN. 
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2.5.3. In vitro drug release studies 

2.5.3.1 CPC loaded SNPs release 

Figure S3. 40: Drug release profile of SNP7 (2 mg mL-1, H2O, 37 °C, pH 7.4) under 

static conditions (red line) and stimuli responsiveness from ultrasonic scaler (blue line) 
at P20, total 10 min (5 cycles). Release of CPC monitored by UV-Vis absorbance at 
λmax 260 nm and CPC released (µg) per drug loaded NP (mg) calculated using TGA 

drug loading amount. 

Figure S3. 41: Drug release profile of SNP8 (2 mg mL-1, H2O, 37 °C, pH 7.4) under 

static conditions (red line) and stimuli responsiveness from ultrasonic scaler (blue line) 
at P20, total 10 min (5 cycles). Release of CPC monitored by UV-Vis absorbance at 
λmax 260 nm and CPC released (µg) per drug loaded NP (mg) calculated using TGA 

drug loading amount. 
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⊂
 

Figure S3. 42: Drug release profile of SNP6 (CPC⊂SNP3) (2 mg mL-1, H2O, 37 °C, 

pH 7.4) under static conditions (red line) and stimuli responsiveness from ultrasonic 
scaler (blue line) at P20, total 10 min (5 cycles). Release of CPC monitored by UV-Vis 
absorbance at λmax 260 nm and CPC released (µg) per drug loaded NP (mg) calculated 

using TGA drug loading amount. 

Figure S3. 43: Drug release profile of SNP9 (2 mg mL-1, H2O, 37 °C, pH 7.4) under 

static conditions (red line) and stimuli responsiveness from ultrasonic scaler (blue line) 
at P20, total 10 min (5 cycles). Release of CPC monitored by UV-Vis absorbance at 
λmax 260 nm and CPC released (µg) per drug loaded NP (mg) calculated using TGA 

drug loading amount. 
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Figure S3. 44: Drug release profile of SNP10 (2 mg mL-1, H2O, 37 °C, pH 7.4) under 

static conditions (red line) and stimuli responsiveness from ultrasonic scaler (blue line) 
at P20, total 10 min (5 cycles). Release of CPC monitored by UV-Vis absorbance at 
λmax 260 nm and CPC released (µg) per drug loaded NP (mg) calculated using TGA 

drug loading amount. 

Figure S3. 45: Drug release profile of SNP11 (2 mg mL-1, H2O, 37 °C, pH 7.4) under 

static conditions (red line) and stimuli responsiveness from ultrasonic scaler (blue line) 
at P20, total 10 min (5 cycles). Release of CPC monitored by UV-Vis absorbance at 
λmax 260 nm and CPC released (µg) per drug loaded NP (mg) calculated using TGA 

drug loading amount. 
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Figure S3. 46: Drug release profile of SNP12 (2 mg mL-1, H2O, 37 °C, pH 7.4) under 

static conditions (red line) and stimuli responsiveness from ultrasonic scaler (blue line) 
at P20, total 10 min (5 cycles). Release of CPC monitored by UV-Vis absorbance at 
λmax 260 nm and CPC released (µg) per drug loaded NP (mg) calculated using TGA 

drug loading amount. 

Figure S3. 47: Drug release profile of SNP13 (2 mg mL-1, H2O, 37 °C, pH 7.4) under 

static conditions (red line) and stimuli responsiveness from ultrasonic scaler (blue line) 
at P20, total 10 min (5 cycles). Release of CPC monitored by UV-Vis absorbance at 
λmax 260 nm and CPC released (µg) per drug loaded NP (mg) calculated using TGA 

drug loading amount. 
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⊂
 

Figure S3. 48: Comparison of SNPs drug release after 10 mins (2 mg mL-1, H2O, 37 
°C, pH 7.4) under static conditions (red line) and stimuli responsiveness from ultrasonic 

scaler (blue line) at P20. Release of CPC monitored by UV-Vis absorbance at λmax 260 

nm and CPC released (µg) per drug loaded NP (mg) calculated using TGA drug 
loading amount. 

Figure S3. 49: Release media comparison under static conditions (red line) and 
stimuli responsiveness from ultrasonic scaler (blue line) at P20 of CPC⊂SNP. 
Release of CPC monitored by UV-Vis absorbance at λmax 260 nm and CPC 

released (µg) per drug loaded NP (mg) calculated using TGA drug loading amount. 

⊂ 
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2.5.3.2. Other CPC loaded SNPs drug release 

A 

⊂
 

⊂
 

B 

Figure S3. 50: Drug release profile of templated CPC⊂MSN (2 mg mL-1, H2O, 37 °C, 

pH 7.4): A) under static conditions (red line) and stimuli responsiveness from ultrasonic 
scaler (blue line) at P20, total 10 min (5 cycles). B) ultrasonic scaler at P20, total 26 
min (13 cycles) to observe longer duration of release. Release of CPC monitored by 
UV-Vis absorbance at λmax 260 nm and CPC released (µg) per drug loaded NP (mg) 

calculated using TGA drug loading amount. 
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Figure S3. 51: Drug release profile of adsorbed CPC@MSN (2 mg mL-1, H2O, 37 °C, 

pH 7.4) under stimuli responsiveness from ultrasonic scaler (blue line) at P20, total 10 
min (5 cycles), showing burst release ad plateau. Release of CPC monitored by UV-
Vis absorbance at λmax 260 nm and CPC released (µg) per drug loaded NP (mg) 

calculated using TGA drug loading amount. 
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Figure S3. 52: HAADF STEM micrograph of CPC⊂SNP of A) loaded and B) 
unloaded post treatment with MeOH (1.5 mg mL-1, stirred at 400 RPM, 72h) with 
corresponding EDS elemental mapping images. Magnification 96 kx, 300 kV electron 
beam. 
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Chapter 4: Biofilm Disruption through 

Controlled Antimicrobial Release from 

Ultrasound-Responsive Silica Nanoparticles   

4.1. Introduction 

Nanoparticle-based therapies have attracted much attention for their 

capabilities to help overcome limitations with current treatments. They can provide a 

more effective, safer, and affordable method to aid the delivery of approved drugs.1–5 

Despite the extensive research of various nanomaterials for drug delivery systems, 

there are only approximately 30 nanoformulations clinically approved with the majority 

not reaching the clinical trials stage.6,7  SNPs, have many desirable properties, such 

as: ease of synthesis for further surface functionalisation, the size, shape and charge 

can be easily tuned, their ability to be loaded with drugs and improve their 

bioavailability for increased drug concentration at the site of action.8  Despite SNPs’ 

numerous advantages for diagnosis and therapeutical applications, the clinical 

translation remains slow.9 Furthermore, SNP drug delivery systems have only recently 

gained traction for potential use for antimicrobial delivery, especially for oral dental 

diseases compared to anticancer agents.10–12 

Generally, drug loaded porous SNPs are hindered by uncontrolled drug leakage and 

require further functionalisation to block the release of the drug. As described in 

Chapter 3, a newly designed SNP loaded with cetylpyridinum chloride (CPC), 

CPC⊂SNP was synthesised in a one-pot reaction. Following successful 



Chapter 4: Biofilm Disruption through Controlled Antimicrobial Release from Ultrasound-Responsive 
Silica Nanoparticles   

166 
Menisha Manhota – March 2022 

characterisation and investigation of the drug release profile, CPC was found to only 

release when triggered with ultrasonication. It was thought the mechanical and thermal 

effects, produced from the tip of the ultrasonic scaler (dental tool), commonly used to 

clean dental plaque from the surface of teeth, was responsible for the release of 

CPC.13–15 Therefore, the development of CPC⊂SNP has provided potential a drug 

delivery formulation that could be used to treat dental infections.  

 Biofilms are naturally formed on the oral surfaces and insufficient removal can 

lead to dental diseases, such as dental caries (tooth decay) and periodontal 

diseases.16 Although biofilm formation and structure have been extensively  

researched it still poses many challenges in dentistry. An important feature is the 

extracellular polymeric substances  (EPS) matrix in biofilms, which can act as a barrier 

for diffusion and penetration of antimicrobial agents, considerably reducing their 

efficacy.17 The aim of the work described in this chapter was to use the ultrasonic scaler 

to not only disrupt the biofilm, but to release CPC from the drug delivery system to 

penetrate and kill bacteria.  
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4.2. Chapter Outline 

The CPC⊂SNP drug delivery system with a triggered release was  investigated 

for enhanced, controlled killing of oral bacteria, Streptococcus sanguinis biofilms. The 

particles and US scaler were applied to examine the changes to the biofilm viability 

and structure, as shown in Figure 4. 1. 

Here in, it is reported the minimum amount of CPC and Plain SNPs required to kill S. 

sanguinis. The effect of uncontrolled release of CPC from different loaded SNPs using 

a simple agar diffusion assay is shown. Finally, the development of a biofilm model will 

be used to quantify the effect of CPC⊂SNP bacterial viability of S. sanguinis biofilms 

via two methods. The first by fluorescent live/dead staining for bacterial viability, based 

on membrane integrity. Confocal laser scanning microscopy (CLSM) facilitated visual 

findings and quantitative image analysis via a newly developed automated image 

CPC⊂SNP 

S. sanguinis biofilm 

Ultrasonication 

Figure 4. 1: Illustration of S. sanguinis biofilm treated with CPC⊂SNP combined with 
cavitation produced from an ultrasonic scaler. Diagram not to scale and created using 
BioRender. 
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analysis tool by Mountcastle and co-workers18 was used. In parallel a more traditional 

method of colony counting (CFUs) was employed to determine live bacteria.19 The 

workflow plan followed can be seen in Figure 4. 2. 

 

 

 

 

Figure 4. 2: Work-flow outline of key stages in the methodology of this chapter, 
highlighting the key experiments required to assess of the antimicrobial efficacy of 
CPC⊂SNP formulation triggered with ultrasonic cavitation. 
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4.3. Results & Discussion 

4.3.1.   Antimicrobial susceptibility testing of CPC and CPC loaded 

SNPs  

Dental biofilms consist of complex communities of bacteria and interactions 

which are key for the etiology of dental caries and other oral diseases.20 Certain 

bacteria, such a Streptococci and Lactobacilli are closely associated with caries.21  The 

antimicrobial agent cetylpyridinium chloride has been predominately incorporated into 

mouthwashes, in combination with other active agents to assist with the prevention of 

dental caries.22–24  To investigate the efficacy of the drug delivery system CPC⊂SNP, 

the susceptibility of bacteria to S. sanguinis, S. mutans and E. faecalis against the 

antimicrobial agent alone, pure CPC monohydrate, was first tested. 

A minimum inhibitory concentration (MIC) assay was performed against S. sanguinis 

and S. mutans, as they are considered major pioneering organisms in plaque formation 

and E. faecalis, another prevalent bacterium associated with periodontal disease.25,26 

The three species are Gram-positive bacteria and were representative microorganisms 

to test the drug antimicrobial activity. The MIC is the lowest concentration of an 

antimicrobial agent required to prevent visible growth of microorganisms over a 20 h 

period. This can be established visually by comparing the turbidity of bacteria in a well 

plate relative to the control, a standardised methodology followed from the British 

Society for Antimicrobial Chemotherapy Guidelines.27,28 The optical density at 600 nm 

(OD600nm) was also recorded to support the visual MIC values obtained. The MIC of 

CPC in Table 4.1 shows inhibitory values between 5-6 µg mL-1 for all three tested 

bacterial species, which indicated the concentration of CPC required to inhibit growth 

of planktonic bacteria (free-floating).  
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Table 4. 1: Minimum inhibitory concentration (MIC) of CPC with bacterial strains S. 
sanguinis, S. mutans and E. faecalis. Plain SNP and MSN with bacterial strain S. 
sanguinis was determined visually and measured by the OD600nm after 24 h incubation 
at 37 °C at 100 rpm. For all species the MIC was repeated in triplicates (n = 3). 

 

Although in the literature, MIC values of CPC against S. mutans and S. sanguinis have 

ranged from 0.12 – 5 µg mL-1.29–31 This large range could vary for a number of reasons, 

for example different methods have uses other bacterial strains,  grow medium to 

culture the bacteria and different initial concentration of bacteria and the time of 

determining the MIC. These changes can all influence the MIC values and induce the 

degree of susceptibility of bacterial species,.32 To allow for a relevant comparison in 

this work, the same batch of CPC used in the synthesis of the drug delivery system, 

CPC⊂SNP, was used throughout the biological studies.  

The MIC assay was also used to assess the antimicrobial activity of silica using 

concentrations between 0.125 – 16 mg mL-1 of 300 nm Plain SNP and 200 nm MSNs 

against S. sanguinis. There was no visible change in bacteria viability and even when 

the OD600nm measurements were taken after 24 h (see appendix section). Therefore, 

indicating silica particles did not have any antimicrobial activity against planktonic S. 

sanguinis, Table 4. 1.33 From this point forward S. sanguinis strain was used for the 

 S. sanguinis S. mutans E. faecalis  

CPC < 6 µg mL-1 < 6 µg mL-1 < 5 µg mL-1 

Plain SNP > 16 mg mL-1 - - 

Plain MSN > 16 mg mL-1 - - 
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remaining experiments in this chapter. S. sanguinis was chosen because is it abundant 

in oral biofilms and is a commensal bacterial, that not only promotes oral health but 

can lead to pathogenicity given the opportunity. It is a primarily coloniser in the oral 

cavity, aiding the attachment of succeeding organisms and plays a key role in oral 

biofilm development.25 Also due to the complexity of biofilms, for ease it was better to 

understand the antimicrobial effect of CPC⊂SNP on a single species before 

introducing more bacterial strains into the experiments.   

Figure 4. 3: The Bactericidal activity over 48 h of Plain MSN (6 mg mL-1) and CPC (0.5 
mg mL-1) with and without US. The graph shows the surviving S. sanguinis bacteria after 
3, 8, 24 and 48 h time points, reported as the average number of colony forming units 
(CFUs) with standard deviation (SD). A) No US and B) with US applied for 2 mins (P10) 
before samples were incubated. The red arrows show no bacterial colonies counted. 
Paired t-test showed the significant decrease in bacteria colonies of Plain MSN with 
time at 24 and 48h after initial US, with p<0.05. The experiment was repeated in triplicate 
(n=3). 
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As well as, the MIC assays, the bactericidal activity of CPC and Plain MSN was 

examined by performing a time-kill assay.31  A S. sanguinis bacterial suspension was 

inoculated with 0.5 mg mL-1 of CPC (the concentration commonly found in 

mouthrinses) and 6 mg mL-1 of Plain MSN for 48 h. The bactericidal activity was 

monitored and determined by the standard Miles and Misra colony counting method.19 

The cell  viability was reported by the colony forming units per mL (CFU/mL) at time 

points taken at 3, 8, 24 and 48 h. The results in Figure 4. 3A showed that without 

applying US to the bacteria the viability remained between 7 to 8 log10 over a 48 h 

period. This was also observed with Plain MSNs.  However, a rapid bactericidal effect 

was exhibited by CPC after 3 h. In comparison, Figure 4. 3B, applying 2 min US to the 

samples before incubation, showed to decrease the bacterial viability after 24h with 

Plain MSNs. More than a 4log10 difference was determined compared to bacteria only 

with US after 24 h. Therefore, particles could cause cell death in combination with US, 

rather than US alone. US for 2 min could cause disruption to the bacterial membrane 

enabling Plain MSNs to enter the bacteria , reducing the viability. Note that Plain SNPs 

were not used in this experiment, but was thought to have a similar effect on S. 

sanguinis. 

Furthermore, the antibacterial efficacy in planktonic suspensions tests can differ 

significantly from the efficacy against bacteria in biofilms.34 In particular, CPC’s  

minimum biofilm inhibitory concentration (MBICs) has been reported to range from 

7.81 to 15.63 µg mL-1,29 dependant on the species in the biofilm. Therefore, it would 

be more relevant for efficacy studies of CPC⊂SNP against bacteria in biofilms. 

Before biofilm studies could be conducted it was necessary to test for the antimicrobial 

susceptibility to silica-drug formulations without any US applied for triggered release. 
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Agar diffusion methods have been used since the 1940’s and approved by the Clinical 

and Laboratories Standards Institute. This method is used routinely for antimicrobial 

susceptibility testing.35,36 Therefore, an agar diffusion assay was an appropriate 

primary method to measure and compare the zones of inhibition of drug loaded SNPs 

applied to the wells created in the agar plates. The advantages of this technique 

included simplicity, low cost, and screening of several samples at once.37  

In Figure 4. 4, the agar diffusion assays show the results of the antimicrobial activity 

of CPC alone, unloaded and drug loaded silica samples against S. sanguinis. Circles 

were used to demonstrate the zones of inhibition, and these were then measured to 

determine the effect. Plate 1 showed the measured sizes of inhibitory zones from CPC, 

CPC⊂MSN and CPC@MSN were 12- 16 mm after 24 h. This confirmed CPC 

antimicrobial activity in the absence of silica, killing the bacteria uncontrollably. 

However, the assay also validated uncontrolled drug release from conventional drug 

loaded silica particles. These were templated CPC⊂MSN and adsorbed CPC@MSN 

samples that had be synthesised alongside CPC⊂SNP. They experienced rapid 

leakage of the drug. In comparison, CPC⊂SNP showed no zones of inhibition. 

Therefore, no visible changes to the bacteria supports that CPC⊂SNP synthetic 

procedure have created a system to delay the release of the CPC up until 24 h. These 

results were promising, by showing the system has the potential for controlled 

antimicrobial activity. 
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Figure 4. 4: Agar diffusion assay showing zones of growth inhibition around wells with 
50 µL of sample. Plate 1 shows: 1: Pure CPC (0.5 mg mL-1), 2: Plain MSN (2 mg mL-

1), 3: ultrapure H2O, 4: CPC⊂MSN (2 mg mL-1), 5: CPC@MSN (2 mg mL-1). Plate 2 
shows: 1: Pure CPC (0.5 mg mL-1), 2: Plain SNP (2 mg mL-1), 3: ultrapure H2O 6: 
CPC⊂SNP (2 mg mL-1), and 7: CPC⊂SNP (5 mg mL-1). Plate 3: 1: H2O, 2: Pure CPC 
(0.036 mM, 13 µg mL-1), 3: CPC⊂SNP (2 mg mL-1), 4: CPC⊂SNP (10 mg mL-1) and 5: 
Plain SNP (10 mg mL-1). The diameters of the zones of inhibition were measured and 
averages and SD calculated (n=3). Plates inoculated with S. sanguinis. 
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4.3.2.   US-responsive CPC⊂SNP tested on single-species biofilm 

model 

 

The initial antimicrobial susceptibility testing performed as described in Section 

4.3.1 enabled the development and aided the design of a biofilm model for further 

bactericidal activity evaluation. Biofilm communities are already complicated because 

their microorganisms are protected within an extracellular matrix of sugars, proteins, 

and DNA.38,39 These characteristics combined with the tolerance to antibiotics 

significantly increases the difficulty to prevent or eradicate existing bacteria present 

within the biofilm structure.40–43 Therefore, this study focused on a singles-species S. 

sanguinis biofilm model that was grown for 72 h in a brain and heart infusion (BHI) 

10 mm 

SIDE TOP 

S. sanguinis biofilm 

Ultrasonic scaler 
(hand piece) 

Bacteria & NPs 

Water 
filled well 

10 mm 

Figure 4. 5: Images and schematical representation of experimental set-up of the 
ultrasonic scaler for biofilm viability assay. A well plate with 72 h grown S. sanguinis 
biofilm covered Thermanox coverslip (13 mm diameter) was placed inside a well and 
the coverslip secured with double sided tape to ensure it remained in position during 
US. A solution (3 mL) containing the treatment was pipetted into the well. The ultrasonic 
scaler (Satelec P5 Newtron XS scaler, Acteon Group, USA) with tip 10P was fixed 
parallel and 10 mm away from the biofilm using a clamp stand to aid the positioning. 
The scaler was operated at a power setting of 10 (medium power) for 10s. 
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broth. S. sanguinis was grown over this period to ensure sufficient thickness and 

density of the biofilm for quantification, as shown in Figure 4. 5. 

In the following studies, CLSM was used to image stained bacteria and quantify the 

amount of dead and live bacteria. SYTO 9 is a green, fluorescent stain, which stains 

all intact and membrane disrupted cells. Whilst PI strains only those with a 

compromised cell membrane by binding to nucleic acids. This results in enhanced red 

fluorescence. The fluorescence can quantified by image analysis software, which had  

previously been validated for determination of viability of bacteria with varying 

morphologies.18 Plate counts (CFU/mL) were conducted in parallel to verify viability 

and ultimately determine the efficacy of CPC⊂SNP with ultrasonication.19   

4.3.3.   Mechanical disruption of in vitro S. sanguinis biofilms  

The mechanical disruption of biofilms with US has been previously investigated 

for bacterial removal from surfaces. Especially for root canal treatments and from 

dental implants.44–48 Cavitation produced from ultrasonic devices has been found to 

weaken and physically remove biofilms, which reduces the antimicrobial resistance, as 

less antimicrobial action would be required and could enhance the removal when 

combined with antibiotics or nanoparticles.49,50 The removal process is dependent on 

time, frequency and intensity of cavitation applied. In this study the effect of applying 

cavitation on S. sanguinis biofilms was evaluated as described below.15,51 

Previously, in chapter 3 (Section 3.3.3), the in vitro drug release studies were 

conducted with a maximum power setting (P20) at 2-minute intervals. However, these 

conditions removed majority of the biofilm from the coverslips due to the forces  

induced by the US tip.50,52 Therefore any potential antimicrobial effect of CPC⊂SNP 
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would be challenging to visualise with CLSM imaging.51 In this case, US was being 

used for drug release, rather than testing removal of biofilms from a surface. In a study 

published by Vyas et al.51, it was reported significant removal of the bacterial biofilms 

from titanium dental implant surfaces by using the same ultrasonic scaler (low power 

P10, 1 mm, 60s) used in this work. Also in the drug release studies 2 minutes US at 

maximum power (P20)  would be too long for patient treatment, especially at maximum 

power setting (P20), which could cause damage to the tooth and gingiva. As a result, 

to ensure the biofilm remained attached to the surface of the coverslips a low power 

setting on the ultrasonic scaler was used. Also, to prevent the coverslip sample moving 

around inside the well, the scaler tip had to be positioned at distance of 10 mm parallel 

to the biofilm. 

In Figure 4. 6, CLSM images showed the condition of the biofilm after exposure to US, 

with low power (P10) for either 5 or 10 seconds. The 2-dimensional (2D) images 

obtained after US were compared to bacteria with no US (negative control). The area 

of alive (green) bacteria was far more evident than the area of dead (red) bacteria 

present. To further observe the affect, several slices of images were obtained and 

examined throughout the depth of the biofilm sample, called z-stacks and combined to 

form 3-dimensional (3D) images. It was notable that S. sanguinis viability remained 

consistent throughout the sample and US did not cause complete removal of the 

biofilms. There are areas, with 10 seconds of US, where the biofilm appears thinner, 

indicating that US could cause some disruption. In the literature, the production of 

cavitation bubbles has been investigated with high-speed imaging using the same 

ultrasonic scaler device in this work. Images were captured and showed power settings 
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less than P10 produced little to no cavitation.53 Therefore, the US tip could produce 

cavitation bubbles using a power setting of P10 that could have an effect on the biofilm.  

 

Figure 4. 6: 2D and 3D (z-stacks) CLSM images show visual representation of biofilms 
without and with US (P10). Scale bar represents 20 µm in 2D and 3D images. 
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The CLSM images were processed to quantify the average cell viability as a 

percentage. This was based on the total area of bacteria and area of dead bacteria, to 

calculate the live bacteria. According to the results in Figure 4. 7A, there was no 

significant difference in the mean percentage viability values by applying US on the 

biofilm surface for 5 s (p = 0.2529) or 10 s (p = 0.0567) compared to the negative 

control. To investigate the biofilm condition from the surface to deeper within the 

biofilm, the analysis protocol was applied to each image of the Z-stack images shown 

Figure 4. 7: Mechanical disruption of S. sanguinis biofilms, US was applied for 5s or 
10 s at medium power (P10). A) Mean cell viability with standard deviation of S. 
sanguinis with no US (negative control) 90.27 ± 5.37 %, 5 s US 92.37 ± 4.44 % (p = 

0.2529) and 10 s US 93.65 ± 4.11 % (p = 0.0567). No statistical significance on cell 

viability with US was shown, with p<0.05 considered to indicate statistical significance. 
Image analysis was performed on at least five confocal images of each of three 
biological replicates (n = 3) and Mann Whitney U, unpaired t-test was used for the 
statistical analysis. B-D) Shows the cell viability though the depth of one biofilm.  
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in Figure 4. 7B-D. This showed that the viability remained consistent throughout the 

biofilm, up to 22 µm and US had little to no effect on viability. Therefore, for further 

studies with the ultrasonic scaler the parameters established were for 10 seconds at a 

power setting of P10 at 10 mm from the biofilm surface. 

4.3.4.   SEM imaging of biofilms  

In parallel to the live/dead staining assays and colony counting methods, 

samples were imaged using SEM. From the images in Figure 4. 8, the structure of S. 

sanguinis biofilms with and without US were compared, as well as when treated with 

CPC⊂SNP and CPC. The characteristic appearance of S. sanguinis bacteria displayed 

chains or pairs of oval shaped cocci, as a result of cell division. After US was applied, 

the overall architecture of the biofilm changed. The long chains of cocci appeared to 

have separated and a string-like network was observed. This indicated that the 

ultrasonic device had possibly mechanically disrupted the biofilm due to the acoustic 

cavitation produced from the US, exposing more of the EPS matrix, appearing as 

thread like strands. The morphology of the bacterial cells had not changed and 

appeared to be structurally undamaged in accordance with results obtained with the 

previous viability assessments. 

The SEM imaging clearly showed the difference with CPC⊂SNP before and after US.  

Large clusters of particles can be seen to lay on top of the bacterial colonies without 

using US. However, with US, the entanglement of the small, spherical CPC⊂SNP 

particles, indicated by the red arrows, is more visible with S. sanguinis. Also, the 

exposure of threads are possibly from the EPS structure. Treatment of the oral biofilms 
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with CPC in both instances showed no change in the bacteria’s structure, but with the 

US the same string-like structure was displayed.  

 

Figure 4. 8: Comparison of S. sanguinis biofilms with and without US and treated with  
CPC⊂SNP (2 mg mL-1) and CPC (0.5 mg mL-1). Arrows indicate changes to biofilm 
(green) and presence of drug loaded particles (red). Scale bar represents 2 µm and 
magnification between 9-12 K x. 
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Employing the ultrasonic scaler could better dispersion of the particles so they can 

travel deeper into the biofilm. It is believed the EPS composition and charge can 

influence the interactions that can occur with NPs and free drug. From a study 

conducted by Fulaz et al.,54 they tailored the surface charge of mesoporous silica 

nanoparticles (MSNs). They found positively charged MSNs were more inclined to 

cluster around the bacterial cells, due to strong electrostatic attraction with the negative 

peptidoglycan cell wall of Staphylococcus aureus, whereas negatively charged MSNs 

interacted greatly with its EPS matrix surrounding the cell. In this case, it is not clear if 

bacteria are dead from the SEM images because of the time frame. Therefore, the 

antimicrobial effect of CPC⊂SNP compared to Plain SNP and free CPC will need 

examination by determining the live and dead bacteria.   

4.3.5. Time-kill assay with CPC⊂SNP 

To evaluate the antimicrobial effect of the developed CPC⊂SNP sample, a 

particle solution was first added to the biofilm and US applied (P10, 10s). After, the 

biofilms were treated they were incubated for 5, 15 or 30 min. The bacterial viability 

was assessed to examine if the incubation time made a difference to the S. sanguinis 

biofilm after US treatment. In Figure 4. 9, CPC⊂SNP treated biofilms were compared 

to control samples of US only and CPC (0.5 mg mL-1) with US, both incubated for 30 

min. Biofilms treated with free CPC, showed a 55% decrease in cell death. Note that 

the uncertainty in the bacterial viability was due to only 5 random area were selected 

to image for each biological and technical replicate. Furthermore, biofilms treated with 

CPC⊂SNP with US and followed by 5, 15 and 30 min incubation, showed an average 

cell viability of 52 ± 23 %, 48 ± 25 % and 4 ± 2 %, respectively. The data showed a 

significant reduction in cell viability with longer incubation time after CPC⊂SNP with  
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CPC⊂SNP 

B) CPC⊂SNP + 5 min inc. 

C) CPC⊂SNP + 15 min inc. 

A) CPC + 30 min inc. 

D) CPC⊂SNP + 30 min inc. 

Figure 4. 9: Time-kill assay: the bactericidal effect of CPC in a drug delivery system 
with longer incubation times after using US on 72 h grown S. sanguinis biofilms. The 
results are represented by the mean cell viability percentage ± standard deviation, 
(n=5) of three independent experiments. The statistical difference of the reduction in 
cell viability was compared to US only, was performed using a non-parametric Kruskal 
Wallis test and Dunn’s multiple comparison post-test (*p < 0.05, **p < 0.01, ***p < 
0.001). A randomly selected CLSM image is shown in A) CPC + 30 min incubation 
(positive) and B-D) CPC⊂SNP (10mg mL-1) after 5-, 15- or 30-min incubation. Scale 
bar 20 µm  
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US than only using US or drug alone with US.  This was visually supported by the 

images in Figure 4. 9A-D, where areas or red show a killing action of the biofilm. 

Additional information was obtained to support the results displayed in Figure 4. 

9Figure 4. 9. The 3D images were complimented by the depth profile analysis of the 

cell viability, shown in Figure 4. 10. Treatment with only CPC, showed to have greater 

influence on surface of the biofilm. Similar effects were observed with CPC⊂SNP using 

5 and 15 min incubation periods. However, increasing the incubation time to 30 min 

exhibited significant cell death throughout the biofilm. 

From Figure 4. 9 and Figure 4. 10, the findings could suggest that CPC lacked 

diffusion through the biofilm network. Even though a concentration a hundred times 

greater than the MIC value of bacteria measured in a suspension culture was used. 

The positive charge of CPC facilitates the interaction with the negatively charged 

bacterial membrane causing disruption.31,55 Hence, the dramatic cell death observed 

closer to the biofilm surface. The bacterial susceptibility with free drug fluctuated and 

simultaneous use of US did not enhance the cell death. In comparison, treatment of 

CPC⊂SNP with US showed stronger red fluorescence with increasing incubation. This 

indicated that S. sanguinis cell membranes were disrupted and permeable. Therefore, 

the combination of drug released from silica structure and the US-trigger could induce 

a synergistic antimicrobial effect.  
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CPC + 30 min inc. 

CPC⊂SNP + 5 min inc. 

CPC⊂SNP + 15 min inc. 

CPC⊂SNP + 30 min inc. 

Figure 4. 10: A 3D representation of CLSM images obtained by z-stacks and analysed 
with ImageJ to quantify the mean percentage of live bacteria ± SD (n=3). Confocal 

images show image scale bar of 20 µm. 
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After the initial biofilm studies, the amount of drug released with 10 s cavitation and 30 

minutes of incubation was determined. This was done by measuring the released CPC 

absorbance (λ260 nm, ε4190 M-1
 cm

-1) using UV-Visible spectroscopy, as shown in Figure 

4. 11. The concentration of CPC released was 14 µg mL-1, which was over twice the 

amount of the MIC value for planktonic S. sanguinis. Therefore, adequate drug release 

could kill bacteria and could be compared to CPC alone under the same conditions. 

 

 

 

 

  

Figure 4. 11: Absorbance of CPC (λ260 nm, ε = 4190 ± 0.12 M-1 cm-1 ) measured by UV-

Visible spectroscopy to determine the amount drug released from CPC⊂SNP (10 mg 
mL-1) triggered by US (P10, 10s) with 30 min incubation at 37 °C. The table show the 
average CPC calculated from each replicate (n=3) for biofilm treatments. 
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4.5.6. The synergistic effect of ultrasonication and CPC⊂SNP on S. 

sanguinis biofilms 

To further evaluate the synergistic effect of CPC⊂SNP triggered with US, the 

sample was compared to other drug loaded silica particles and control samples. The 

single-species S. sanguinis biofilms were exposed to drug loaded particles formulated 

with CPC, CPC alone and Plain SNP with and without US. This was to determine the 

cell viability with live/dead staining using CLSM imaging (Figure 4. 12A) and 

complimented by CFU-plating (Figure 4. 12B). 

Both methods showed live bacteria with negligible change in biofilm viability with the 

control, no US (95.7 ± 2.1 %, 7.6 CFU/mL) and when treated with US (92.6 ± 5.9 %, 

7.7 CFU/mL).  Plain SNP (10 mg mL-1) also exhibited the same behaviour and no 

change in viability was observed. In accordance with previous results from MIC and 

agar diffusion studies, where both approaches highlighted no antimicrobial activity of 

silica materials at high concentrations. In this study, image analysis and colony 

counting confirmed ~ 95 % viability of the biofilm. In contrast, a higher killing efficacy 

towards S. sanguinis biofilms was observed by a decrease in the proportion of live 

bacteria upon addition of CPC concentration of 14 µg mL-1. Using imaging analysis, 

the average percentage of alive bacteria was 60.4 ± 10.8 % and reduced slightly to 

45.7 ± 18.1 % with US. However, the difference was not statistically significant.  
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Bacterial viability from colony counting of live 
bacteria 

Bacterial viability from live/dead imaging 
analysis 

A 

Figure 4. 12: Mean and standard deviation of bacterial viability using A) live/dead 
staining B) CFU counts (log10 CFU/mL).  S. sanguinis biofilms exposed to the following 
treatments: Plain SNP (10 mg mL-1), CPC (14 µg mL-1) and CPC⊂SNP3 (10 mg mL-

1), without (control) and with (treated) US (P10, 10s) followed by 30 min incubation. 
Analysis of statistical significance, non-parametric Mann Whitney U test was used 
(*p<0.05, **p<0.01 and ***p<0.001). 
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CFU data showed a similar trend when CPC was applied with US, which led to a slight 

reduction of CFU by <2 log10 and again statistical tests showed no significance. The 

combination of ultrasonic cavitation and drug release from CPC⊂SNP particles led to 

stronger red fluorescence from the biofilms, showing the bacterial viability was reduced 

to <4 %. The cell viability was reduced by >6 log10 compared to the control CPC⊂SNP 

without cavitation, when quantified using the CFU method. Both approaches showed 

a significant reduction in eradicating a single species cultured biofilm. 

Moreover, the bacterial viability determined in Figure 4. 12, was validated with 3D 

images of the biofilm and analysis of the depth profile was based on live/dead bacteria, 

shown in Figure 4. 13. The untreated control of S. sanguinis and treated with US 

mostly showed green and no red fluorescence. The same with Plain SNP, having no 

influence on the bacterial viability throughout the depth of the biofilm. Treatment of 

CPC with US improved the antimicrobial activity, as seen by effecting bacteria deeper 

in the biofilm. Ultimately, CPC⊂SNP exhibited the two contrasting results in viability 

from the depth profiles. 

Different antimicrobial efficacies have been found by treatment of CPC alone and 

CPC⊂SNP. Even though the drug concentration used to treat the biofilm was the 

same. In the literature, it is reported that the diffusion of CPC in S. mutans biofilms is 

slowed by an increase in the EPS density, which is usually triggered by the increase 

in sucrose concentration included in the culture medium.56 Additionally, reports have 

suggested the micelle structure of CPC could experience steric exclusion from the 

biofilm matrix, causing bioaccumulation of the antimicrobial agent in certain regions.57 

This would explain the variability in percentage viability exhibited by CPC treatment, 
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which showed CPC did kill some areas of biofilm due to attractive interactions between 

CPC and bacteria.56–58  

 

 

Figure 4. 13: CLSM 3D visualisation of in vitro S. sanguinis biofilms exposed to the 
following treatments: Plain SNP (10 mg mL-1), CPC (14 µg mL-1) and CPC⊂SNP (10 
mg mL-1), without and with US (P10, 10s) followed by 30 min incubation. Scale bar 
represents 20 µm. 2D images to form z-stacks were processed with automated image 
analysis and depth profile plotted to show average cell viability with SD throughout the 
biofilm (n=3). 



Chapter 4: Biofilm Disruption through Controlled Antimicrobial Release from Ultrasound-Responsive 
Silica Nanoparticles   

191 
Menisha Manhota – March 2022 

However, the deviation in viability with free CPC supported that the EPS had possible 

influence on the penetration and diffusion of CPC throughout the biofilm. Furthermore, 

some CPC mouthrinse formulations have shown to only affect the layers closer to the 

surface of the biofilms grown for 48 h.59 This was in accordance with the results 

observed in the biofilms studies in this work. Others have shown commercial 

mouthrinses with CPC work more effectively in combination with sodium fluoride or 

alcohol but require twice daily dosing over a period of time. In this study, the focus was 

on a maximum exposure time of 30 min. A treatment regime would require further 

investigation to determine the long-term impact on biofilm formation inhibition.  

Furthermore, it was thought that the addition of US combined with CPC would lead to 

a stronger bactericidal effect. Using an ultrasonic scaler was shown by Vyas et al.51 to 

disrupt biofilms, exposing the EPS matrix and bacteria, which would have allowed not 

only penetration of CPC deeper into the biofilm but increased the interaction with the 

negative structure of the EPS matrix. Visualisation of the biofilm in 3D and assessment 

of corresponding viability, did show that CPC did have an effect deeper in the biofilm, 

In general CPC combined with US did not make a significant change to S. sanguinis 

viability. The CPC concentration found in commercial formulations is much higher, 

ranging from 0.05 to 0.1%.22,24,60,61 However, increasing the drug concentration and 

dosage time defeats the purpose of overcoming problems with antimicrobial resistance 

and delivery. 

As expected, Plain SNP showed no inhibition on the biofilm and US made no 

difference to the percentage viability or CFU count. The reason for this could be due 

to the lack of ability to pass through cell membranes because of Plain SNP’s large 
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size, hydrophobicity, and structure, which are key to preventing the growth of bacteria 

(bacteriostasis).33More importantly SNPs do not have antimicrobial activity. 

Interestingly, combination of the active molecule with silica particles remarkably 

improved the antimicrobial performance of CPC. This improvement was only 

substantial once triggered by US, showing a synergistic effect. It has been thought, the 

US-trigger causes disruption of the phospholipid bilayer present in the cytoplasmic 

membrane inducing permeability, combined with release of CPC from the silica 

structure, thus increasing the drug interaction and penetration into the bacterial cells. 

Similar enhanced antibacterial effects have been described by other researchers, 

whom have used drug loaded NPs, for example vesicles, micelles and polymeric 

nanocarriers.62–64 Therefore, CPC⊂SNP is a promising platform as a smart drug 

delivery system, in which drug containing silica particles combined with US to improve 

the antimicrobial efficacy. 
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4.4. Conclusion 

The developed CPC⊂SNP sample combined with US could provide a promising 

strategy for tackling challenges with drug delivery to biofilms and drug resistance. A 

proof-of-concept biofilm model was developed using a S. sanguinis. This enabled 

studies to be conducted to investigate the antimicrobial activity of drug loaded SNPs.  

The antimicrobial activity of CPC⊂SNP was investigated against bacteria in both 

planktonic and biofilm form, relevant to species present in the oral cavity. A single-

species biofilm, consisting of S. sanguinis was used as an established model to 

evaluate the antimicrobial action. This study demonstrated enhanced antimicrobial 

activity from the mechanical disruption stimulated by US combined with exposure to 

CPC⊂SNP, especially compared to free CPC. Despite CPC being commonly used as 

an antimicrobial treatment, CPC on its own showed to have poor ability to penetrate 

biofilms. These experiments have shown the advantage of using US with 

nanoparticles, as controlled drug release from CPC⊂SNP was achieved. It was 

thought US could not only facilitate the release of CPC but disrupt the biofilm network 

and increase the permeability of the bacterial cell walls. Therefore, increasing the 

bacteria to CPC⊂SNP exposure and causing significant bactericidal death. 

Although these experiments in this chapter have shown significant findings, there are 

some limitations. Here, only one strain of bacteria has been tested, but was necessary 

to begin to understand the effects of US and nanoparticles with oral biofilms. Biofilms 

formed in the oral cavity are far more diverse and complex. Therefore, before 

CPC⊂SNP could be used as a treatment for dental diseases, further experiments 

would need to be conducted. For the next stages, this would include expanding the 
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screening of the developed drug loaded silica NPs against pathogenic bacteria in 

planktonic and biofilm form. Not only those related to dental infections and diseases, 

but to numerous healthcare-associated biofilm infections. In addition, to studying the 

particle and biofilm interaction would be valuable understanding the mechanism of 

action. For example, tracking the movement of the silica drug delivery system through 

the biofilm and into bacterial cells using reflectance microscopy. As these particles are 

not fluorescent, reflectance microscopy could differentiate between the particles and 

bacteria by their contrast. Alternatively, encapsulation of fluorescent dye would be 

useful for imaging. To gain a greater understanding of the behaviour CPC⊂SNP with 

US, multispecies biofilms would be step towards a more representative oral 

microenvironment.  

Therefore, CPC⊂SNP could serve as model for other antimicrobial agents for dental 

disease.  
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4.5. Appendix 

4.5.1. Minimum inhibitory concentration assay  

 

A 

B 

C 

Figure S4. 1: Minimum inhibitory concentration (MIC) of CPC with bacterial strains S. 
sanguinis, S. mutans and E. Faecalis. The MIC value was observed visually and indicated 
by the purple lines, after 20 h incubation at 37 °C at 100 rpm. For all species the MIC was 
repeated in triplicates (n = 3). 
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Figure S4. 2: Minimum inhibitory concentration (MIC) of CPC with bacterial strains S. 
sanguinis, S. mutans and E. faecalis measured by the OD600nm after 24 h incubation 
at 37 °C at 100 rpm. For all species the average MIC with standard deviation was 
shown in the graph, repeated in triplicates (n = 3). 
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Figure S4. 3: Minimum inhibitory concentration (MIC) of Plain SNP and MSN against 
bacterial strain S. sanguinis. MIC values determined visually no killing occurred (A-C) 
and measured by the OD600nm (D) after 24 h incubation at 37 °C at 100 rpm. The MIC 
was repeated in triplicates (n = 3). 
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4.5.2. Minimum biofilm inhibition concentration assay 

 

 

 

 

 

 

 

Figure S4. 4: Minimum biofilm inhibitory concentration (MBIC) of CPC against 
bacterial strain S. sanguinis. The MBIC value was observed visually, after 24 h 
incubation at 37 °C at 100 rpm 
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4.5.3. Confocal images  

 

 

 

 

Figure S4. 5: CLSM images of five random areas of 72 h grown S. sanguinis biofilm 
after treatment of the following samples: bacteria only, CPC (14 µg mL-1) and 
CPC⊂SNP (10 mg mL-1). Treatments were repeated with US (P10, 10s). All samples 
were incubated for 30 min at 37 °C in 5 % CO2 before live/dead stained for imaging. 
Scale bar represents 20 µm. 
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Figure S4. 6: CLSM images of Z-stack five random areas of 72 h grown S. sanguinis 
biofilm after treatment of the following samples: bacteria only, CPC (14 µg mL-1) and 
CPC⊂SNP (10 mg mL-1). Treatments were repeated with US (P10, 10s). All samples 
were incubated for 30 min at 37 °C in 5 % CO2 before live/dead stained for imaging. 
Scale bar represents 20 µm. 
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4.5.4. CFU images 

 

Figure S4. 7: Images taken of colonies grown on BHI agar after treatment of S. 
sanguinis biofilms: no treatment, Plain SNP, CPC⊂SNP and CPC. Each were 
compared to no US and US triggered by ultrasonic scaler at P10, 10s. The biofilms 
were removed from coverslips and resuspended in BHI broth. Bacterial suspensions 
were plated on BHI agar after serial dilution series. Plates were incubated for 24 h at 
37 °C in 5 % CO2 conditions. Colony count was determined as colony forming units of 
S. sanguinis. Repeated in triple triplicates, note not all images were taken for each 
sample. Biofilm treated with CPC and CPC + US images were obtained on a different 
experiment day.  
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4.5.5. SEM images  

 

 

 

 

Figure S4. 8: SEM images to show comparisons of other treatments with and without 
US. 
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Chapter 5: Ultrasound-responsive Drug 

Release & Delivery of Ciprofloxacin 

Encapsulated Silica Nanoparticles  

5.1. Introduction 

Endodontic infections occur in the dental pulp when microorganisms enter the 

root canal system.1,2 Sufficient elimination of microorganisms with current treatments 

is not always possible via chemo-mechanical preparations (removal of the pulp or 

necrotic debris from the canal) and drug delivery, as some pathogens can remain 

viable in the main canal and dentinal tubules.3,4 The persisting bacteria can become 

resistant to antimicrobial agents forming biofilms where there is no blood supply to hard 

tissues.3,5,6 Therefore, alternative interventions are required. These involve the use of 

antibiotics to increase the effective concentration in dentinal tubules and reach those 

areas that are not accessible to endodontic instruments.1 

Ciprofloxacin (CPX) is an antibiotic used for endodontic infections. It is the most potent 

fluoroquinolone in its class and has FDA approval to treat other severe bacterial 

infections, especially for respiratory and urinary tract infections.7,8 Fluoroquinolone’s 

have the capacity to penetrate into tissues compared to other prescribed antibiotics. 

CPX has a broad range of antibacterial activity and has shown to be effective against 

oral Gram-positive bacteria (S. aureus, S. epidermidis, Streptococcus species), but 

especially Gram-negative microbes (E. coli and P. aeruginosa).2,4,9,10 CPX’s potent 

activity is attributed to its chemical structure containing a fluorine atom (-F) and 
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piperazine ring (outlined in purple), as displayed in Figure 5. 1.8,11,12 Its mechanism of 

action works by inhibiting the activity of the bacteria enzyme DNA gyrase.13 DNA 

gyrase are a class of type II topoisomerase, responsible for inducing negative 

supercoils into DNA due to adenosine triphosphate hydrolysis. This can cause 

changes in the topology of DNA.14 Despite its high potency, CPX is at risk of  antibiotic 

resistance against pathogenic bacteria.15 Some examples include  reports of 

resistance to urinary E. coli 16 and treatment failure with CPX to eradicate P. 

aeruginosa biofilms.17 The cause of resistance is by mutational alterations in the DNA 

gyrase genes/topoisomerase IV genes, thus weakening the interaction between drug 

and bacterial enzyme.18,19 Therefore, with the rise of bacterial resistance, CPX benefit 

from a nanoparticle system, where delivery can be localised and transported to the 

infected sire. This would protect CPX from causing any unwanted side effects and 

reduce the risk of antibiotic resistance. Especially as Gram-positive are harder to treat 

with CPX7 

 

Figure 5. 1: The structure activity relationship of ciprofloxacin hydrochloride (CPX HCl) 
and the role of the different groups. Redrawn from Chu et al.11 
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There have been reports of innovative strategies based on the use of 

nanotechnologies to incorporate CPX into nano-systems for drug delivery and 

controlled release.20 The majority of CPX loaded NPs have been achieved with 

polymeric nanoparticles and their antimicrobial activity has been commonly examined 

against strains of  Gram-positive S. aureus and Gram-negative P. aeruginosa in their 

planktonic or biofilm form.21–23 One study by Gheffar et al.,23 entrapped CPX inside the 

micropores of poly(lactic-co-glycolic acid)- nanoparticles (PLGA-NPs) and investigated 

the influence of plain PLGA-NPs antibacterial activity against S. aureus planktonic 

culture. They found smaller particles were more biocidal compared to larger particles. 

This effect was attributed to their higher specific volume of 60 nm NPs. In addition, 

surface modification with poly(ethylene glycol) (PEG) chains created NPs with sizes of 

81 nm, a negative surface charge of -45 mV and drug loading of 4%. PEGylation 

showed improved adhesion on the bacterial cell surface of CPX-PLGA-NPs compared 

to free CPX with 5 days old S. aureus biofilms. This was demonstrated by the minimum 

biofilm eradication concentration (MBEC) of CPX loaded PLGA-NPs and free CPX 

values of 37.5 µg mL-1 and 512 µg mL-1, respectively. 

Other polymeric systems that used PLGA-NPs loaded with CPX loaded were reported 

by Günday et al..23 They included the NPs in a tissue engineered nanofiber scaffold to 

achieve a local antibiotic delivery. The CPX loaded PLGA-NPs were biodegradable 

and had a size of 108 nm, a charge of -30.5 mV and an encapsulation efficiency of 60-

80%. The release was driven by slow diffusion from the polymer NPs over 2 weeks. 

They also showed a reduced drug dosage was needed to treat S. aureus and P. 

aeruginosa compared to free drug. Another NP system described by Page-Clisson et 

al.,21 used polymer materials for NP formulation to examine the CPX loading and 
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release properties. However, this release system was limited due to 30% of the CPX 

forming tight chemical bonds during the polymerization process, as monitored by NMR 

spectroscopy. Furthermore, chitosan is a polysaccharide commonly used in the 

preparation of NPs. It has a dual role of possessing high antimicrobial activity and  

being a mucoadhesive material by electrostatic interactions with the negatively 

charged bacterial cell wall.24,25 Sobhani et al.,24 fabricated pH sensitive chitosan NPs 

via a gelation method and achieved a CPX encapsulation efficiency of 23%. The drug 

release was investigated by diffusion from the NP. The MIC determination showed 

50% less of CPX loaded chitosan NP were required than free CPX against E. coli and 

S. aureus.  

Silica systems, such as mesoporous and SBA-type NPs have been investigated to 

incorporate CPX as an alternative to polymer-based NPs. Optimised SBA-15 NPs were 

able to load 18% of CPX into the pores with sizes of 6.7 nm. The carrier also increased 

CPX’s solubility by 10-fold. 26 Mechanical stirring released 60% of the loaded CPX, 

which equated to a rate of 0.98 µg h-1. However, the CPX-SBA-15 NPs were not tested 

for their antimicrobial activity. Another silica system used silica coated sliver NPs which 

were then embedded in chitosan entrapped CPX.25  This hybrid system was developed 

to treat infections caused by P. aeruginosa in cystic fibrosis patients for delivery to the 

lungs via inhalation. The particles had a size range between 100-200 nm, surface 

charge of 25-30 mV and encapsulation efficiency of 73%. It was found that the hybrid 

NPs were 3-4-fold more effective against inhibiting growth and biofilm formation of P. 

aeruginosa. This was enhanced by using silver NPs and chitosan to provide a positive 

charge for increase mucoadhesive properties. 
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Despite increasing interest of CPX loaded NPs to treat various chronic infections, there 

is lack of research of SNPs to encapsulate CPX. Such an approach may prove useful 

for dental infections.27–30 One approach is to apply a mesoporous silica coating on 

implants, which is functionalised on the surface with sulfonic acid groups to aid the 

loading of CPX.31 This method of using disk diffusion method from mesoporous films, 

showed a slow drug release and suppression of bacterial proliferation for up to 10 days 

against P. aeruginosa.  

The majority of CPX drug release mechanisms from NPs, focus on slow passive 

diffusion, pH sensitive conditions or enzyme responsiveness.20,32,33 There are very few 

accounts of polymeric NP systems stimulated by ultrasonication. For example, 

Khorshidi et al. describe the responsiveness of CPX release from alginate fibres with 

ultrasonication stimulation.34 The ultrasound external trigger promoted a 35 µg mL-1 

release over a 48 h period, compared to 13.4 µg mL-1 without ultrasound. The use of 

CPX stimulated release via ultrasound is an interesting avenue for dental applications 

and is so far underexplored. Therefore, ultrasonication as a possible avenue for 

producing a quick, on-demand release of CPX is attractive. Ultrasound enhance the 

activity of CPX and localised delivery to oral microorganisms, important to combat 

dental infections.  
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5.2. Chapter outline  

This aim of this chapter was to investigate if antibiotics can be encapsulated into 

the same one-pot synthesised drug delivery system developed in Chapter 3. Here, . 

ciprofloxacin (CPX) will be used as the antibiotic drug of interest. The controlled drug 

release will be tested with US to understand if the mechanism can be applied to more 

than one drug delivery system. Finally, the antibacterial activity will be tested on more 

than one strain of bacteria. The purpose of this will be to evaluate the behaviour of 

other planktonic and biofilms against CPX loaded silica particles. Also, to understand 

if the size of NP makes a difference to antibacterial activity. 

First, CPX loaded SNPs will be synthesised with the method used in Chapter 3 

(method A) and an alternative synthesis to yield smaller NPs was developed, method 

B. Also, method C will be used as a control method for comparison to the other 

synthesised preparations. The synthesis pathways for these methods are displayed in 

Figure 5. 2.  

The drug loaded particles will be characterised with previously used techniques to 

confirm the physical and chemical structure of various CPX⊂SNPs. Additionally, the 

ultrasonic scaler will be employed to aid a triggered drug release, which will be 

monitored by the absorbance of CPX and confirm if the ultrasonic scaler is viable a 

tool to achieve a controlled drug release.  

Furthermore, the antimicrobial activity will be reported for pure CPX against five 

different strains of Gram-positive and Gram-negative bacteria: S. sanguinis, S.  

mutans, E. faecalis and P. aeruginosa (PA14 and PA01N). Biofilms of both 
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streptococcus species will be grown to evaluate the efficacy of CPX loaded NPs with 

and without US.  

 

 

Figure 5. 2: Synthesis design to show the different pathways to achieve drug loaded 
silica nanoparticles. Method A and B are synthetic routes for encapsulation of CPX 
and Method C is the adsorption of CPX on the Plain SNP surface. Particles and 
drug molecules not to scale. 
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5.3. Results & Discussion 

5.3.1. Development of CPX loaded SNPs 

The one pot synthesis of CPX encapsulated SNPs was first attempted with the non-

porous method described in Chapter 3. In brief, this method was based on the Stöber 

method35, where all reagents were added at the beginning of the reaction using TEOS 

as the silica precursor and ammonia as the base catalyst. The addition of CPX was at 

3 h and the reaction was continued for a total of 12 h. This synthesis enabled the 

inclusion of the drug during the growth of silica particles and this approach was to 

encapsulate CPX, termed method A. 

In Figure 5. 3, the table shows two different drug concentrations added at 3 h, 60 mg 

and 90 mg in 3 mL solution, which yielded CPX⊂SNP_A1 and CPX⊂SNP_A2 

particles, respectively. The use of a HCl salt form of CPX (ciprofloxacin hydrochloride) 

enabled 20 times higher solubility (30 mg mL-1) than that of pure CPX in water and 

increased the possibility for higher drug loading in silica.36,37 Despite the high drug 

loading efficiency of 85 % (51 mg) obtained for CPX⊂SNP_A1 there was no release 

observed when applying US from the ultrasonic scaler. On the other hand, increasing 

the concentration enabled observable of drug release with US, but a much lower drug 

loading efficiency of 7 % (6.3 mg) was achieved. Even though the procedure mainly 

differed by the concentration of CPX, there was a significant difference in the 

encapsulation efficiency. Therefore, to improve the drug loading abilities method B 

was examined.   

A few adjustments were made to method A to synthesis method B. The first change 

was the time of reaction, which was shortened from 12 h to 3 h in total and the drug 
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was introduced into the reaction at time 0 h. For samples CPX⊂SNP_B1 to 

CPX⊂SNP_B3 a low drug concentration was used, and the calculated drug 

entrapment varied from 26 to 38 % (0.065 – 0.57 mg). As a result, addition of such low 

drug concentrations led to no release, as confirmed by absorbance for these samples. 

Note that CPX⊂SNP_B3 used 4 mL more base catalyst in the reaction than 

CPX⊂SNP_B2 and had no influence on the drug loading.  Nevertheless, the higher 

loaded samples with 18 mg for CPX⊂SNP_B4 and 62 mg for CPX⊂SNP_B5, yielded 

Figure 5. 3: Method A: synthetic route involves addition of CPX after 3 h and total 
reaction time was 12 h. Method B: CPX was added at time 0 h and reaction time 
was 3 h. Method C: traditional drug adsorption synthesis of Plain SNP stirred with 
CPX for 24 h. The respective tables showed initial drug added, the efficiency 
percentage of drug loaded, and it was stated if any release was observed with US. 
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particles with 28 % (5 mg) and 19 % (10.8 mg) drug entrapped, respectively. Increasing 

the amount of CPX lead to observable absorbance of the drug when the release was 

monitored with UV-Visible spectroscopy. 

Method C was used as a control synthesis for comparison when characterising the 

particles. This traditional method incorporates charged agents, commonly through a 

two or more-step procedure.38–40 The first step of synthesis requires the formation of 

plain SNPs with no drug. The subsequent addition of the drug in solution allows for 

interaction with the negatively charged silica surface through electrostatic forces. If this 

is not possible, the silica surface can be modified through various functionalisation’s to 

coat the SNPs and enable attachment of the desired drug. In this case, the Plain SNPs 

had a negative charge of -45 mV and were used to attract the positively charged CPX 

molecule via the nitrogen of the piperazine moiety. A NP:drug ratio of 1:4 was used to 

ensure CPX was added in excess to maximise the drug-particle electrostatic 

interactions and loading. This was within the solubility limits in water. The newly formed 

particles CPX@SNP_A and CPX@SNP_B had a loading efficiency of 12 % (48 mg) 

and 9 % (36 mg), respectively. Even though a greater amount of the drug had been 

loaded, the issue with this method was the multi-step synthesis and uncontrolled drug 

release.  

 5.3.2. Characterisation of CPX loaded NP’s 

The particle samples that showed preliminary drug release, CPX⊂SNP_A2, 

CPX⊂SNP_B4 and CPX⊂SNP_B5 (Figure 5. 3) were further characterised using 

DLS, zeta potential, MALDI-TOFMS and FT-IR, as shown in Figure 5. 4. The adsorbed 

NPs were used for comparison. 
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Figure 5. 4: Summarised characterisation of CPX loaded SNP samples. A) Table to 
show the sizes of NPs obtained by DLS and surface charge from the zeta potential. B) 
SEM imaging of NPs to confirm the morphology and size. Spectroscopy techniques 
were used to indicate the incorporation of CPX drug into the silica obtained with: C) 
MALDI-TOFMS and D) FT-IR. 
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The DLS measurement of the hydrodynamic diameter of CPX⊂SNP_A2, gave particle 

sizes of 295 nm with good PDI. This demonstrated the particles had a narrow size 

distribution. The size was further supported by visual representation with SEM imaging, 

which showed CPX⊂SNP_A2’s spherical and uniform morphology. These particles 

were larger than Plain SNP, which had a size of 238 nm. The change suggested that 

CPX had been included inside the NPs during synthesis. The surface charge of 

CPX⊂SNP_A2 was measured by the zeta potential and compared against control 

particles Plain SNP with no drug and CPX@SNP_A. The negative charge of 

CPX⊂SNP_A2 (-33 mV) indicated that CPX had been successfully encapsulated and 

that majority was inside rather than adsorbed on the surface. CPX@SNP_A had a 

charge of -20 mV, which showed a greater shift towards a positive value. Therefore, if 

any CPX had been adsorbed on the surface of CPX⊂SNP_A2 it seems there was not 

enough to increase the positive charge of the particles. 

The alternative method B revealed smaller sized particles and high negative surface 

charges of 180 nm, -40 mV and 103 nm, -35 mV for CPX⊂SNP_B4 and 

CPX⊂SNP_B5, respectively. The size difference to method A could be attributed to 

the shorter reaction time, meaning less time for the silica network to grow. It should be 

noted that in both methods, the TEOS concentration was kept the same. Therefore, 

there would have been unreacted starting material in method B, producing particles 

with a smaller size and higher negative density.23 Hence, the surface charge reached 

up to -40 mV using method B. Additionally, SEM (Figure 5. 4B) was employed to 

validate the size and shape of the particle samples. All three methods produced 

particles of uniform and spherical shape. The sizes when processed with the ImageJ 

software and the diameters matched that obtained with DLS.  
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To confirm the presence of CPX and the successful modification of SNPs, the prepared 

samples were characterised by MALDI-TOF mass spectrometry and FT-IR 

spectroscopy. In Figure 5. 4C the mass spectrum of pure CPX showed m/z peaks at 

332, 335 and 371, which were attributed to [CPX-H]+, [CPX-Na]+ and [CPX-K]+, 

respectively. The main characteristic peak of [CPX-H]+ was observed for the drug 

loaded particles as well as other prominent reference peaks, such as 314 m/z and 288 

m/z, that indicated loss of water and carboxyl group, respectively. The spectra 

confirmed that CPX was present in both CPX⊂SNP_A2 and CPX⊂SNP_B5. 

Plain SNPs had already been characterised by FT-IR, as reported in Chapter 3. There 

it was revealed the silica architecture was constructed of asymmetric and symmetrical 

stretching vibration bands of Si-O-Si and Si-OH. The peaks at 1055, 951, 794 and 667 

cm-1 were identified as νas(Si-O-Si), νas(Si-OH), νs(Si-O-Si) and δ(Si-O-Si) respectively. 

These peaks were also exhibited for all the drug loaded NPs, confirming the formation 

of the silica network.  

Furthermore, encapsulated CPX⊂SNP’s and adsorbed CPX@SNP’s showed the 

successful modification with CPX in Figure 5. 4D. New bands were displayed between 

2980-2885 cm-1, which were assigned to the aromatic stretching vibrations of C-H in 

the CPX molecule. The bands at 1652 and 1471 cm-1 were attributed to the vibrational 

stretching of carbonyl groups on the pyridone ring, ν(C=O) and ν(C-O), respectively. 

The peaks of the amine δ(N-H) bend and the ν(C-N) stretch were more weakly 

observed for CPX⊂SNP_A2 and CPX⊂SNP_B5 compared to when CPX was 

adsorbed onto the SNP for CPX@SNP_A and CPX@SNP_B. The stronger bands 

shown in both adsorbed CPX@SNP’s spectra, could suggest a higher drug loading 

and/or the drug was on the surface of the particles. It was also anticipated that the 
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fluorine group ν(C-F) would be evident between 1050-1000 cm-1. However, this 

overlapped and was hidden by the broad and strong intensity bands associated with 

silica. Although the observed C-F band would have been useful, there was enough 

evidence to confirm the SNPs synthesised using method A and B demonstrated the 

presence of the CPX drug. 

To determine the amount of CPX loaded within the SNPs, the TGA was used to 

measure the percentage weight loss due to the organic drug. The drug entrapment had 

already been calculated, as described earlier in this section and was complemented 

by the TGA studies. From the summarised data presented in Table 5. 1, the TGA 

results showed the amount of CPX loaded into SNP, obtained from weight loss curves 

(Appendix Figure S5.12-16). In general, the initial weight loss step occurred at 

<180°C, attributed to H2O moisture in the sample and condensation of hydroxyl groups 

from the SNP. The second was due to the mass loss of CPX. Note that there was no 

quantifiable mass loss with Plain SNPs containing no drug. 

Table 5. 1: TGA data to show the temperature range at which the assigned weight loss 
percentage occurred due to CPX from drug loaded NPs, post-synthesis of method A 
and B synthesis to determine the absolute drug content mass, µg of CPX per mg of 
CPX loaded SNP. 
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The data obtained from the TGA analysis were in good agreement with UV-Visible 

measurements, which indicated CPX had been successfully loaded in SNPs. Both 

CPX⊂SNP_A2 and CPX⊂SNP_B5 showed the greatest weight loss between 265 and 

530 °C, which was in accordance with the profile shown for pure CPX. The drug loading 

per mg of CPX within SNPs was determined as 33 and 24 µgcpx mgcpx⊂snp
-1 for 

CPX⊂SNP_A2 and CPX⊂SNP_B5, respectively. The relatively low amount of CPX 

loading might be attributed to CPX’s charge that is dependent on pH.  CPX can have 

both negative and positive charges at the same time, and this could hinder the 

electrostatic interaction with silica’s overall negative charge. Despite this, the broad 

temperature range possibly indicated that CPX was distributed throughout the SNP 

structure and deeper CPX contained within the core of silica may be harder to remove, 

as silica can withstand high temperatures.  

Also, there is no standardised method for determining the amount of drug loaded in 

NPs. Majority of the CPX loaded particles have been reported as a loading efficiency 

percentage rather than the mass within the particles. As a result, this made it difficult 

to make direct comparisons with CPX NPs reported in the literature and these 

developed in this work. Generally, polymeric NP systems reported drug loading 

efficiencies as low as 23% to 80%21,22,24  and one example loaded 3.6% of CPX, 

achieving particle sizes with diameters of 81 nm and a surface charge of -45 mV,23 

similar to the CPX⊂SNP_B5 particles. Silica-based NP systems, which achieved drug 

loading all had a highly porous structure, hence it would be expected to have greater 

drug loading entrapment. For example, one mesoporous silica SBA-16 sample, in 

which the drug was anchored to the surface, resulted in 22% drug loading, determined 

by TGA and 29% by UV-Visible spectroscopy.30 Another achieved a 73% loading 
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efficiency. However, the silica porous systems required additional surface 

functionalisation to trap the drug in the NP.25 More promisingly in this work, results 

demonstrated that methods A and B had successfully achieved encapsulated CPX in 

a one-pot synthesis without additional functionalisation of the silica and minimal 

uncontrolled drug leakage. 

In contrast, adsorbed CPX type samples of CPX@SNP_A and CPX@SNP_B, had a 

CPX weight loss that occurred at temperatures >400°C and had a drug loading of 105 

and 167 µgcpx mgcpx@snp
-1, respectively. The narrow decomposition temperature range 

suggested that it is unlikely that CPX infiltrated the SNP and remains predominantly 

on the surface due to the non-porous character. This was further indicated by the faster 

rate of CPX weight loss. 

 5.3.3. In Vitro drug release comparisons of CPX loaded NP’s 

  After successfully characterisation of CPX⊂SNP_A2 and CPX⊂SNP_B5, the next 

stage was to evaluate US responsiveness for drug release. Previously (Chapter 3), 

US produced from an ultrasonic scaler tip proved to be highly effective at providing a 

triggered and controlled drug release when immersed in solution with the particles.  

In Figure 5. 5, the drug release profiles of CPX⊂SNP_A2, CPX⊂SNP_B5 and 

CPX@SNP are shown with and without US. Without using US there was some initial 

release of CPX from the SNP samples. The overall leakage was 0.06 and 0.03 µgcpx 

mgcpx⊂snp
-1 from CPX⊂SNP_A2 and CPX⊂SNP_B5, respectively. The release 

plateaued after 2 and 4 mins. The small amount of CPX release with no US trigger 

could strongly suggest that there was drug on the surface of the SNPs. Therefore, 

easily diffused into the water.  Even though there was a small, uncontrolled amount of 
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CPX released, the concentration was below the minimum inhibitory concentration to 

have any antibacterial activity against various bacterial species.41–44 

 

Figure 5. 5: Drug release profiles of CPX encapsulated NP’s: CPX⊂SNP_A2 (10 mg 
mL-1) and CPX⊂SNP_B5 (10 mg mL-1) and CPX adsorbed NP: CPX@SNP (10 mg 
mL-1) in H2O at 37 °C. The average amount of CPX released with standard deviation, 
repeated in triplicate (n=3). 
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On the other hand, the drug release kinetics with US applied the particles generally 

faster and a greater amount was released. The parameters for release consisted of 

the US tip placed inside a solution containing the particles and US was applied in 2 

min cycles over 10 min. The ultrasonic scaler was adjusted to the highest power setting 

(P20, frequency 36 kHz). The sample CPX⊂SNP_A2, which were 300 nm in diameter, 

showed an initial burst release that occurred with 2 min US. This was followed by a 

gradual release of up to 0.16 µgcpx mgcpx⊂snp
-1 after 10 min. In comparison, a steady 

release kinetics was exhibited from CPX⊂SNP_B5 and obtained a higher release after 

10 mins of 0.25 µgcpx mgcpx⊂snp
-1. Whereas the drug release kinetics from adsorbed 

CPX@SNP was very rapid, which released 220 µgcpx mgcpx@snp
-1 with 10 min US.   

To understand different release profiles from the three drug loaded particles, the 

effects of cavitation from US needed to be considered as they are a major contributing 

factor. Cavitation depends on several parameters, such as the frequency, pressure, 

surface tension and space available.  It is likely at a high-power setting with a frequency 

of 36 kHz, cavitation was produced in water. At high energy, turbulence around the 

scaler tip could have resulted in rapid bubble formation and implosion in a few 

microseconds. It may be possible that the cavitation led to high amplitude shockwaves 

that have come into contact with the particle surfaces. The emission of energy from 

the imploded bubbles may have caused microcracks in the silica wall to promote the 

diffusion of CPX. In addition to this, as mentioned before cavitation can be influenced 

by the space available. Depending on the surrounding environment, such as the fluid, 

particles and material of the container used for the drug release study, can affect the 

frequency of bubble formation. The sizes of CPX⊂SNP_A2 had a larger diameter than 

CPX⊂SNP_B5.  Although the initial release from CPX⊂SNP_A2 was rapid, overall 
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CPX⊂SNP_B5 had a higher drug release. This could suggest there a higher probability 

of frequent bubble bombardment with smaller particles. .23 The effect of cavitation on 

adsorbed CPX@SNP’s, showed both rapid and greater drug release. This indicated 

CPX was on the surface of the SNP and the activity of US could easily stimulate the 

release of CPX.  

Other modes of action produced from cavitation in the splitting of water particles into 

free radicals. The splitting and reforming of water molecules releases energy and in 

the form of heat. Thus, free radicals can be damaging to the silica to expel CPX. The 

phenomenon of cavitation in water is too fast to be observed by the naked eye. Hence,  

further experiments to detect cavitation occurring with  chemiluminescence or  high-

speed imaging would be advantageous to confirm the effect of cavitation on the drug 

delivery system. 

5.3.4. Determination of minimum inhibitory concentration and 

antimicrobial activity of CPX and formulations 

 To investigate the antibacterial activity of free CPX, five bacterial strains were 

chosen to determine the minimum inhibitory concentration (MIC). Exposure of bacteria 

to a CPX concentration range of 0.048 – 80 µg mL-1 resulted in the determination of 

MIC values shown in Table 5. 2. The supporting images are shown in Appendix, 

Figure S5.19-21.  

The Gram-negative strain of P. aeruginosa PA14 showed a greater susceptibility to 

CPX of <0.08 µg mL-1 compared to PA01-N, which had an MIC value of 0.3 µg mL-1. 

The MIC recorded for S. sanguinis and S. mutans were 5 and 2.5 µg mL-1, respectively. 
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The other bacterial species tested was E. faecalis, as it plays a key role in dental root 

infections and showed an MIC value of 1.25 µg mL-1.  

 

The human oral cavity is a diverse bacterial microenvironment and there are many 

pathogenic species that contribute towards dental diseases and infections.45,46 

Preventing and controlling dental caries and other dental related disease is still a great 

challenge due to increasing tolerance and resistance to antibiotics.17,47,48 CPX has 

been shown to inhibit both Gram-positive and Gram-negative bacteria, as confirmed 

by the MIC values shown in Table 5. 2. This confirmed that Gram-negative bacteria, 

Pseudomonas species were more sensitive to CPX. CPX is a fluoroquinolone antibiotic 

with its primary mechanism of action through the inhibition of bacterial DNA gyrase and 

topoisomerase IV,41 responsible for the drug’s potent antibacterial activity. Despite 

CPX’s antibacterial properties, therapeutic failure has been reported in previous 

studies when used to treat various bacterial infections.17,48  In one study with P. 

aeruginosa biofilms, Soares et al.17 reported that although CPX was responsible for 

Table 5. 2: MIC values of CPX against bacterial strains: P. aeruginosa species, S. 
sanguinis, S. mutans and E. faecalis, determined visually and measured by the 
OD600nm after 24 h incubation at 37 °C, shaking at 100 rpm. For all species the MIC 
experiment was repeated in triplicates (n = 3). 
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killing the majority of cells within the biofilm populations, there were remaining surviving 

cells, which was attributed to their resistance to CPX. However, increasing the dose 

strength of CPX can lead to toxic and adverse side effects. Therefore, incorporating 

into a silica shell can protect CPX from antimicrobial resistance and control its delivery 

to harmful bacteria.  

The antimicrobial susceptibility of the five bacterial species to silica-drug formulations 

were evaluated by determining their zone of inhibition using the agar diffusion assay 

method. Table 5. 3 showed the size of the zones created by CPX antibacterial activity. 

No zones were formed around Plain SNP. Concentrations of, 2 mg mL-1 of CPX 

showed zones of inhibition against all five species of bacteria, as the concentration 

used was higher than the determined MIC values. Both P. aeruginosa strains, showed 

larger inhibitory zones approximately 45-48 mm, which indicated CPX was more 

effective against Gram-negative bacteria.  

 

Table 5. 3: The antimicrobial susceptibility against S. sanguinis, S. mutans, E. faecalis 
and P. aeruginosa species to the following samples: 1) H2O, 2) CPX@SNP_A (10 mg 
mL-1), 3) CPX⊂SNP_A2 (10 mg mL-1), 4) Plain SNP (10 mg mL-1) or 5) CPX (2 mg 
mL-1) were measured by zones of inhibition (in mm) using an agar diffusion method 
with wells loaded with 50 µL of each samples and repeated in triplicates (n=3). 
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Furthermore, with adsorbed type particles, CPX@SNP_A, at concentration of 10 mg 

mL-1 produced zones of inhibition ranging from 21 to 38 mm. This agreed with previous 

studies in Section 5.3.2., which suggest CPX was on the silica surface. The 

uncontrolled release was confirmed by the inhibitory zones in the agar diffusion assay. 

One of the CPX encapsulated particles, CPX⊂SNP_A2 was tested for its activity 

against the bacterial strains. More promisingly the formulation showed no zones of 

inhibition against the three Gram-positive strains. Small zones between 15-17 mm 

appeared for both P. aeruginosa strains with a 10 mg mL-1 concentration. The previous 

drug release studies with CPX⊂SNP_A2, under static conditions (no US trigger) 

showed a small initial release. Therefore, it is possible CPX on or close to the surface 

of the silica may contribute toward the inhibition of P. aeruginosa, which is more 

susceptible to CPX. 
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 5.3.5. The antibacterial effect of CPX⊂SNP nanosystems against S. 

sanguinis biofilms 

To investigate the effectiveness of CPX⊂SNP_A2 and CPX⊂SNP_B5 on biofilms 

with US, the amount of drug released was determined prior to biofilm studies. The 

concentration of CPX was calculated from its absorbance using UV-Visible 

spectroscopy (Figure 5. 6). To promote drug release, the ultrasound tip was immersed 

into the drug-silica solution. It was stimulated for 10 seconds at a low power setting 

(P10 ). This was followed by a 30 min incubation period at 37 °C. The idea was to 

mimic the conditions that would be used in the biofilm experiments to calculate the 

expected CPX release. The amount of CPX released in solution for CPX⊂SNP_A2 

and CPX⊂SNP_B5 was 1.5 and 0.68 µg mL-1, respectively. In the following biofilm 

studies, the lowest CPX concentration of 0.68 µg mL-1 was used as a positive control 

for comparison to the drug loaded silica particles. 

Figure 5. 6: Drug release determined for biofilm studies from CPX⊂SNP_A2 (10 mg 
mL-1) and CPX⊂SNP_B5 (10 mg mL-1) with 10 s cavitation at power setting P10 in 
H2O at 37 °C, measured by the absorbance of CPX using UV-Visible spectroscopy. 
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A S. sanguinis biofilm model was used to test the antimicrobial efficacy of two different 

sized CPX loaded SNPs with US.  First, CSLM images of the biofilm were obtained as 

shown in Figure 5. 7A and processed to quantify the percentage viability of live 

bacteria with and without applying US. This was displayed by the bar graph in Figure 

5. 7B . The Plain SNPs (2 mg mL-1) did not exhibit any antibacterial activity against S. 

sanguinis. This was consistent with the MIC results reported in Chapter 4, which 

showed high concentrations of Plain SNPs (MIC value <16 mg mL-1) had no effect. 

Next the biofilms were treated with CPX (0.68 µg mL-1). CPX on its own showed 86 ± 

3% (p = 0.0278) of the bacteria in the biofilm were live and 82 ± 3% with US. This 

indicated majority of the bacteria survived and not effected by CPX or US. This was 

possibly due to the low CPX concentration used, which was not enough to kill bacteria 

in a biofilm. More so CPX is known to have a lower susceptibility to Gram-positive 

bacteria. 51,52  However, US did not enhance the activity of CPX on the biofilm. This 

indicated CPX alone was not enough to kill S. sanguinis. 

The influence of drug loaded particle, CPX⊂SNP_A2 and CPX⊂SNP_B5 without US 

had no significant effect on the bacterial viability with 89 ± 7% (p = 0.7551) and 94 ± 

4% (p = 0.1490) live bacteria remaining after treatment, respectively. It should be 

noted, the CPX⊂SNP_A2 sample showed areas in the 3D biofilm image where there 

was no visible bacteria. This was possibly due to washing the biofilm surface, which 

could have dislodged some of the bacteria from the coverslip, but the overall viability 

remained high.  
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Figure 5. 7: The antibacterial activity of CPX loaded drug delivery systems that have 
are different in diameter sizes. A) CLSM images are shown in 2D and z-stacked to 
form 3D images of CPX⊂SNP_A2 (10 mg mL-1), CPX⊂SNP_B5 (10 mg mL-1) and 
CPX (0.68 µg mL-1) exposed to no US and with US (P10, 10s). Scale bar represents 
20 µm. B) Mean and standard deviation of percentage of viability of S. sanguinis 
biofilms. Five images per samples were analysed, conducted as independent 
triplicates (n=3). The statistical difference in the cell viability between no US and with 
US was compared. This was performed using a non-parametric Kruskal Wallis test 
and Dunn’s multiple comparison post-test (*p<0.05).   
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When the biofilm was treated with CPX⊂SNP_A2 or CPX⊂SNP_B5 particles with US, 

there was a <10% decrease in viability, which was calculated as 78 ± 8% (p =.0.0183) 

and 82 ± 10% (p = 0.0140) viable cells, respectively. Although the decrease in viability 

was no obvious, as large areas of the biofilms looked largely unaffected from the CLSM 

images, it was a significant change when compared to the control samples. This could 

suggest that CPX encapsulated into a silica drug delivery system can have some 

influence on enhancing the antimicrobial activity of CPX in a biofilm, but only in 

combination with US.  

5.3.6.  The antibacterial effect of CPX⊂SNP nanosystems against S. 

mutans biofilms 

To further examine the effects of CPX⊂SNP and US, another Gram-positive 

bacteria was tested. S. mutans is an early coloniser on the tooth surface like S. 

sanguinis. However, S. mutans are able to survive in acidic conditions and interact with 

other colonising bacteria. In contrast to S. sanguinis, S. mutans is related to poor 

health, as it is an acid producing bacterium and a primary causative agent of dental 

caries.56,57 There are no studies of CPX encapsulated into a silica system responsive 

to US that have been shown to be effective against S. mutans biofilms. Therefore, this 

study uses a more relevant strain of bacteria related to dental infections and disease 

to examine antimicrobial efficacy of the synthesised CPX drug loaded SNPs.  
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Figure 5. 8: The antibacterial activity of CPX loaded drug delivery systems that have 
are different in diameter sizes. A) CLSM images are shown in 2D and z-stacked to 
form 3D images of CPX⊂SNP_A2 (10 mg mL-1), CPX⊂SNP_B5 (10 mg mL-1) and 
CPX (0.68 µg mL-1) exposed to no US and with US (P10, 10s). Scale bar represents 
20 µm. B) Mean and standard deviation of percentage of viability of S. mutans biofilms. 
Five images per samples were analysed, conducted as independent triplicates (n=3). 
The statistical difference in the cell viability between no US and with US was 
compared. This was performed using a non-parametric Kruskal Wallis test and Dunn’s 
multiple comparison post-test (*p<0.05, ** p<0.01, *** p<0.001).   
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S. mutans biofilms were grown under the same conditions as for the single-species 

biofilms with S. sanguinis and treated in the same way. Before analysis, the 

established, 3-day-old biofilms were exposed to US and CPX particles. In Figure 5.8A, 

the CLSM images with the live/dead stain showed a healthy biofilm with no US applied. 

The untreated control had a viability of 91 ± 10% and with US only this decreased to 

79 ± 12% (p=0.0355). It is possible that US, in this instance had some effect on the cell 

viability. The depth profiles were also examined in Figure 5. 8A. The bottom of the 

biofilm which was closer to the surface of the coverslip had higher regions of red. There 

are several reasons for this outcome. S. mutans could have been more susceptible to 

the effects of cavitation, causing cell disruption. However, not all repeats of the 

samples showed dead bacteria following US exposure. The more likely explanation 

was that biofilm may not have been receiving enough nutrients, a limitation to using a 

static method to grow biofilms.58  

Addition of free CPX (0.68 µg mL-1) to the biofilm, confirmed that S. mutans bacteria 

were more susceptible to the antimicrobial agent than S. sanguinis, which was in 

agreement with MIC measurements. The MIC value of CPX against S. mutans was 2.5 

µg mL-1 and this was consistent with other literature findings (0.125- 16 µg mL-1).52,59 

CPX only, showed 58 ± 20% of the bacteria were still alive. This decreased significantly 

to 26 ± 8% (p<0.0001) when combined with US. Not only did these viability results 

show the sensitivity of S. mutans biofilms to CPX, but the bactericidal properties were 

enhanced with the addition of US. There is a strong assumption the effects of cavitation 

are responsible for the increased cell death. Using US could improve dispersion of 

CPX into the biofilm, allowing greater interaction with the bacterial cells. Another 

suggestion was the mechanism of sonoporation, as a result of cavitation. The 
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temporary opening in cell membrane and wall can allow for the exchange of 

substances in and out of the cell. Cavitation exposure may be a driving force to deliver 

and distribute antibiotics to these bacteria embedded within a biofilm. The other reason 

was S. mutans has a different biofilm structure to S. sanguinis, hence was more 

susceptible to CPX.58 

Treating the biofilms with only CPX⊂SNP_A2 (10 mg mL-1) or CPX⊂SNP_B5 (10 mg 

mL-1) particles, showed high bacterial viability of 92 ± 8% (p=0.6498) and 84 ± 9% 

(p=0.0878), respectively. The lack of antibacterial killing was promising because it 

indicated that the drug loaded silica particles managed to contain the drug within the 

silica, leading to having no influence on the viability. Furthermore, CPX⊂SNP_A2 and 

CPX⊂SNP_B5 particles triggered with US, showed a reduction in viability to 74 ± 15% 

(p=0.0173) and 22 ± 27% (p=0.0013), respectively. Both these formulations resulted 

in an increased bactericidal activity within the biofilm. This was shown by the greater 

dead areas of bacteria compared to no US. More interestingly, CPX⊂SNP_B5 

exhibited a significant effect ((p=0.0013) with US compared to CPX⊂SNP_A2.  

This difference in bactericidal efficacy may depend on different parameters, including 

size, shape, surface charge of the particles and the biofilm architecture.60–62 Biofilms 

have a highly porous network which offers a pathway for the diffusion of particles into 

their structure. They contain extracellular polymeric substances (EPS), known to 

provide structural stability and adhere bacteria cells together.63,64 The transport of 

small molecule drugs can be hindered by the porous matrix due to the interactions with 

the physicochemical matrix of EPS. Therefore, limiting the amount of antibiotic to the 

denser and deeper parts of the biofilm.65 The CLSM images showed CPX alone failed 
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to kill all the bacteria in the biofilm and was hindered by S. mutans biofilm structure. 

On the other hand, treatment with US and the drug suggests the antibacterial 

differences observed are due to possible thermal and mechanical effects from using 

ultrasonic scaler. The US waves generated could allow better distribution of free CPX 

and disruption to the bacterial membrane, increasing the permeability to CPX. 

When CPX was encapsulated within the SNPs, CPX⊂SNP_A2 and CPX⊂SNP_B5 

this resulted in different amounts of bacterial viability. The size of CPX⊂SNP_B5 

particles was 100 nm, three times smaller than CPX⊂SNP_A2 particles (diameters 

300 nm). It seems that size of particles can also have a role to play at enhancing the 

antibacterial activity in biofilms. Recent studies have reported that smaller particles 

have a greater influence on the antibacterial activity.62,66,67 For example, a study with 

silver NPs of difference sizes and charges showed that large sizes slowed the self-

diffusion. However, the movement of NPs was also dependant on the density of the 

biofilm and harder for larger NPs greater than 50 nm to penetrate the biofilm.68 

It is unclear if the charge may affect the fate and transport of the particles in this biofilm. 

In this case, CPX⊂SNP_A2 and CPX⊂SNP_B5 had an overall negative surface 

charge of -33 and -35 mV respectively. In particular, positively charged NPs have been 

found to be more effective against Gram-positive bacteria.62,68–71 However, other SNPs 

developed using nitric oxide do not rely on direct NP-cell contact. In contrast, they  

appeared to be highly effective at controlling the pathogenic biofilm growth.72 The 

highly negative charge of CPX⊂SNP_A2 and CPX⊂SNP_B5 was not considered to 

contribute towards the killing effect. 
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The shape of both particles was shown by the SEM images to be spherical with uniform 

morphology. Hence, the shape was not thought to be a reason for CPX⊂SNP_B5 

higher bactericidal activity. Therefore, this suggests that smaller sized particles were 

more important to obtain an enhanced antibacterial activity with US.  

The fundamental mechanisms guiding interactions between the drug loaded NPs and 

S. sanguinis and S. mutans biofilms are still unclear from these experiments. Further 

analysis and tests would be needed to determine the killing mechanism. Promisingly, 

ultrasonic scaler was central to all the studies, providing various effects, such as from 

cavitation that could have contributed towards biophysical effects and to induce a 

synergistic effect. Cavitation is thought to be a dominant force to disrupt the biofilm, 

aiding penetration of the drug loaded particles, especially for CPX⊂SNP_B5 with small 

sizes. This offers an opportunity for transportation and localised drug delivery, of small 

particles to impact the viability of bacteria in a biofilm.  

 

 

 

 

 

 

 

 



Chapter 5: Ultrasound-responsive Drug Release & Delivery of Ciprofloxacin Encapsulated Silica 
Nanoparticles 

238 
Menisha Manhota – March 2022 

5.4. Conclusions 

In this work, CPX, an antibiotic drug was successfully incorporated into SNPs in a 

one-pot approach. The original proof-of-concept drug delivery model (Chapter 3) was 

improved, to yield CPX⊂SNP_B5 NPs. The shorter reaction time and addition of CPX 

at the start of the reaction achieved CPX⊂SNP_B5 with smaller NP sizes of ~100 nm 

diameters.  

The SNP framework provided protection and a barrier to prevent uncontrolled release 

of CPX. Furthermore, CPX⊂SNP_B5 showed promising on-demand release from 

applying the US. The release behaviour indicated the effects of US were responsible 

for forcing CPX from the SNP carrier. Thus, supporting CPX⊂SNP’s could be sensitive 

to the thermal and mechanical effects of cavitation produced from the ultrasonic scaler.  

The CPX⊂SNP’s showed to enhance CPX’s antimicrobial activity against Gram-

positive bacteria, S. mutans by activation with US. S. mutans biofilms were more 

susceptible to CPX⊂SNP’s than S. sanguinis biofilms. However, more noticeably with 

the 100 nm sized CPX⊂SNP  .  

The fundamental mechanisms guiding the interactions between CPX release from the 

SNP and biofilms remains unknown. However, these studies have shown how the 

particle size could influence the antimicrobial activity. They provide a strong foundation 

for a one-pot synthesis with other antimicrobials and antibiotics to overcome drug-

resistance and controlled deliver with triggered release. As CPX has a fluoroquinolone 

structure, it has fluorescent properties. This could aid tracking particle through a biofilm 

using imaging techniques to help understand the influence of CPX⊂SNP and US.  
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5.5. Appendix 

 

 

 

 

 

 

 

Figure S5. 1: Synthesis of particles with CPX, reagent starting amounts. 
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Figure S5. 2: DLS analysis of size distribution: CPX⊂SNP_A1 and CPX⊂SNP_A2 in 
H2O. CPX⊂SNP_A1: 372 ± 81 nm (intensity), 332 ± 82 nm (number) and PDI: 0.287. 

CPX⊂SNP_A2: 295 ± 83 nm (intensity), 260 ± 78 nm (number) and PDI: 0.099. 



Chapter 5: Ultrasound-responsive Drug Release & Delivery of Ciprofloxacin Encapsulated Silica 
Nanoparticles 

241 
Menisha Manhota – March 2022 

 

 

 

Figure S5. 3: DLS analysis of size distribution: CPX⊂SNP_B1, CPX⊂SNP_B2 and 
CPX⊂SNP_B3 in H2O. CPX⊂SNP_B1: 159 ± 49 nm (intensity), 127 ± 41 nm (number) 
and PDI: 0.484. CPX⊂SNP_B2: 201 ± 41 nm (intensity), 190 ± 45 nm (number) and 
PDI: 0719. CPX⊂SNP_B3: 100 ± 38 nm (intensity), 53 ± 15 nm (number) and PDI: 
0.714. 
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Figure S5. 4: DLS analysis of size distribution: CPX⊂SNP_B4 and CPX⊂SNP_B5 in 
H2O. CPX⊂SNP_B4: 180 ± 34 nm (intensity), 162 ± 37 nm (number) and PDI: 0.125. 

CPX⊂SNP_B5: 103 ± 32 nm (intensity), 90 ± 26 nm (number) and PDI: 0.686. 
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Figure S5. 5: DLS analysis of size distribution: Plain SNP A, CPX@SNP_A, Plain 
SNP B and CPX@SNP_B in H2O. Plain SNP A: 180 ± 34 nm (intensity), 162 ± 37 nm 
(number) and PDI: 0.125. CPX@SNP_A: 152 ± 21 nm (intensity), 147 ± 26 nm 
(number) and PDI: 0.817. Plain SNP B: 250 ± 41 nm (intensity), 241 ± 45 nm (number) 
and PDI: 0.225. CPX@SNP_B: 164 ± 32 nm (intensity), 160 ± 35 nm (number) and 
PDI: 1.000. 
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CPX⊂SNP_A1: -38 ± 9 mV. 

CPX⊂SNP_A2: -33 ± 9 mV. 

CPX⊂SNP_B1: -37 ± 8 mV. 

Figure S5. 6: DLS analysis in H2O of zeta potential charge. 
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CPX⊂SNP_B2: -49 ± 8 mV. 

CPX⊂SNP_B3: -38 ± 3 mV. 

CPX⊂SNP_B4: -36 ± 5 mV. 

Figure S5. 7: DLS analysis in H2O of zeta potential charge. 
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CPX⊂SNP_B5: -35 ± 7 mV. 

Plain SNP A: -45 ± 9 mV. 

CPX@SNP_A: +10 ± 4 mV and 30 ± 4 mV (2 populations). 

Figure S5. 8: DLS analysis in H2O of zeta potential charge. 

 

Figure S5. 9: DLS analysis in H2O of zeta potential charge. 
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CPX@SNP_B: -19 ± 6 mV. 

Plain SNP B: -40 ± 10 mV. 

Figure S5. 10: DLS analysis in H2O of zeta potential charge. 
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A 

B 

Figure S5. 11: A) UV-Visible absorbance of CPX in H2O at different concentrations 
(0.0025 - 0.0215 mM). B) Calibration curve of CPX to calculate the absorption 
coefficient (ε) using the Beer Lamberts Law. Concentration plotted against absorbance 
at λmax=275 nm to determine ε = 43060 ± 56 M-1cm-1 (mean and standard deviation, 

n=3). 
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Figure S5. 13: TGA curve of CPX, Showing the overall weigh loss with increasing 
temperature. 

 

Figure S5. 14: TGA curve of CPX⊂SNP_A2, Showing the overall weigh loss with 
increasing temperature. 
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Figure S5. 15: TGA curve of CPX⊂SNP_B5, Showing the overall weigh loss with 
increasing temperature. 

 

Figure S5. 16: TGA curve of CPX@SNP_A, Showing the overall weigh loss with 
increasing temperature. 
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Figure S5. 17: TGA curve of CPX@SNP_B, Showing the overall weigh loss with 
increasing temperature. 
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Figure S5. 18: Minimum inhibitory concentration (MIC) of CPX against bacterial strains 
S. sanguinis and S. mutans. The MIC value was observed visually and measured by 
the OD600nm, after 20 h incubation at 37 °C at 100 rpm. For all species the MIC was 
repeated in triple triplicates (n = 3). 



Chapter 5: Ultrasound-responsive Drug Release & Delivery of Ciprofloxacin Encapsulated Silica 
Nanoparticles 

253 
Menisha Manhota – March 2022 

 

 

 

 

 

 

 

 

Figure S5. 19: Minimum inhibitory concentration (MIC) of CPX against bacterial strains 
of P. aeruginosa: PA14 and PA01-N. The MIC value was observed visually and 
measured by the OD600nm, after 20 h incubation at 37 °C at 100 rpm. For all species 
the MIC was repeated in triple triplicates (n = 3). 
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Figure S5. 20 Minimum inhibitory concentration (MIC) of CPX against bacterial strain 
of E. faecalis. The MIC value was observed visually and measured by the OD600nm, 
after 20 h incubation at 37 °C at 100 rpm. For all species the MIC was repeated in triple 
triplicates (n = 3). 
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Figure S5. 21: Agar diffusion assay showing zones of growth inhibition around wells 
with 50 µL of sample. Plate 1 shows: 1: ultrapure H2O (50 µL), 2: CPX@SNP A (10 
mg mL-1), 3: CPX⊂SNP_A2 (10 mg mL-1), 4: Plain SNP (10 mg mL-1), 5: CPX (2 mg 
mL-1). The diameters of the zones of inhibition were measured across and averages 
calculated (n=3). Plates inoculated with S. sanguinis, S. mutans, E. faecalis or P. 
aeruginosa; PA14 or PAO1N. 

 

Figure S5. 22: Agar diffusion assay showing zones of growth inhibition around wells 
with 50 µL of sample. Plate 1 shows: 1: ultrapure H2O (50 µL), 2: CPX@SNP A (10 
mg mL-1), 3: CPX⊂SNP_A2 (10 mg mL-1), 4: Plain SNP (10 mg mL-1), 5: CPX (2 mg 
mL-1). The diameters of the zones of inhibition were measured across and averages 
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Figure S5. 23: CLSM images of five random areas of 72 h grown S. sanguinis biofilm 
after treatment without US and with the following samples: bacteria only, CPX (0.68 
µg mL-1), CPX⊂SNP_A2 (10 mg mL-1) and CPX⊂SNP_B5 (10 mg mL-1). All samples 
were incubated for 30 min at 37 °C in 5 % CO2 before washed and stained with 
live/dead dyes and fixed for imaging. Images were analysed with automatic image 
analysis protocol in ImageJ for quantification of the percentage of live (green) and dead 
(red) bacteria. Scale bar represents 20 µm. 
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Figure S5. 24: CLSM images of five random areas of 72 h grown S. sanguinis biofilm 
after treatment with US and the following samples: bacteria only, CPX (0.68 µg mL-

1), CPX⊂SNP_A2 (10 mg mL-1) and CPX⊂SNP_B5 (10 mg mL-1) each with cavitation 
applied for 10s at power setting P10. All samples were incubated for 30 min at 37 °C 
in 5 % CO2 before washed and stained with live/dead dyes and fixed for imaging. 
Images were analysed with automatic image analysis protocol in ImageJ for 
quantification of the percentage of live (green) and dead (red) bacteria. Scale bar 
represents 20 µm. 
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Figure S5. 25 CLSM images of five random areas of 72 h grown S. mutans biofilm 
after treatment without US and with the following samples: bacteria only, CPX (0.68 
µg mL-1), CPX⊂SNP_A2 (10 mg mL-1) and CPX⊂SNP_B5 (10 mg mL-1). All samples 
were incubated for 30 min at 37 °C in 5 % CO2 before washed and stained with 
live/dead dyes and fixed for imaging. Images were analysed with automatic image 
analysis protocol in ImageJ for quantification of the percentage of live (green) and dead 
(red) bacteria. Scale bar represents 20 µm. 
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Figure S5. 26: CLSM images of five random areas of 72 h grown S. mutans biofilm 
after treatment with US and  the following samples: bacteria only, CPX (0.68 µg mL-

1), CPX⊂SNP_A2 (10 mg mL-1) and CPX⊂SNP_B5 (10 mg mL-1) each with cavitation 
applied for 10s at power setting P10. All samples were incubated for 30 min at 37 °C 
in 5 % CO2 before washed and stained with live/dead dyes and fixed for imaging. 
Images were analysed with automatic image analysis protocol in ImageJ for 
quantification of the percentage of live (green) and dead (red) bacteria. Scale bar 
represents 20 µm. 
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Figure S5. 27: CLSM images constructed of z-stacked images of random areas of 72 
h grown S. mutans biofilm after treatment without US and with the following samples: 
bacteria only, CPX (0.68 µg mL-1) and CPX⊂SNP_A2 (10 mg mL-1) and 

CPX⊂SNP_B5 (10 mg mL-1). All samples were incubated for 30 min at 37 °C in 5 % 
CO2 before washed and stained with live/dead dyes and fixed for imaging. Images 
were analysed with automatic image analysis protocol in ImageJ for quantification of 
the percentage of live (green) and dead (red) bacteria. Scale bar represents 20 µm. 
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Figure S5. 28: CLSM images constructed of z-stacked images of random areas of 72 
h grown S. mutans biofilm after treatment with US and the following samples: bacteria 
only, CPX (0.68 µg mL-1) and CPX⊂SNP_A2 (10 mg mL-1) and CPX⊂SNP_B5 (10 mg 
mL-1) each with cavitation applied for 10s at power setting P10. All samples were 
incubated for 30 min at 37 °C in 5 % CO2 before washed and stained with live/dead 
dyes and fixed for imaging. Images were analysed with automatic image analysis 
protocol in ImageJ for quantification of the percentage of live (green) and dead (red) 
bacteria. Scale bar represents 20 µm. 
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Chapter 6: Conclusions & Future Work 

6.1.   Conclusions  

The main aim of this thesis was to tackle problems in dental healthcare by using 

nanotechnology with ultrasound. A potential promising local treatment has been 

developed that allows for controlled and rapid release of antibacterial agents at the site 

of infection. With limited drugs in the pipeline and current antimicrobial agents 

becoming less effective,1,2 this work shows potential to overcome issues of increasing 

drug resistance, by localised delivery and enhanced antibacterial activity. 

To accelerate particle-based therapies into dental practices, a suitable drug delivery 

system was designed. The first chapter focused on accomplishing a one-step 

procedure to encapsulate cetylpyridinium chloride into silica nanoparticles. The release 

behaviour of CPC⊂SNP was investigated with a widely used clinical tool, an ultrasonic 

scaler. The key finding from these studies showed the drug release kinetics were 

controlled by US and was essential for fast release of CPC. It was strongly assumed 

the mechanism of release was due to effects of cavitation produced from the ultrasonic 

tip. For example, rapid bubble formation and implosion can cause high energy 

shockwaves, that upon collision with surfaces can lead to damage. Also, cavitation 

could be responsible producing hydroxy free radicals in water upon changes to the 

local pressure, generating high temperatures and pressure.3,4 A limitation of this work 

was the detection of cavitation bubbles and the dynamics around the ultrasonic tip. In 

the future this can be investigated with chemiluminescence.5 However, in this work the 

mode of release was validated by HR-TEM images, which showed physical changes 
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to the silica surface, a consequence of mechanical and thermal effects produced from 

US.  

Previous works have commonly reported US-responsive SNPs as the drug carrier 

designed to focus on preventing uncontrolled release using surface-modifications.6,7 

These have required complex multi-step procedures, additional characterisation and 

purification steps.8 As a result, can increase the risks of compromising the safety and 

toxicity of NPs for clinical translation. Furthermore, the majority of silica NP systems 

have been developed for the ultrasonic-triggered release of anticancer agents.9 In this 

work, a simple and reproducible synthesis of a core@shell silica NP was demonstrated 

with a one-pot process. This work contributes to the literature as it is the first 

ultrasound-responsive silica drug delivery system to release antibacterial agents. 

The research has also shown to enhance the antimicrobial efficiency of CPC by being 

encapsulated in silica. CPC is a frequently used antimicrobial agent that is at risk of 

potential bacterial drug resistance.10 Due to the vast majority of in vitro studies 

conducted on planktonic bacteria, in this work mature biofilms consisting of S. 

sanguinis were used. This was a better representation to test the antibacterial activity 

and against a species important to oral health. Until now, ultrasonic scalers have only 

been used for plaque removal in the dental clinic, which is not sufficient enough. The 

combination of CPC⊂SNP with US was essential to achieving a potent synergistic 

antimicrobial effect. These findings have significant implications, as CPC⊂SNP was 

ineffective without US and vice-versa. Not only was US important for the release of 

CPC but for mechanical disruption to the biofilm. This could have been by improved 

dispersion of CPC⊂SNP or permeabilization to the cell membrane to increase the 

susceptibility to the drug loaded SNPs.11,12   
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Finally, the last chapter builds on the work of CPC⊂SNP. This showed the drug delivery 

system could be adapted to incorporate antibiotics, such as CPX. The relevance of this 

work highlighted CPC⊂SNP could be used as a model drug delivery system to include 

other drugs. It could interest other researchers to conduct further studies using the 

synthesis methods developed in this thesis. For example, changing the sizes of 

CPX⊂SNP, effected the release kinetics with US and the antibacterial activity. 

6.2.   Clinical relevance & Future work 

 

The CPC⊂SNP have been envisioned to be formulated into a paste or a 

solution, so that it can be applied directly to the site of infection in the oral cavity. The 

administration would need a specialist, such as dental clinician or hygienist. The 

ultrasonic scaler tip would provide vibrations that can stimulate the active drug and 

Figure 6. 1: Timeline to show the potential pathway and steps required to develop drug 
loaded SNPs as a treatment for dental application. IND: investigational new drug. NDA: 
new drug application. FDA: food and drug administration. EMA: European medicines 
agency.  
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disrupt the biofilm. This would be a short as 10 seconds of US and then 30-minute wait 

before rinsing would be needed. However, with further studies this time could be 

improved. This kind of regime would ideally need a routine check-up to examine the 

prevention of caries, periodontal and peri-implant infections to provide a more effective 

treatment.  

Before the end goal of a drug particle treatment used as a clinical application, there 

are other mild stones that would need to be met, as shown in Figure 6. 1.. The research 

and work in this thesis, is still at the early development stage. Synthesis routes and US 

release studies have been established. In the short term, screening of other antibiotics 

and antibacterial agents can be used in a nanoparticle system. This would build a 

library of drug particle therapies that could be tested for a range of oral infections and 

diseases, but also help the fight against the rise in antimicrobial resistance. More pre-

clinical studies, both in vitro and in vivo, would be essential to understanding the 

mechanism of action of the SNPs on various bacterial species. Currently, reported in 

this work were single species biofilms, consisting of oral bacteria designed as a proof-

of-concept model. Therefore, not only testing on different strains of Gram-negative and 

Gram-positive bacteria is needed, but also multi-species to replicate the complexity of 

an oral biofilm and the determine the antimicrobial efficacy. In addition, taking into 

account the harsh conditions of the microenvironment in the oral cavity, such as saliva, 

interaction with the tooth surfaces and pH.  

Other short-term steps that would be necessary, would be the formulation of the drug 

loaded particles. Optimisation of the particle formulation will allow for ease of 

administration at the infected site. Like any medicine approved, the formulation is 

essential for scalability and especially for stability, biodegradability, and functionality in 
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various conditions. The dosage contained in the formulation is important as well, which 

links to the safety and efficacy of nanoparticle-based therapies. Many nanoparticle 

therapies are comprised during the clinical trials stage and are not approved by the 

regulatory board. One of this reason is because of their toxicity to humans and the 

uncertainty of the effect of small sizes.  In this case, the CPC⊂SNP and CPX⊂SNP 

were larger than 100 nm and thought the toxicity to healthy mammalian cells would not 

be compromised. However, the safety profile of SNPs is vital, and assays would access 

the intracellular accumulation in both bacterial and mammalian cells is important. For 

example, imaging experiments to track the uptake into cells and flow cytometry is a 

technique can be used to quantity particle internalisation.  

In the long-term, the drug loaded SNPs would need approval to conduct clinical trials 

from phases I to III. This would consist of healthy and patient volunteers where the 

dosage regime would be tested alongside the safety and efficacy. Finally, the SNP 

treatment with US to be used in the dental clinic would need overall approval from a 

regulatory board, such as from Food and Drug Administration or European medicine 

agency. 

This multi-disciplinary work has initiated the potential for a new treatment using US for 

antibiotic delivery in dental healthcare. However, it is relevant to other areas of 

healthcare, where localised treatment of infection is challenging, such as prosthetics 

and catheters.  
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