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Abstract 

 

Photoactive Nanofibers Doped with Lanthanide Ions for Wound Dressing 

Ho Ying Huang 

 

Chronic wounds are difficult to treat, require frequent changing of dressings and are slow to 

heal. Inflammatory status persists in chronic wounds because they are associated with fluids that 

impair cell growth. Electrospun poly(vinyl alcohol) (PVA) fibers are proven effective at absorbing 

excess fluid from wounds. Appropriate drugs can also be embedded in such fibers for release into 

wounds via diffusion to accelerate wound healing. However, to better control the release of anti-

inflammatory drugs into wounds, controlled drug delivery mechanisms are required.  

The goal of this project is to use the unique properties of upconverting nanoparticles (UCNPs) 

to trigger drug release from electrospun fibers. These nanoparticles absorb near-infrared radiation 

and emit UV-radiation via an upconversion process. Since the UCNPs are born to have oleates on 

their surface, a variety of hydrophilic coatings have been screened to stabilize the UCNPs in an 

aqueous environment. Furthermore, our triggering mechanism relies on the sensitivity of o-

nitrobenzyl (ONB) linkages towards the UV light emitted by the UCNPs. Poly(ethylene glycol) 

(PEG) was were conjugated through the photo-labile ONB molecules with levofloxacin, an 

antimicrobial drug whose release can be controlled via exposure of the UCNPs to infrared light. 

Preliminary drug release tests have shown that the drug conjugated ONB molecules can be cleaved 

by UV light and by the emission of UCNPs upon excitation with near-infrared light. The photo-

labile conjugated drug (hvL-PEG) and UCNPs were embedded in electrospun and crosslinked 

PVA fibers as a model system for a wound healing dressing. The UCNP/hvL-PEG electrospun 

fibers show high antibacterial activity against the Gram-positive bacteria Staphylococcus aureus 

and Gram-negative bacteria Escherichia coli. 
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Chapter 1 Introduction  
 

1.1 Brief overview of research and goals 

Chronic wounds have long been a concern in healthcare given their severity and slow healing 

nature. Millions of people suffer from non-healing chronic wounds as a result of bacterial 

infections, peripheral arterial disease, or diabetes, for example. Inflammation occurs within a day 

of ulcer formation, originating from enzymes secreted from inflammatory cells (e.g. macrophages, 

T-lymphocytes, fibroblasts), and results in redness, swelling and pain. Excess wound fluid can 

increase the risk of bacterial infections and impair cell growth.1 Many wound dressings have been 

developed to address this clinical challenge, but methods for rapid healing that integrate the 

elements of drug delivery and wound fluid absorption are lacking for rapid healing.2 Improving 

the treatment of chronic wounds can greatly reduce the associated healthcare costs and risks 

associated with infections.3 

An ideal wound dressing should not only act as a physical barrier to prevent pathogens from 

entering the wound, but it should also be able to accelerate the healing process. Many kinds of 

wound dressings have been developed, including hydrogels,4 films5 and electrospun polymeric 

fibers.6 Among these, electrospun fibers have great potential for wound dressing materials as they 

have better fluid uptake ability when compared to gauze that is commonly used.7 At the same time, 

they can be easily produced in large scale at low cost. In fact, the use of electrospun nanofibers for 

wound dressings have been widely reported.2, 8-10 Herein, polyvinyl alcohol (PVA) has been 

chosen for fabricating electrospun polymeric fibers due to its non-toxicity, biocompatibility and 

low cost.11 The water solubility of PVA is a drawback for certain biomedical applications. 

However, reacting PVA fibers with glutaraldehyde is a common method for creating crosslinked 

fibers, which reduces the solubility of PVA fibers while still allowing them to swell and absorb 

excess wound fluid.12 

 

1.2 Smart drug delivery systems 

To address infections in chronic wounds, antimicrobial drugs can be incorporated into wound 

dressing fibers. Many compounds have been incorporated into polymeric fibers such as silver 

nanoparticles and antimicrobial drugs.13 But simple incorporation cannot be used in controlled 
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drug delivery because the drug release occurs via diffusion only. In some cases, uncontrolled drug 

release can lead to overdose of the antimicrobial drugs.14 Therefore, there is a need to generate 

controlled release of drugs in wound dressings. To control the drug release process, as a means to 

improve wound healing, stimuli-responsive materials can be introduced. For example, a stimuli-

responsive material can be conjugated to drug molecules to be released by triggering with external 

stimuli.  

Stimuli-responsive compounds have been widely used in drug delivery, where the stimuli are 

based on pH, temperature or light, for example.15-16-17 Using light as the stimulus is often preferred, 

due to its non-invasive nature and ease of tuning the radiation power and exposure time. UV light 

is known to be the source for activating several photo-sensitive molecules including the o-

nitrobenzyl (ONB) group, the azobenzene group and triphenylmethane.18-21 Herein, the ONB 

functionality has been chosen because of the ease of conjugation and its stability under ambient 

light. The ONB group can be cleaved upon exposure to 365 nm UV irradiation.22-23 

Trigging drug release in wound dressings with near-infrared (NIR) light is advantageous in 

comparison to UV light, since it has more penetration depth and exposure to UV light can be 

carcinogenic to living cells. As such, a means to convert infrared light to UV light is required. 

Upconverting nanoparticles (UCNPs) can convert NIR radiation to the UV, visible or IR region of 

the spectrum (anti-Stokes shift). It is based on the fact that lanthanide ions have a ladder-like 

energy level arrangement coupled with metastable excited states with long lifetimes. Depending 

on the types of lanthanide ions doped in the nanocrystals, f-f orbital transitions typically occur 

through mainly energy-transfer upconversion or excited-state absorption. These mechanisms 

involve the absorption of two or more lower energy photons by long-lived energy states. 

Upconversion can subsequently occur as a result of the increased population of higher energy 

states.24 

 

1.3 Scope of my thesis 

In this thesis, to achieve controlled drug release using NIR light, LiYbF4: Tm3+/LiYF4 

nanoparticles and drug conjugated ONB molecules were incorporated into electrospun PVA 

nanofibers. As a broad-spectrum antibiotic that has anti-microbial and anti-inflammatory 

properties, levofloxacin was chosen to be the model drug to incorporate into this system. 
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Levofloxacin is an FDA approved active pharmaceutical ingredient (API); at the same time, it can 

be detected easily by UV-vis spectroscopy. First, the as-synthesized ethyl 4-(4-hydroxyl-2-

methoxy-5-nitrophenoxy)butanoic acid was covalently bonded to polyethylene glycol (PEG)-

diamine by amide coupling to provide hydrophilicity. Levofloxacin was then covalently attached 

with the PEG conjugate to create a photo-sensitive prodrug (Figure 1).22 

 

Figure 1. The reaction scheme to covalently attach levofloxacin to the PEG conjugate.22  

 

UCNPs were synthesized and shelled via the thermal decomposition method. The drug 

conjugate and UCNPs were then embedded into the PVA nanofibers during electrospinning 

(Figure 2). Levofloxacin can be released gradually out of the fiber under NIR excitation at 980 nm, 

and the drug release behaviour and anti-microbial properties were investigated. 
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Chapter 2 Overview of wound dressing, electrospinning and 

upconversion 
 

2.1 Wound dressing materials 

Chronic non-healing wounds caused by different kinds of ulcers usually exhibit a delayed 

healing process. The microenvironment of a chronic wound is sophisticated and inflammatory 

status persists.1, 25 To prevent infiltration of pathogens, originating from the external environment 

or surrounding skin, chronic wounds are treated with a broad variety of dressings. The simplest 

form, such as gauzes and bandages, can provide protection of the wound from bacterial infiltration 

while also allowing for gaseous and fluid exchange.2 They can also be used as a support for more 

sophisticated ‘smart’ systems. Ideal wound dressings can prevent infections, improve healing 

progress, and ultimately restore the condition of the underlying healthy skin.  

 

2.1.1 Traditional wound dressing materials 

Sterile gauzes used for absorbing excess fluid in an open wound typically require frequent 

changing to protect against maceration of the skin surface.3, 26 These dressings are less effective as 

they become moistened and adhere to the wound making it very painful during removal. Bandages 

made from natural cotton wool and cellulose perform different functions. Cotton bandages are 

used for small wounds, while high compression bandages and short stretch compression bandages 

give a certain level of pressure to venous ulcers.27-28 Tulle dressings such as Bactigras, Jelonet, 

and Paratulle are suitable for superficial clean wounds. In general, these traditional dressings are 

for the clean and dry wounds with mild exudate levels.29 Since traditional dressings often fail to 

provide a suitable environment for wound healing, they have been replaced by modern dressings 

with more advanced formulations.2, 30 Modern wound dressings are able to prevent wound 

dehydration and are usually made of synthetic polymers. 

Current wound dressing materials can be divided into four categories: passive, interactive, 

advanced and bioactive.2 Passive dressings are dry and provide protection to wounds (e.g. gauze, 

lint and tulle). They have limited usage for more serious wounds. Also available are modified pads 

covered with a perforated plastic film to prevent the dressing from sticking to the wound (e.g. 

Band-Aid).31 Interactive dressings are fabricated with polymeric films which are permeable to 
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water and oxygen and can alter the wound environment to improve healing.32 Advanced dressings 

are capable of providing a moist environment to improve wound healing processes.3 Bioactive 

dressings are those capable of drug delivery which play an active role in the healing process.33 

Most recently, smart wound dressings have been developed that enable one to detect changes in a 

wounds environment (e.g. pH, temperature, oxygen, moisture and enzymes).14, 34 These 

biomarkers allow the evaluation of wound status, the probability of infection or other abnormalities. 

Different types of dressings increase the effectiveness of therapies and improve patient comfort. 

However, there is always room to engineer more advanced platforms to improve wound healing. 

 

2.1.2 Anti-microbial wound dressing materials 

 In view of preventing inflammatory responses in wounds, anti-microbial drugs or 

nanoparticles can be incorporated into wound dressing materials. Some organisms are naturally 

more resistant to antimicrobials; for example, gram-negative bacteria which have thin layers of 

peptidoglycan cell walls.35 Therefore, different classes of antimicrobials with different modes of 

action are employed. 

I. Incorporation of cationic NPs 

 Metals are known to have antimicrobial properties, with silver being the most powerful 

agent among all the metals.35 For example, silver nanoparticle (AgNP)-based dressings are 

abundant.36 AgNPs have been used for preparing ointments for burns, pressure ulcer wound 

dressings and medical devices to avoid infections. Under in vivo conditions, the acidic environment 

promotes the oxidation of AgNPs to Ag+ ions. AgNPs themselves do not have any biological 

function but the generated Ag+ ions are responsible for anti-bacterial activity by damaging 

bacterial cell walls.36 One research group incorporated AgNPs into electrospun gelatin fiber mats 

for use in wound dressings.37 The release of Ag+ ions from crosslinked gelatin fibers increased 

abruptly during the first 60 mins and released more slowly afterwards. From the antimicrobial test, 

the sample fibers had the greatest activity towards Pseudomonas aeruginosa, followed by 

Staphylococcus aureus, Escherichia coli, and methicillin-resistant S. aureus. Another research 

group embedded silver nanoparticles in electrospun silk fibers using a simple dipping method.38 

This created yet another variety of wound dressing material with anti-microbial properties. 



 6 

 Due to their biocompatibility, gold nanoparticles (AuNPs) are widely used in tissue 

generation and wound healing. They are typically combined with other biomolecules for 

biomedical applications.36 For example, a gold/chitosan film scaffold has been investigated which 

can improve the proliferation of newborn mice keratinocytes.39 Their biological activity is 

maintained during rapid growth, which is attractive for wound dressings for skin tissue engineering. 

On the other hand, gold nanorods were covalently linked to primary antibodies to selectively 

destroy gram-negative bacterium – Pseudonmonas aeruginosa.40 With the nanorod attaching to 

the bacteria cell surface, exposure to NIR resulted in a significant reduction in bacterial cell 

viability. 

II. Incorporation of cationic polymers 

 Some polymeric materials can also be used for this purpose, for example, polymers 

embedded with antimicrobial agents that are released over time or polymers containing metal 

ions.35 Most of these polymers are cationic and amphiphilic. Huang et al. developed bilayered 

antimicrobial nanofibers via electrospinning.41 Quaternary ammonium salts ([2-

(methacryloyloxy)ethyl]trimethylammonium, MTA) were polymerized and crosslinked in the 

presence of polycaprolactone (PCL) to fabricate a PCL/PMTA composite. The PCL inner layer 

was designed to be in direct contact with the wound, while the outer PCL-PMTA layer could 

defend against exogenous bacteria. The fibers showed strong antibacterial properties while being 

non-toxic to cells. Poly(vinylphenol) (PVP) can also be modified and electrospun.42 The 

modification was performed on PVP by sulfonation with fuming sulfuric acid or via formation of 

the lithium salt of sulfonated PVP. They found that the antibacterial properties of their self-

sterilizing material increased with increasing molecular weight. This demonstrates the property of 

being a self-sterilizing material. In another example, Qun et al. prepared block copolymers of 4-

vinylpyridine (4VP) and pentachlorophenylacrylate (PCPA) by reversible addition-fragmentation 

chain transfer (RAFT) polymerization.43 Quaternary ammonium salts were subsequently attached 

by N-alkylation of the pyridyl groups of P4VP and chloroaromatic compounds of the PCPA block. 

These self-quaternized fibers exhibited high antibacterial efficacy.  

Besides the incorporation of cation-based small molecules into polymers, Guo et al. 

investigated the antibacterial activity of cationic polymers themselves.44 Cationic polymers are 

attractive because of their relatively low toxicity and high antibacterial efficiency.45-47 They 
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investigated side-chain polymers and main-chain polymers. For the results, all the small molecule 

cationic compounds, side-chain cationic polymers with relatively high molecular weight and main-

chain cationic polymers showed effective inhibition of E. coli and S. aureus. For the side-chain 

cationic polymers, higher molecular weight polymers showed higher antibacterial activities. 

However, the antibacterial activities of main-chain cationic polymers were higher than those of 

the corresponding side-chain cationic polymers with similar or even higher molecular weight. 

Therefore, main-chain cationic polymers offer the greatest antibacterial properties among side-

chain and small molecule cationic compounds while having low hemolytic activities. They clearly 

have potential applications in wound dressing materials. 

 

2.2 Electrospinning 

Versatile wound dressings that are able to protect chronic wounds while reducing the risk of 

bacterial infections are much sought after.31 One of the principal research areas in wound care 

development are nanofibrous meshes, prepared via electrospinning.48,8 These scaffolds are made 

of non-woven, ultra-fine electrospun fibers. Due to the random distribution of the small pores in 

the nanofiber mesh, the structure is similar to the extracellular matrix, which is the non-cellular 

component present within all tissues.2 Nanofibrous meshes can act as a scaffold for physically 

supporting cells and can provide ideal conditions for cell attachment, proliferation and migration. 

Having a large surface area for wound fluid absorption is also crucial for enhanced drug delivery. 

Different chemical compositions of electrospun fibers can be applied under different conditions, 

while ideal fibers should have nanometer dimensions so as to prevent bacterial filtration. 

 

2.2.1 Introduction to electrospinning 

In its simplest form, the electrospinning process consists of a syringe primed with the polymer 

solution, a syringe pump, two electrodes, one being the syringe tip, and a DC voltage supply (15-

30kV) (Figure 2).49 The polymer solution is electrospun into a fiber due to the high voltage, causing 

the extruded polymer jet to charge electrically, bending the polymeric fiber as it moves towards 

and is collected at the grounded target. The more the polymeric fibers 'spin', the thinner the fibers 

become.49 
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Figure 2.  A schematic diagram of the electrospinning process.49 

 

 

2.2.2 Effect of solution parameters 

I. Concentration 

If the solution concentration is very low, the viscosity decreases and the surface tension 

increases. In this case, the solution will 'electrospray' rather than 'electrospin'. As the concentration 

increases, beads and fibers will form simultaneously until a critical concentration is achieved. In 

this ideal concentration range, uniform fibers can form. If the concentration is too high, 

electrospinning will not occur and sometimes helix-shaped micro-ribbons will be observed. In 

general, the diameter of the electrospun fibers increases as the polymer solution concentration 

increases (Figure 3).50  
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Figure 3.  SEM images of the electrospinning products of poly(ethylene oxide) (PEO) ranging 

from low to high solution concentration (0.01 – 0.045 g/mL).50  

 

II. Molecular weight 

Molecular weight controls the entanglement of polymer chains in solution, which relates to 

the solution viscosity. Lowering molecular weight tends to favor the formation of beads rather than 

fibers, while increasing molecular weight is more amenable to the formation of smooth uniform 

fibers. If the molecular weight is too high, micro-ribbons can be obtained. Sometimes molecular 

weight is not as important, especially if intermolecular interactions are sufficiently strong. 50 

III. Viscosity 

Solutions with very low viscosities cannot be used to produce smooth electrospun fibers, while 

solutions with very high viscosities are difficult to eject. Fortunately, the viscosity can be tuned by 

adjusting the polymer concentration, molecular weight and/or concentration.50   

IV. Surface tension 

Yang et al. reported the dependence of surface tension on the morphology of electrospun 

polyvinylpyrrolidone fibers with solvents having different surface tensions.51 Beaded fibers can 

be turned into smooth fibers by changing the mass ratio of solvents.  
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V. Conductivity 

Conductivity is determined by type of polymer, solvent and salt additive used. In general, 

natural polymers are polyelectrolytic, which means the amount of charge that can be 

accommodated by the polymer jet increases, which leads to smooth fiber formation. Electrical 

conductivity can be controlled with salts or organic acids in order to control fiber diameter. All in 

all, increasing conductivity tends to result in the formation of thinner fibers.52 

 

2.2.3 Effect of working parameters 

I. Voltage 

Applied voltage is a crucial factor for the electrospinning process to go smoothly, where high 

voltages will induce charges in the solution. As a result of this external electric field, the 

electrospinning will occur once the electrostatic force overcomes the surface tension of the solution. 

When the voltage is higher than a threshold voltage that is required to stretch the polymeric 

solution to become charged jets, a Taylor cone will form, and the jets eject to deposit fibers on the 

collector plate.49 

II. Feed rate 

There is a suitable feed rate for a stable Taylor cone to be formed at a constant voltage. In 

general, lower solution flow rates are recommended because the polymer solution has a longer 

time for polarization. If a high flow rate is used, large diameter beads can form due to insufficient 

time for the fiber to dry prior to reaching the collector.53 

III. Collectors 

The collectors are usually grounded conducting materials (e.g. aluminium foil) to allow for 

the deposition of charged fibers. Other kinds of collectors have been developed, and include wire 

mesh, grids and rotating rods.53 

IV. Distance between the collector plate and syringe tip 

If the distance between the collector plate and syringe tip is too small, the fiber will not have 

enough time to dry and solidify before reaching the collector. On the other hand, distances that are 

too long can lead to beaded fibers. An optimal distance can help to create thin uniform fibers.53 
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V. Humidity 

Mituppatham et al. have shown that thinner fibers can be formed at higher temperatures as 

this favors solvent evaporation and reduces solution viscosity.54 With a lower viscosity, the 

columbic forces impart a larger stretching force to the solution resulting in thinner fibers. Low 

humidity can increase the rate of solvent evaporation and help to dry the fibers thoroughly. In 

contrast, high humidity can lead to thick fibers because the charge on the jet tends towards being 

neutralized and the stretching force diminishes.53 

 

2.2.4 Electrospinning and drug delivery 

Various delivery systems have been investigated to improve therapeutic processes.55 

Electrospinning has been recognized as a simple and versatile method to produce polymeric 

nanofibers for drug delivery. For example, PVA/Chitosan composite nanofibers loaded with the 

sodium salt of ampicillin was produced by electrospinning.9 The PVA/Chitosan composite 

nanofibers were crosslinked with glutaraldehyde (GA). Drug release studies revealed that this 

crosslinked network structure could effectively reduce the drug release rate and the burst effect of 

ampicillin from PVA/Chitosan composite nanofibers. The incorporation of antibiotics into 

electrospun membranes based on chitosan, PVA and graphene oxide (GO) have also been 

reported.56 The antibiotic ciprofloxacin was effectively loaded into composite nanofibers, where 

incorporation of the drug in GO nanosheets prevents the initial burst release of antibiotic, while 

still demonstrating significant antibacterial activity. In another example, cerium oxide 

nanoparticles (CeO2 NPs) can be incorporated into electrospun poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) membranes, which induced cell proliferation, angiogenesis and wound healing.57 

The human mammary epithelial cells (HMEC) adhered to fibers, while blood vessel formation was 

enhanced in response to CeO2 NPs. Yuan et al. investigated the functionalization of doxorubicin 

(DOX) loaded polylactic acid (PLLA) nanofibers using polydopamine.58 In this case, an 

implantable patch was used for breast cancer therapy. In vivo studies were performed in mice, and 

cancer cell dysfunction was observed in PLLA-DOX fiber treated groups. On the other hand, 

poly(N-isopropylacrylamide) (PNIPAAm) nanofibers were fabricated by Salehi et al. for 

temperature responsive delivery of DOX.59 Here, the researchers crosslinked PNIPAAm with 
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hydrophobic polymers so that the fibers would not be soluble in water. Excellent encapsulation of 

drug was demonstrated by observing sustained drug release for over 30 days. 

 

2.3 Potential of poly(vinyl alcohol) 

I. Types of polymers used for electrospinning 

Different polymers have been used for electrospinning (Scheme 1).60 Nylon 6,6 can be 

electrospun into a very fine membrane mat with extremely small pore sizes that are much smaller 

than the average fiber diameter.61 These mats can be used in protective coatings. An example of 

electrospun polylactic acid was reported by Caruso et al.62 The sol gel coating of poly(L-lactide) 

fibers by electrospinning has been used to make hollow metal-oxide fibers. The coating technique 

results in thin walled, less than 200 nm tubes with diameters ranging from hundreds of nanometers 

to a few micrometers. 

 

Scheme 1.  Examples of polymers that have been used in electrospinning.60 

 

II. Characteristics of PVA fibers as wound dressing materials 

PVA is one of the most frequently used synthetic polymers employed in wound dressing 

materials56, drug delivery systems63, artificial organs64, and contact lenses.65 It is nontoxic, non-

carcinogenic, biocompatible and has a high degree of swelling in aqueous solutions.66 Novel 

carboxyl-modified PVA-crosslinked chitosan hydrogel films have been created for wound 

dressing materials.67 The swelling ratio was greatly improved such that the films can maintain a 

moist environment over the wound. Furthermore, they showed no cytotoxicity or hemolytic 
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potential. Gentamicin sulfate-loaded crosslinked hydrogel films showed sustained drug release 

over time to suppress bacterial proliferation. Another group used chitosan derivatives with 

quaternary ammonium groups to supress the growth of bacteria and fungi.68 In this case, the 

chitosan derivatives were mixed with PVA and crosslinked by incorporation of photo-crosslinking 

additives with UV irradiation. The fibers showed high antibacterial activity against both gram-

positive and gram-negative bacteria. PVA can also be used to produce hydrogels. PVA and 

carboxymethylated chitosan were made into hydrogels by electron beam irradiation at room 

temperature. The hydrogels were active against E. coli even when the concentration of 

carboxymethylated chitosan was only 3%. These results strongly support the potential of PVA as 

an attractive candidate for wound dressing materials. 

. 

2.4 Overview of stimuli-responsive degradation platforms 

Different stimuli can be used for triggering drug release in wound dressing materials and they 

are associated with their own advantages and limitations (Table 1).69 

Table 1. Advantages and limitations of different kinds of stimuli for drug delivery.69 

Stimulus Advantage(s) Limitation(s) 

Biomarker High target specificity Stability, potential leakage and possible 

immunogenicity of enzymes or 

antibodies used in the delivery system 

pH Small changes in pH can result in 

significant chemical and physical 

changes in drug carrier 

Limited to the clinical conditions that 

alter local pH 

Heat Cancer cells are sensitive to 

hyperthermia (i.e., apoptosis, 

increased sensitivity to radiation and 

chemotherapeutics) 

 

Thermally responsive drug-delivery 

systems are in clinical trials 

Risk of superficial tissue damage from 

external heating source needed for deep 

tissue penetration (attenuation of 

stimulus) 

Light Ability to sequentially trigger 

multiple payloads 

 

High degree of spatiotemporal 

precision 

Questionable safety and/or 

biodegradability of materials 

 

Safety risks and low tissue penetration 

for UV-Vis light 
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Comparing the pros and cons in Table 1, light is a most suitable stimulus as it allows for 

precise temporal and spatial control. Light is non-invasive,70 it has high spatial resolution and 

temporal control69 and is easy to implement. Because of this, light has been widely utilized in the 

biomedical field, including photochemically triggered release, photoisomerization and 

photothermal release. Photochemical triggering involves covalent bond cleavage initiated by light 

irradiation, where the encapsulated drug can be released as a result of bond cleavage.69 The ONB 

moiety can be cleaved irreversibly by UV light to release free carboxylic acid and 

o-nitrosobenzaldehyde.71 Coumarin-72 and pyrene-73 derivatives are also commonly used for 

UV-activated photocleavage reactions (Figure 4).73 

 

Figure 4.  Illustration of the photolysis of a pyrene-linked copolymer.73 

 

UV and high-energy visible light are often used for breaking covalent bonds as they have high 

energy. Photoisomerization involves reversible conformational changes within a molecule induced 

by light. Azobenzenes are popular for photoisomerization reactions, where the two phenyl groups 

linked by an N=N bond enables the transition from trans to cis with UV irradiation and from cis 

to trans with blue irradiation.74 Drug release can be triggered when the molecule changes to cis 

form. With blue irradiation, the molecule reverts back into the trans form, which closes the opening 

and the drugs are once again trapped (Figure 5). In the end, drug release can be turned on and off 

by using different wavelengths of light so that on-site drug delivery is achieved.75 
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Figure 5. Schematic illustration of NIR-triggered azobenzene-liposome/upconverting 

nanoparticle hybrid vesicles for controlled drug delivery.75 

 

Photothermal systems involve the irradiation of light on heat-generating elements and the heat 

can be transferred to local heat sensitive components in order to achieve drug delivery. A full 

system includes a chromophore that is able to convert light energy into heat and a 

thermal-responsive material that responds to temperature change in a specific fashion. Gold 

nanoparticles are inert and generally non-toxic, depending on their morphologies.76 They have 

tailorable properties including the absorption of NIR irradiation.77 

Poly(N-isopropylacrylamide-acrylamide-vinylpyrrolidone) (PNIPAAm) is widely used for 

thermal triggered release systems as it undergoes a reversible temperature-induced change in 

hydrophobicity at its lower critical solution temperature.59 PNIPAAm was electrospun to prepare 

stimuli-responsive nanofibers loaded with doxorubicin. The nanofibers are promising materials 

for cancer treatment and offer the potential of smart drug delivery due to their large surface area 

and porosity. 

 

2.4.1 O-nitrobenzyl molecules and their applications 

Photocleavable units are prominent in organic synthesis and have found many applications in 

biomedicine. The ONB moiety is one of the most used photolabile protecting groups among all 

the photolabile units that have been studied.23 The mechanism has been investigated in detail and 
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involves intramolecular H-atom transfer affording aci-nitro (nitronic acid) tautomers that are 

readily detected by their strong absorption at ca. 400 nm (Figure 6).71 The photo-deprotection of 

the ONB moiety produces o-nitrosobenzaldehyde and free carboxylic acids. 

 

Figure 6.  Photoisomerization mechanism of ONB alcohol derivatives.71 

 

One example of hydrogels for live cell encapsulation and release using the ONB group was 

reported in 2012.78 In this case, photodegradation allowed for external real-time control over the 

degradation of hydrogels with concomitant cell release. In another example, ONB linked 

methotrexate was covalently conjugated with a poly(amidoamine) dendrimer carrier for a drug 

release study.79 Using UV/vis spectroscopy, 1H-NMR spectrometry, and analytical HPLC, the 

authors showed that the photochemical mechanism is active under neutral and acidic conditions. 

Several factors, including wavelength, exposure time, substitution pattern of the ONB group and 

pH of the media, were shown to affect drug release kinetics. Light-activated approaches are 

suitable for many types of anticancer drugs and therapeutic and diagnostic applications that require 

non-invasive activation. 

 

2.5 Upconverting Nanoparticles 

The discovery of the lanthanides has to date back to the 18th century. Their unique properties 

originate from their 4f orbitals that possess effective spin-orbit coupling and shielding of 4f orbitals 
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by 5s and 5p shells. 80, 81, 82 The magnetic moments, susceptibilities, and electronic relaxation times 

of lanthanides are determined by their 4f electronic configurations.81 

 

2.5.1 Introduction to upconverting nanoparticles  

Upconversion refers to the process whereby two or more lower energy photons are absorbed, 

leading to the emission of a photon of higher energy. This kind of anti-Stokes emission is a 

nonlinear optical process, meaning that the intensity of incident light can affect the optical 

properties of the nanoparticles. The upconversion process is achieved by several mechanisms, 

namely: (i) Energy-Transfer Upconversion (ETU), (ii) Excited-State Absorption (ESA) and (iii) 

Photon Avalanche (PA).24 In ETU, successive energies are transferred from singly excited ions, 

which refers to the sensitizers, to activator ions which give emissions. To further explain, the 

excitation of the activator ions will be followed by sequential excitation from sensitizers until the 

final emission state. At least two ions need to be involved in ETU. In ESA, at least two photons 

are absorbed by the ion and this leads to the population of a higher excited state (Figure 7).24 It is 

possible only when an electron has already been excited to a excited state. ESA is more likely to 

be observed for ions with multiple electronic levels, e.g. Er3+ and Tm3+, whereas it is impossible 

in Yb3+. In PA, the incident photon energy is only resonant to higher excited states but not the 

ground state. PA requires a threshold energy that is strong enough to populate the higher excited 

states.84 For example,  a  LaCl3 crystal doped with Pr3+ was exposed to a continuous wave laser 

pump radiation which its frequency matches the ESA transition, 3H5 → 3P1. When this radiation 

was slightly higher than the threshold energy, fluorescence originating from 3P1 → 3P0 relaxation 

increased by orders of magnitude.84  

  

Figure 7.  Processes that generate upconversion emission: excited-state absorption (ESA), 

energy-transfer upconversion (ETU) and photo avalanche (PA).24  
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To achieve upconversion, the ions need to have metastable excited states with long lifetimes 

and a ladder-like arrangement of the energy levels with similar spacings. A common efficient 

upconversion phosphor is NaYF4 doped with Yb3+ and Er3+.85 Due to their outstanding properties, 

they are used in many different applications, such as solar cells, for displays and optical devices.81 

As compared to other luminescent particles and organic dyes, lanthanide nanoparticles are resistant 

to photobleaching, photo-blinking and autofluorescence from organisms.85 Using near infrared 

excitation allows deep penetration into tissue which makes UCNPs better candidates for biological 

applications. 

 

2.5.2 Mechanism of upconverting nanoparticles synthesis  

I. Nucleation 

In the 1940s, LaMer and coworkers implemented the concept of ‘burst of nucleation’ during 

the synthesis of aerosols and hydrosols.86 In this case, many nuclei are generated at the same time 

and proceed to grow without any additional nucleation. This feature makes it possible to control 

the size distribution of crystals during synthesis. If not, the nanocrystals differ vastly in size due 

to continuous nucleation. Therefore, it is of utmost importance to induce only one burst of 

nucleation events during synthesis and to inhibit additional nucleation events. In essence, this 

method separates nucleation and growth. In homogenous nucleation, nuclei appear without any 

pre-introduced seed nuclei, where the energy barrier to form a nucleus is very high since the system 

needs to spontaneously change from a homogenous to a heterogenous phase. To visualize the 

energy barrier for ‘burst of nucleation’, the LaMer plot is constructed as shown in Figure 8.84 In 

stage I, the concentration of the monomer increases with time gradually. In stage II, when the 

degree of supersaturation is high enough to overcome the energy barrier, stable nuclei will 

accumulate and form. The concentration of monomer decreases because the rate of consumption 

is higher than the rate of supply. It will eventually reach a level at which the number of nuclei 

formed per unit time is zero. The system subsequently enters stage III. At this stage no more 

nucleation occurs and the crystals continue to grow until the solution is no longer supersaturated. 

Finally, the system enters stage IV, Ostwald ripening. Sacrificial dissolution of smaller higher 

surface energy particles occurs allowing for the growth of more stable larger particles. 
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Figure 8.  LaMer plot showing the relationship between precursor concentrations and reaction 

time.84 

 

II. Growth 

Talapin et al. propose two underlying mechanisms for the size distribution behavior when 

there is no additional nucleation during the growth process: (i) The “focusing” effect is a 

kinetically driven process which continuously reduces the variance of the particle size.87 It works 

when the growth process is diffusion controlled and there is a high degree of supersaturation. (ii) 

Ostwald ripening occurs when the degree of supersaturation is low. Alivisatos and coworkers 

reported that the degree of supersaturation is inextricably related to the size distribution of the 

nanocrystals.88 They observed that during the initial period of the growth process in the hot-

injection method (Figure 9), average particle sizes increase rapidly, and the size distribution 

narrows simultaneously. After this stage, the growth rate decreases, and the size distribution 

broadens. This result illustrates the relationship between the degree of supersaturation and the size 

focusing by growth, which supports the “focusing” mechanism. 

 

2.5.3 Typical Synthetic Process 

I. Thermolysis 

Organometallic compounds (e.g. metallic trifluoroacetate salts) act as precursors which 

decompose at high temperature in high boiling point solvents and surfactants.84 Oleic acid (OA), 
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oleylamine and 1-octadecene (ODE) are common surfactants which contain functional groups able 

to coordinate to the nanoparticle surface. They have a long carbon chains to prevent the 

nanocrystals from aggregating. Varying the concentration of metal precursors, reaction time, 

temperature and the composition of solvent can lead to nanocrystals with different crystallinity, 

size distribution and optical properties. It is also important to note that thermolysis can produce 

toxic fluorinated and oxyfluorinated byproduct, as such, thermolysis should be carried out in a 

well-ventilated hood. 

In the one-pot hot-injection method, the precursors are mixed at a low temperature and brought 

to a very high temperature where the decomposition of precursors occurs quickly to achieve 

supersaturation.84 Supersaturation leads to a burst nucleation event, then the temperature is kept 

constant to prevent more nucleation. Monomers are subsequently added to the active nuclei 

resulting in a monodisperse population of uniform nanoparticles.24, 84  For the synthesis of 

core/shell nanoparticles, the precursors are metal trifluoroacetate. They are dissolved in OA/ODE 

and injected into the solution of core nanoparticles under high temperatures (Figure 9).89  

 

Figure 9.  Schematic illustration of nanoparticle synthesis.89 
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II. Hydrothermal Synthesis 

Hydrothermal refers to any heterogeneous reaction in the presence of solvents under high 

temperature and pressure to dissolve and recrystallize materials that are originally insoluble under 

normal conditions.85 Polyethylenimine, ethylenediaminetetraacetic acid and OA are suitable 

surfactants to control the size, morphology and crystalline phase. The metallic precursors, solvents 

and surfactants are mixed and heated in an autoclave which provides high temperature and pressure 

for the prolonged reaction. 

 

2.5.4 Selection of dopants and host lattice 

The upconverting nanoparticles consist of optically transparent and chemically stable 

crystalline host and optically active dopants. The distance between the dopants is very important, 

as it determines energy transfer dynamics among ions, which affects luminescence color and 

intensity to maximize luminescence intensity. Highly efficient upconversion requires optimization 

of the host lattice, dopant ions and their concentration.24 

I. Choice of Host Lattice 

The host lattice determines the distance between dopant ions, their relative spatial separation, 

their coordination numbers and the type of anions surrounding the dopant. In the ETU mechanism, 

for NaYF4:Yb3+, Er3+ nanoparticles, Er3+ is excited into the 4F7/2 state in two steps by Yb3+, which 

is the ion that absorbs NIR radiation (Figure 10).24 The 2H11/2 state and the 4S3/2 state are populated 

by nonradiative multiphonon relaxation steps. The ion may return to the 4I15/2 state or populate the 

4F9/2 state by an additional nonradiative multiphonon relaxation steps. Fluoride crystals are 

preferred due to the low phonon energies of the crystal lattice which benefits (i.e. populates) the 

long 4I11/2 lifetime and finally intense upconversion is achieved. Metal oxides, on the other hand, 

have high chemical stability but the phonon energies are high.  
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Figure 10.  Energy-level diagram, upconversion excitation and visible emission of Yb3+ 

sensitized Er3+ and Tm3+. Arrows indicate radiative and nonradiative energy 

transfer and multi-phonon relaxation processes.24  

 

Li+ ions are commonly introduced in the upconverting nanoparticles due to their small ionic 

radius, the mismatch of ionic radius with lanthanide ions creates lattice stress. Lattice stress is 

actually preferred for increasing emission intensity because it helps 4f intermixing with higher 

orbitals and increases the probability for f-f transitions.90 The hexagonal crystal polymorphs have 

ten times higher upconversion efficiencies when compared to their cubic counterparts.91 The high 

luminescence emission is due to the lower symmetry which allows f-f transitions.24 

II. Single Dopant 

For Er3+, Tm3+ and Ho3+, the gaps between energy levels are very similar. Sequential 

excitations to a high energy level are possible using a monochromatic light source.90 Increasing 

the dopant concentration can enhance the absorption, but non-radiative deactivation and cross-

relaxation limits the dopant concentration, unless more sophisticated core-shell strategies are 
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involved in upconverting nanoparticles’ engineering.92 The concentration limit depends on the 

exact distance between the lanthanide ions and the type of ions. In general, Er3+ doping does not 

exceed 3% and Tm3+ doping does not exceed 0.5%.24 These concentrations are not optimal for 

light absorption, therefore, the crystals are sometimes co-doped with strong absorbing ions called 

sensitizers. 

III. Codoping 

The most common sensitizer for Er3+ and Tm3+ is Yb3+. The energy state separations of Yb3+ 

are very similar to that of Er3+ which allows an efficient energy transfer process between the two 

ions. Yb3+ is often codoped in the lattice at high concentrations. Yb3+ can also attain efficient 

energy transfer with Tm3+. The energy of 980 nm photons from Yb3+, ranging from one to five 

photons, are transferred to one Tm3+ ion. Depending on the number of photons transferred, the 

upconversion emission will be different. These two couples show the highest efficiency when 

doped into the hexagonal phase of NaYF4. Yb3+ can also be co-doped with Ho3+ and Pr3+ ions.24 

 

2.5.5 The Core-Shell Strategy 

Due to the use of surfactants during the synthetic process, the nanoparticles bear oleic acid 

coating.93 The OH groups have high energy vibrational modes which can lead to quenching via 

multiphonon relaxation processes. Shelling can be carried out to reduce energy loss at the 

nanoparticle surface. An ideal shell should prevent energy transfer from the core to the outer 

surface. 

I. Passive Shelling 

The most straightforward shell material is the pure, undoped host material of the core lattice. 

Using the same material from the core crystal gives no lattice mismatch and therefore is the best 

choice. The successful deposition of the undoped material on the core surface can be deduced from 

an increase in average particle size determined by TEM together with an increase in luminescence 

efficiency.24  
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II. Active Shelling 

Other than optically inactive shells, optically active shells can also be used to achieve different 

outcomes such as increased luminescence and tuning the upconversion fluorescence. For example, 

J. Zhang et al. reported hexagonal NaYF4:Yb3+, Tm3+/β-NaYF4:Yb3+ , Er3+ (core-shell AB) and 

NaYF4:Yb3+, Tm3+/β-NaYF4:Yb3+ , Er3+/NaYF4:Yb3+, Tm3+ (core-shell-shell ABA) nanocrystals 

(Figure 11).94  

 

Figure 11.  The core-shell-shell ABA strategy.94 

 

Core-shell-shell ABA nanocrystals show a great enhancement of Er3+ fluorescence (Figure 

12) and can achieve multi-color fluorescence which displays no quenching of the Tm3+ emission.94 

 

Figure 12.  Fluorescence spectra of core-shell NaYF4:Yb,Tm@NaYF4: Yb,Er@NaYF4:Yb,Tm 

(ABA), NaYF4:Yb,Tm@NaYF4 :Yb,Er (AB), NaYF4:Yb,Er, and NaYF4:Yb,Tm 

nanocrystals.94  
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III. Silica Shelling 

Shelling amorphous silica on the nanoparticle surface can be achieved by Stöber type reactions, 

based on the hydrolysis of tetra-alkoxy silanes. Silica shells are chemically inert and offer an ideal 

platform for subsequent attachment of different functional groups on the surface, especially useful 

for the conjugation of biomolecules. 

 

2.5.6 Organic coatings for upconverting nanoparticles  

Surface ligands can affect the colloidal stability of UCNPs, especially when switching from 

an organic to an aqueous environment. Modification relies on deposition of additional layer 

coatings or ligand exchange, as discussed below. 

Deposition of the amphiphilic layer retains the initial oleic acid layer on the surface of UCNPs. 

In other words, the oleic acid layer has been shelled to allow dispersion in an aqueous environment. 

Examples include poly(isobutylene-alt-maleic anhydride)95, silica96 and 1,2-distearoyl-sn-glycero-

3-phospho-ethanolamine-N-[methoxy(poly-ethylene glycol)-2000] (ammonium salt)97. The 

ligand interaction is driven by van der Waals interactions between the hydrophobic alkyl chains of 

the oleic acid and the amphiphilic ligands. 

Ligand exchange involves the complete exchange of the initial oleic acid ligands by 

hydrophilic ligands.97 Examples include citrate98 and NOBF4.
99 A complete exchange can be 

ensured by higher temperatures, excess of the new ligands and a suitable solvent.100 The choice of 

solvent depends on the dynamic solvability of the hydrophobic and the new surface ligand. For 

example, multidentate ligands are preferred over monodentate ligands and carboxylate groups are 

preferred over amines due to a higher coordination ability.100 This technique is based on pH 

changes and renders water dispersible UCNPs due to the positively charged nanoparticle 

surface.101-102 

 

2.5.7 Upconverting nanoparticle-based drug delivery systems  

UCNPs are very versatile due to their NIR-excitation nature, which can then be used in drug 

delivery for high tissue penetration depth. Xiang et al. reported a new approach to encapsulate 
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charged cargo molecules into a nanocarrier constructed with negatively charged UCNP@silica and 

positively charged UV-labile polyelectrolyte bearing pendants of poly(ethylene glycol) and ONB 

moieties through electrostatic interaction-driven complexation.103 Another study is that charged 

fluorescein, a drug surrogate, was loaded by co-complexation of fluorescein and polyelectrolyte 

onto UCNPs. Under NIR 980 nm excitation, the UCNPs emitted UV light to excite the 

photosensitive ONB group and carboxylic acid groups were formed. The polyelectrolyte layer 

changed from positively charged to negatively charged which disturbed the equilibrium of the 

UCNP@SiO2 surface and polyelectrolyte. Ultimately, fluorescein molecules were released (Figure 

13).103 

 

Figure 13.  (a) Schematic illustration of NIR light-triggered polymer layer disruption and drug 

release from the UCNP@silica@polyelectrolyte self-assembled through 

electrostatic interactions. (b) Polymer chemical structure, UCNP 

(NaLuF4:18%Yb,0.5% Tm@NaYF4), and the NIR light-triggered photocleavage 

reaction of the photolabile polyelectrolyte.103  

 

Controllable “on” and “off” drug release was reported in another example. Yao et al. 

demonstrated novel near-infrared-triggered liposome drug delivery system based on an 

upconverting nanoparticle encapsulated azobenzene liposome nanostructure.75 By infrared 

radiation, the azobenzene molecules associated with the UCNPs convert from trans to cis under 

UV radiation and convert from the cis to the trans under blue radiation. This configurational 

change disrupts the liposome membrane and leads to controlled drug release. Jalani et al. reported 
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the development of LiYF4:Yb3+ /Tm3+@SiO2 coated with a layer of chitosan hydrogel cross-linked 

with an ONB photocleavable crosslinker.104 The chitosan layer encapsulated fluorescein 

isothiocyanate-bovine serum albumin (FITC-BSA) inside the gel. Under 980 nm excitation, the 

upconverted UV emission cleaves the crosslinked bonds and instantaneously liberates the FITC-

BSA under as much as 2 cm thick tissue. The release is immediately arrested if the excitation 

source is switched off. While Dcona et al. demonstrated a fast release of Dox from UCNPs by 

loading a photocaged Dox directly onto the surface of the UCNP via an ONB photocleavable 

linkage. This system or the systems’ derivatives should be compatible with release of Dox into 

cells in response to tissue penetrating NIR light (Figure 14).105  

In conclusion, by reviewing the literatures of UCNPs in drug delivery, its non-invasive and 

high penetration nature has attracted great interest in developing a wide variety of promising drug 

delivery vehicle and systems. 

 

 

Figure 14.  Schematic illustration of drug releasing system of UCNP and Dox conjugates. The 

incoming NIR excite the UCNP and the UV emission of UCNP leads to 

photocleavage and finally the release of drug.105 
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Chapter 3 Methods  

3.1 Materials and instrumentation  

3.1.1 Materials. Y2O3 (REacton 99.999%), Yb2O3 (REacton, 99.998%), Tm2O3 (REacton, 

99.997%), 1-octadecene (ODE, 90%), and oleic acid (OA, 90%) from Alfa Aesar (USA); sodium 

borohydride from Anachemia; 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) from 

Matrix Innovation; and phosphate-buffered saline (PBS) tablets, sodium hydroxide (NaOH), 

sodium sulphate, nitric acid (70%), potassium carbonate, lithium trifluoroacetate (98%), 

oleylamine (OM, 70%), acetovanillone, dichloromethane (DCM), dimethylformamide (DMF), 

ethyl-4-bromobutyrate, hydrochloric acid (HCl), trifluoroacetic acid (TFA, 99%), molecular 

sieves (pore size = 3Å), 4-dimethylaminopyridine (DMAP), bis(hexamethylene)triamine (BHMT, 

95%), levofloxacin, poly(ethylene glycol)-diamine (Mn = 3000 g/mol), PVA (Mw = 89 000 to 98 

000 g/mol, 99.9% hydrolyzed) and poly(maleic anhydride-alt-1-octadecene) (PMAO, average Mn 

= 30,000-50,000) were purchased from Sigma-Aldrich and used as received. DCM and DMF were 

dried over molecular sieves (pore size = 3Å). 

3.1.2 Instrumentation. The crystal phase of the UCNPs was determined via X-ray powder 

diffraction (XRPD) analysis on a Bruker D8 Advance Diffractometer (Germany) using Cu Kα 

radiation. Rietveld refinements were performed on the PXRD patterns of selected samples using 

Maud software.  

The morphology and size distribution of colloidal UCNPs were investigated by transmission 

electron microscopy (TEM) analysis. TEM was performed using 200-mesh Cu TEM grids. The 

grids were imaged with the FEI Tecnai G2 F20 TEM equipped with the Gatan Ultrascan 4000 

CCD camera Model 895 in bright field at 200 keV. The proprietary Digital Micrograph 16-bit 

images (DM3) were converted to unsigned 8-bit TIFF. ImageJ software was used to determine the 

average diameters and their distributions with minimum 200 nanoparticles per sample.106 

The sizes and their distributions in hydrodynamic diameters of UCNPs in dispersions were 

measured by dynamic light scattering (DLS) at a fixed scattering angle of 175° at 25 °C with a 

Malvern Instruments Nano S ZEN1600 equipped with a 633 nm He−Ne gas laser. Upconversion 

emission spectra on an Avaspec-ULS2048L spectrometer (Avantes, The Netherlands) were 

recorded using at 980 nm continuous-wave laser diode excitation (BWT, China) with 435 mW 
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laser power and 346 W/cm2 of power density. The upconversion emission was collected using a 

lens at a 90° angle from the excitation beam and upconversion emission was corrected to the 

number of UCNPs per unit volume, which varies for different sized UCNPs in the same m/v 

concentration. The number of UCNPs was estimated considering their crystalline phase, physical 

dimensions and material density properties. Absorption spectra were recorded on a Lambda 750 

UV/Vis/NIR spectrometer (PerkinElmer, USA).107 UV/vis spectra on an Agilent Cary 60 UV/vis 

spectrometer were recorded using a 1 cm wide quartz cuvette. Thermogravimetric analysis (TGA) 

was carried out using a TA instrument Q50 analyzer. Typically, dried samples were placed in a 

platinum pan inside a programmable furnace. They were then heated from 25 to 800 ℃ at a heating 

rate of 10 ℃/min under nitrogen flow. Mass loss was then calculated. 1H NMR spectra were 

recorded using a 500 MHz Varian spectrometer. The residual CHCl3 singlet at 7.26 ppm was 

selected as the reference standard. 

3.1.3 Synthesis and surface modification of LiYbF4:Tm3+ (0.5%)/LiYF4 UCNPs 

I. Preparation of precursor solution. Core precursor solution was synthesized as follows. 

Yb2O3 (1.24 mmol), Tm2O3 (6.25 x 10-3 mmol) were added into a three-neck 50 mL flask. Distilled 

water (5 mL) and trifluoroacetic acid (5 mL) were added into the flask. The cloudy solution was 

stirred under reflux at 80 °C until it becomes clear. Solvent was evaporated at 60 °C for 24 hrs. To 

synthesize shell precursors, Y2O3 (2.5 mmol) was added into a three-neck 50 mL flask. Distilled 

water (5 mL) and trifluoroacetic acid (5 mL) were added into the flask. The cloudy solution was 

stirred under reflux at 80 °C until it became clear. Solvent was evaporated at 60 °C for 24 hrs. 

After the synthesis of core and shell precursors, the nanoparticles were prepared by thermal 

decomposition method. The core precursors were mixed with CF3COOLi (2.5 mmol), oleic acid 

(5.25 mL), oleylamine (2.25 mL) and 1-octadecene (7.5 mL). The resulting mixture was heated to 

125 °C with constant stirring under vacuum. In another 3 neck 100 mL flask, oleic acid (8.75 mL), 

1-octadecene (12.5 mL) and oleylamine (3.75 mL) were mixed and degassed under vacuum at 

150 °C. After 30 min, the temperature of the mixture was slowly increased to 330 °C under Ar 

flow. The solution with degassed precursors were then injected into the mixture of solvents at a 

rate of 1 mL min-1. The mixture was stirred for 1 hr at 330 °C, after which it was allowed to cool 

to room temperature under Ar flow. 
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II. Shelling of LiYbF4: Tm3+ with LiYF4. The shell precursors were mixed with CF3COOLi 

(5 mmol), oleic acid (10 mL) and 1-octadecene (10 mL). The resulting mixture was heated to 

125 °C with constant stirring under vacuum. In another three-neck 100 mL flask, the core solution 

(14.4 mL; equivalent to 1 mmol) was mixed with oleic acid (3 mL) and 1-octadecene (3 mL) and 

degassed under vacuum at 150 oC. After 30 min, the temperature of the mixture was slowly 

increased to 290 °C under Ar flow. The solution with shell precursor was injected into the core 

solution at a rate of 0.75 mL min-1 in three steps of even volume addition and allowed to react for 

45 minutes after each step. The mixture was stirred for 1 hr at 330 °C, after which it was cooled to 

room temperature under Ar flow prior to precipitation with acetone. The nanocrystals were then 

separated via centrifugation (10000 rpm on Sorvall LYNX 4000 Superspeed Centrifuge) and 

further purified by precipitation from a 1/4 v/v hexane/acetone and following a 1/4 v/v 

hexane/ethanol mixtures upon centrifugation. 

3.1.4 Fabrication of PMAO-crosslinked UCNPs colloids. A dispersion of OA-UCNPs (50 

mg) in hexane (1 mL) was redispersed in chloroform (14 mL) and mixed with PMAO (0.21 g, 3 

mL in chloroform) under stirring for 1 hr. After the addition of BHMT (0.4 mg, 100 μL), the 

resulting mixture was sonicated for 30 mins (Branson M1800 Ultrasonic Cleaner). The solvent 

was evaporated under vacuum by rotatory evaporation and then the residue was dispersed in water 

containing 1M NaOH (2 mL) and then sonicated for an additional 1 hr. The dispersion was 

subjected to filtration with a disk-type 0.45 μm pore-sized filter. The resulting PMAO-crosslinked 

UCNP colloids were isolated by centrifugation (10,000 rpm x 25 min at room temperature, Sorvall 

LYNX 4000 Superspeed Centrifuge, diameter = 80.5 cm). Their aliquots were ready to prepare 

stable dispersions in PBS solutions.  

3.1.5 Synthesis of photo-cleavable levofloxacin-conjugated PEG (hvL-PEG)  

Ethyl 4-(4-acetyl-2-methoxyphenoxy)butanoate (A1). An organic solution of 

acetovanillone (10 g, 60 mmol) and K2CO3 (16.6 g, 120 mmol) dissolved in DMF (100 mL) was 

mixed with ethyl-4-bromobutyrate (17.6 g, 90 mmol) and purged with N2 for 20 mins in a 20 mL 

vial with magnetic stirring for 16 hrs. The reaction mixture was precipitated from water (1 L) for 

2 hrs at room temperature and then placed at 4 °C for 16 hrs to promote more precipitation. The 

precipitate was filtered, lyophilized, and isolated as a white powder: Yield = 15.3 g (91%). 1H 
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NMR (500 MHz, CDCl3) δ 7.54 (m, 2H), 6.89 (d, J = 8.2 Hz, 1H), 4.20 – 4.09 (m, 4H), 3.91 (s, 

3H), 2.60 – 2.48 (m, 5H), 2.18 (p, J = 6.8 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

Ethyl 4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoate (A2). The purified, dried A1 (10 g, 

35 mmol) was slowly poured into 70% aqueous nitric acid solution (40 mL) in an ice bath under 

stirring for 3 hrs. The reaction mixture was precipitated from water (1 L) and placed at 4 °C 

overnight to promote precipitation. After the precipitate was filtered and dried, the product was 

recrystallized in ethanol, and then isolated as a yellow crystalline solid: Yield = 7.1 g (61%). 1H 

NMR (500 MHz, CDCl3) δ 7.60 (s, 1H), 6.74 (s, 1H), 4.20 – 4.117 (m, 4H), 3.95 (s, 3H), 2.54 (t, 

J = 7.2 Hz, 2H), 2.49 (s, 3H), 2.19 (p, J = 6.7 Hz, 2H), 1.26 (t, J = 7.1 Hz, 3H). 

Ethyl 4-(4-hydroxyl-2-methoxy-5-nitrophenoxy)butanoate (A3). The purified, dried A2 (6 

g, 18.4 mmol) and sodium borohydride (2.08 g, 55 mmol) were mixed in ethanol (100 mL) with 

molecular sieves (pore size= 3 Å). The reaction mixture was subsequently purged with nitrogen 

for 1 hr and then left for 16 hrs at 60 °C. The molecular sieves were filtered and the reaction 

mixture was washed with brine twice and water once. The organic phase was evaporated under 

vacuum using a rotatory evaporator. The product was dried in vacuo and isolated as a yellow solid: 

Yield = 3.6 g (60%). 1H NMR (500 MHz, DMSO) δ 7.53 (s, 1H), 7.36 (s, 1H), 5.48 (d, J = 4.4 Hz, 

1H), 5.33 – 5.19 (m, 1H), 4.17 –3.99 (m, 4H), 3.91 (s, 3H), 2.48 (m, 2H), 1.99 (p, J = 6.8 Hz, 2H), 

1.37 (d, J = 6.2 Hz, 3H), 1.19 (t, J = 7.1 Hz, 3H). 

Ethyl 4-(4-hydroxyl-2-methoxy-5-nitrophenoxy)butanoic acid (A4). The purified, dried 

A3 (1 g, 3.1 mmol) was dissolved into water (20 mL). A solution of TFA (4.7 mL, 61.1 mmol) 

was added slowly into the reaction mixture. The reaction mixture was stirred for 16 hrs at 90 °C. 

Thin Layer Chromatography (TLC; silica plate; hexane:ethyl acetate = 1:1) was carried out to 

ensure reaction completion. The black solid was filtered immediately and the filtrate was allowed 

to cool down to room temperature. The filtrate was cooled in an ice-bath to promote precipitation. 

The combined precipitates were then dissolved in a minimum amount of 1M NaOH (10 mL) and 

acidified to pH 1 by dropwise addition of conc. HCl. The product was filtered and dried in vacuo 

and isolated as a yellow brown solid: Yield = 0.61 g, (67%). 1H NMR (500 MHz, DMSO) δ 12.18 

(s, 1H), 7.55 (s, 1H), 7.37 (s, 1H), 5.50 (m, 1H), 5.27 (m, 1H), 4.07 (t, J = 6.5 Hz, 2H), 3.92 (s, 

3H), 2.40 (t, J = 7.3 Hz, 2H), 1.96 (m, 2H), 1.37 (d, J = 6.2 Hz, 3H). These spectral data matched 

those previously reported.70 
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A photo-cleavable ONB-PEG (A5). The purified, dried A4 (0.3 g, 0.9 mmol), DMAP (0.03 

g, 0.2 mmol) and PEG-diamine (1.2 g, 0.3 mmol) were dissolved in a minimum amount of DMF 

(5 mL) and DCM (15 mL) in an ice-bath. A solution of EDC (0.4 g, 2.2 mmol) in DCM (5 mL) 

was added dropwise into the reaction mixture under stirring for 10 mins and stirring was continued 

for 16 hrs at room temperature. The reaction mixture was washed with brine solution three times 

and dried over sodium sulfate. The reaction mixture was concentrated under vacuum by rotatory 

evaporation and precipitated in diethyl ether (600 mL). The product was filtered and isolated as a 

brown solid: Yield = 1.2 g (72%). Conjugation efficiency = 86%. (Section 4.2) 1H NMR (500 

MHz, DMSO) δ 7.89 (t, 1H), 7.55 (s, 1H), 7.37 (s, 1H), 5.50 (m, 1H), 5.27 (m, 1H), 4.07 (t, J = 

6.5 Hz, 2H), 3.92 (s, 3H), 3.62 – 3.40 (s, 4H), 2.40 (t, J = 7.3 Hz, 2H), 1.96 (m, 2H), 1.37 (d, J = 

6.2 Hz, 3H). 

Levofloxacin conjugated PEG-photocleavable molecules (hvL-PEG). Levofloxacin (1.2 g, 

3 mmol) was pre-activated by EDC (1.6 g, 8 mmol) and DMAP (0.9 g, 7 mmol) in anhydrous 

DCM (20 mL) under purging with nitrogen. The purified, dried A5 (0.2 g, 0.05 mmol) was 

dissolved in anhydrous DMF (5 mL) purged with nitrogen and injected into the EDC reaction 

mixture under stirring. The stirring continued for 3 days at room temperature in the dark. The 

mixture was washed with brine three times and distilled water once. After it was dried over sodium 

sulphate and concentrated by rotatory evaporation, the product was precipitated from diethyl ether. 

The product was filtered as pale brown solid: Yield = 0.15 g (60%). Conjugation efficiency = 91%. 

(Section 4.2) 

3.1.6. Fabrication of electrospun fibers  

General procedure for electrospinning to fabricate nanofibers. The electrospinning 

process was carried out by applying a voltage of 23 kV to the precursor polymer solution at a feed 

rate of 0.6 mL/hr (LEGATO® 110 syringe pump from KD Scientific, U.S.A.), using a 2 mL glass 

syringe (Becton Dickinson and Co., U.S.A.) and a 21 gauge syringe needle. In general, a given 

amount of PVA was dissolved in water (2 mL) under stirring at 90 C for two hours. The formed 

PVA solution was transferred to a 2 mL glass syringe (Becton Dickinson and Co., U.S.A.) 

equipped with a 21 gauge syringe needle for electrospinning. The electrospun nanofibers were 

collected on an aluminium foil-wrapped plastic stand placed 8 cm from the syringe tip. The 

collected fibrous mat was rinsed with methanol and dried in an oven at 50 C for 16 hrs. 
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3.1.7 Fabrication of crosslinked PMAO-x/UCNP-embedded crosslinked PVA fibers 

(UCNP/hvL-PEG fibers). A home-made electrospinning set-up is shown in Figure 15. A similar 

procedure described in Section 3.1.6 was used to prepare PMAO-x/UCNP-embedded fibers from 

a clear solution composed of an aqueous PMAO-x/UCNP colloids (0.5 mL) dispersed in a 12 wt% 

aqueous PVA solution (2 mL). For crosslinking, the formed electrospun fibers were immersed in 

acetone (20 mL) were mixed with a trace amount of conc. HCl and GA (10 mol% HCl with respect 

to GA; CHO:OH mol eq. ratio = 4:1) for 30 min. The fibers were then washed with methanol (10 

mL) three times and dried in an oven at room temperature for 16 hrs.108-109 

 

Figure 15.  A digital image of our home-made electrospinning set-up with (a) syringe pump, 

(b) syringe tip, (c) plastic stand and (d) high voltage source.  

 

3.2. Characterization and evaluation  

3.2.1 Swelling ratio. Pieces of dried PVA fibers (100 mg) were immersed into Phosphate 

Buffer Saline (PBS) solution (40 mL) at room temperature. After 24 hrs, they were wrapped with 

a Kimwipe to remove residual solution from the fibers. The swelling ratio was determined by 

the weight ratio wet to dry fibers. 
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3.2.2 In vitro drug release. For solution samples, levofloxacin (2 mg) was dissolved in water 

(2 mL) in a dialysis tube (MWCO = 1.0 kDa), and hvL-PEG (2mg) in water (2 mL) in a dialysis 

tube. For fiber samples, various PVA fibers were fabricated using the standard procedure (as 

described in section 3.1.7) by electrospinning from a series of 12 wt% aqueous PVA solutions (2 

mL) mixed with levofloxacin (2 mg) for levofloxacin-loaded fibers, hvL-PEG (2 mg) for hvL-

PEG-loaded fibers, and both PMAO-x/UCNP (25 mg) and hvL-PEG (2 mg) for PMAO-x/UCNP-

hvL-PEG-embedded fibers. The formed fibers were subjected to GA-induced crosslinking. Pieces 

of the formed fibers (100 mg) were mixed with PBS solution (40 mL) and placed in a dialysis tube 

(MWCO = 1.0 kDa). For solution samples, aqueous solutions of levofloxacin (2 mg) dissolved in 

water (2 mL) or hvL-PEG (2 mg) dissolved in water (2 mL) were placed in a dialysis tube (MWCO 

= 1.0 kDa). All drug release tests were carried out in triplicate. 

For samples of levofloxacin solutions and levofloxacin-embedded fibers, our release 

experiments started immediately after the samples were placed in dialysis tubing in PBS solution 

(40 mL). Fiber samples containing light-cleavable ONB linkages were stored in solution in the 

dark for 24 hrs before release experiments. hvL-PEG-embeded fiber samples were subjected to 

irradiation with UV light at 365 nm (4W). PMAO-x/UCNPembedded PVA fibers were irradiated 

with 980 nm NIR (1W) laser. Aliquots of outer PBS solutions (4 mL) were taken periodically to 

record the UV-vis spectrum and replaced with the same volume of fresh PBS solutions to maintain 

sink condition. Sink condition is defined as the volume of dissolution medium, with or without a 

solubiliser, needed to provide complete dissolution of the expected amount of drug present in the 

product. 22, 110-111 

To calculate the accumulative drug released from the sample, the absorbance at different times 

were first converted to concentration (mol L-1) and then converted to amount (µg). The amount 

(µg) were multiplied by ten (amt. x10) because 4 mL of solution was removed from the 40 mL 

PBS solution each time. The accumulative drug release was calculated by the sum of the amt. x10 

at that time and the amount in µg of all the previous time points. In this way, the concentration of 

the discarded PBS solutions was also accounted for. 

3.2.3 Bacterial cultivations. Escherichia coli (E. coli, ATCC 25922) and Staphylococcus 

aureus (S. aureus, ATCC 29213) were acquired from the American Type Culture Collection 

(ATCC). The disk diffusion method was adapted from the Clinical & Laboratory Standards 
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Institute (CLSI) standard protocol.112 Briefly, bacteria were grown in Mueller Hinton Broth 

(MHB) media at 37 ℃ rotating at 225 rpm. Bacterial isolates were resuspended in MHB media 

and streaked on 1.5% Mueller Hinton Agar (MHA) plates and placed at 37 °C for 18-24 hrs prior 

to each experiment. Following CLSI guidelines, for broth microdilution and direct colony 

suspension testing, bacterial cultures were transferred to MHB (E. coli) and adjusted to a final 

turbidity equivalent to a 0.5 McFarland standard (1 X 106 CFU/mL).  Bacteria were spread on 

MHA plates using sterile cotton swabs before adding the nanofibers mats (10 mm in diameter) 

using a sterile spatula. The plates were then incubated at 37 ℃ for 16-20 hrs. Zones of inhibition 

(ZOI) were measured in mm using a ruler. 

3.2.4 Statistical analysis. Data were recorded as mean ± standard deviation (SD). The average 

diameters of the nanofibers and inhibition zones in disc diffusion assays were measured using ruler.  
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Chapter 4 Synthesis, drug delivery and antimicrobial 

evaluation of PVA fibers  
  

 

4.1 Fabrication of aqueous PMAO-crosslinked UCNP colloids  

Well-defined colloidal UCNPs with the chemical composition of LiYbF4:Tm3+ (0.5%)/LiYF4 

stabilized with oleic acid (OA-UCNPs) in hexane were synthesized by a thermal decomposition 

method at 330 C. The detailed procedure with the use of oleic acid (a coordinating ligand), 1-

octadecene (a noncoordinating ligand), and oleylamine as a solvent is described in section 3.1.3.113 

Passive shelling was performed on core lanthanides because the optically inactive shell can reduce 

the energy loss from the core to the surrounding solvent molecules. Transmission electron 

microscopy (TEM) analysis confirmed that the resulting core/shell nanocrystals were diamond-

shaped, with a diameter of 46.4 ± 3.5 nm (Figure 16b), which is larger than that of 29.2 ± 3.1 nm 

for LiYbF4:Tm3+ core nanocrystals (Figure 17a). Dynamic light scattering (DLS) analysis gave a 

diameter of 69.1 nm in a monomodal distribution (Figure 16c). Upon excitation with 980 nm NIR 

laser light, the dispersion of nanocrystals exhibited strong upconversion emission spanning the 

UV, visible and IR regions. Figure 17b shows the emission spectrum of the UCNP colloids with 

peak assignments corresponding to energy level transitions. The two upconverted UV emissions 

at ca. 350 nm are assigned to the 1I6 →
3H6 and 1D2 →

3H6 transitions, the three blue emissions at 

ca. 500 nm are assigned to the 1D2 →
3F4, 

1G4 →
3H6 and 1D2 →

3H5 transitions, the red emission at 

ca. 650 nm is assigned to the 1G4 →
3F4 transition. The infrared emission at ca. 800 nm is assigned 

to the 3H4 →
3H6 transition.113 The X-ray diffraction (XRD) pattern of the nanocrystals (Figure 18) 

indicates the formation of the tetragonal phase and is indexed to the corresponding hkl planes.114 

The dopant ions, Tm3+ and Yb3+, are situated in the crystal lattice with S4 point symmetry.115  
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Figure 16.  (a) Schematic illustration to fabricate aqueous PMAO-x/UCNP colloids through 

intercalation and following crosslinking. (b) TEM image and (c) DLS diagram of 

organic OA-UCNP colloids and (d) TEM image and (e) DLS diagram of 

PMAO-x/UCNP colloids. 

 

 

Figure 17.  (a) TEM image of LiYbF4: Tm3+ and (b) emission spectrum of LiYbF4: Tm3+/LiYF4 

UCNPs. 
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Figure 18.  XRD of LiYbF4:Tm3+and LiYbF4:Tm3+/ LiYF4 UCNPs. 

 

The purified OA-UCNPs were coated with PMAO, yielding colloidally-stable PMAO-

crosslinked UCNP colloids (PMAO-x/UCNPs) in aqueous solution. Figure 16a illustrates the two-

step procedure, including: (1) the intercalation of long alkyl chains of OA bound to the UCNP 

surfaces with hydrophobic pendant octadecane chains of PMAO and (2) the subsequent 

crosslinking of the PMAO carboxylic acid groups with BHMT through an EDC coupling reaction. 

The detailed synthesis and structural characterization of the same nanoparticles by fourier-

transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), and 

thermogravimetric analysis (TGA) are reported eleswhere.116 From the TGA analysis, the organic 

coating was estimated to be ca. 6% for the PMAO-x/UCNP colloids. The formed PMAO-x/UCNP 

colloids had an average diameter for the UCNP core of 40.4  2.2 nm, which is similar to that 

determined for the OA-UCNPs by TEM analysis (Figure 15d). As expected, the hydrodynamic 

diameter by DLS was larger (89.0 nm) (Figure 15e).  
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4.2 Synthesis and photo-responsive properties of a photo-cleavable 

levofloxacin-conjugated PEG (hvL-PEG).  

The scheme shown in Figure 19 to synthesize levofloxacin-PEG-ethyl 4-(4-hydroxyl-2-

methoxy-5-nitrophenoxy)butanoic acid (hvL-PEG) involves six-steps and is based on three 

literature procedures with modifications.22, 70, 78 Starting from acetovanillone, alkylation was 

performed to introduce an ester group on the molecule (A1). Nitration occurred at the ortho 

position because of the -OCH3 para-directing group and the bulky alkyl chain preventing nitration 

at the meta position (A2). Reduction (A3) and hydrolysis were subsequently performed to obtain 

ethyl 4-(4-hydroxyl-2-methoxy-5-nitrophenoxy)butanoic acid (A4). A4 was then EDC coupled 

with PEG-diamine to impart hydrophilicity to the molecule. Levofloxacin was conjugated to the 

this precursor (A5) through another facile EDC coupling reaction in the last step to synthesize 

hvL-PEG (A6). All intermediates were characterized by 1H-NMR spectroscopy (Figure 20-25). 

 

Figure 19.  Overall reaction scheme to synthesize hvL-PEG.22, 70, 78 
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Figure 20.   (a) Reaction scheme and (b) 1H-NMR in CDCl3 of A1. 

 

 

Figure 21.   (a) Reaction scheme and (b) 1H-NMR in CDCl3 of A2. 
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Figure 22.   (a) Reaction scheme and (b) 1H-NMR in CDCl3 of A3. 

 

Figure 23.   (a) Reaction scheme and (b) 1H-NMR in CDCl3 of A4. 
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Figure 24.   (a) Reaction scheme and (b) 1H-NMR in CDCl3 of A5. 

 

 

Figure 25.   (a) Reaction scheme and (b) 1H-NMR in CDCl3 of A6. 
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The 1H-NMR spectrum of A6 in Figure 16a shows the peaks at 𝛿 4.25 ppm, 4.5 ppm and 4.75 

ppm which correspond to levofloxacin, confirming its conjugation to PEG. Furthermore, the peak 

at 𝛿 5.25 ppm corresponding to the methylene protons adjacent to the terminal OH group (A5) 

prior to conjugation is virtually absent, confirming the high conjugation efficiency. While the peak 

at 𝛿 6.5 ppm corresponds to the methylene group adjacent to the ester groups after conjugation. 

Using the integration ratio of peak a (3.00) to peak b (0.91) (Figure 25), the conjugation efficiency 

of levofloxacin was determined to be ca. 45%, which is much greater than that reported in the 

literature (4%).104 All reaction conditions were the same as the literature procedure except for the 

amount of levofloxacin. The literature procedure used 3.5 times excess of levofloxacin. It is 

believed that the use of excess molar equivalents of levofloxacin (30 times) herein likely 

contributed to the significant increase in conjugation. The product was further characterized with 

UV-vis absorption spectroscopy, where the maximum absorption at 289 nm confirms the 

conjugation of levofloxacin to the PEG derivative (Figure 26).  

 

Figure 26. UV/Vis spectra of hvL-PEG (A6; red), compared with levofloxacin (blue) in PBS 

buffer. 
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in PBS solution (pH = 7.4) was placed in dialysis tubing (MWCO = 1000 Da). Figure 27b shows 

an overlay of UV spectra of outer PBS solution sampled at specified times. As expected, the 

absorbance at 289 nm increased with irradiation time, which is attributed to the increasing amount 

of free levofloxacin that diffused through the dialysis membrane upon cleavage of ONB linkages. 

The spectroscopic overlap of the UV absorption spectrum of hvL-PEG with the emission 

spectrum of the UCNPs was confirmed (Figure 27c). It shows significant overlap in the 300-400 

nm range, which favors the cleavage of the ONB linkages by the absorption of light emitted from 

the UCNPs in this range. This absorption ultimately leads to the release of levofloxacin from hvL-

PEG.     

 

Figure 27.  (a) Chemical structure and 1H-NMR spectrum of hvL-PEG, (b) overlaid UV/vis 

spectra of levofloxacin drug molecules diffused through dialysis tubing upon the 

cleavage of ONB linkages in hvL-PEG in PBS, and (c) overlap of UV absorption 

spectrum of hv-L-PEG (red) with emission spectrum of UCNPs (black). 
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4.3 Investigation of electrospinning to fabricate UCNP-embedded electro-spun 

PVA fibers.  

We constructed a home-made electrospinning setup shown in Figure 15 and optimized its 

instrumental parameters (i.e. voltage, injection rate and distance between the syringe tip and 

collector plate) to produce high-quality fibrous mats (see inset in Figure 28a to 28c). With the 

optimized conditions, the concentration of PVA solution was varied at 10, 12, and 14 wt%. SEM 

images in Figure 28 shows the formation of bead-free and uniform PVA fibers. Using image J, 

their diameters were estimated to be 124 ± 20 nm for 10 wt% PVA, 150 ± 21 nm for 12 wt% PVA, 

and 171 ± 28 nm for 14 wt% PVA. The diameter linearly increased with increasing weight %, 

which is likely due to the increasing viscosity of the aqueous PVA solution (Figure 28d). 

 

Figure 28.  The SEM images of (a) 10 wt% PVA fibers with the appearance of PVA fibers in 

the inset with diameter of 4 cm, (b) 12 wt% PVA fibers, (c) 14 wt% PVA fibers as 

well as (d) linear relationship of average diameter of fibers over PVA concentration. 
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acidic solution. Using a literature procedure,108 the amount of GA was set with a mole equivalent 

ratio of CHO/OH = 2/1 in the presence of a trace amount of HCl as an acid catalyst. The resulting 

crosslinked fibers did not dissolve but swell in water with a swell ratio of 3.5 ± 0.2 in PBS buffer 

(pH = 7.4). TGA analysis confirmed the amount of UCNPs in the fibers to be 10.9 (wt%) (Figure 

29). 

 

Figure 29.  TGA of bare UCNPs, PVA and PMAO-x/UCNP in PVA fiber. 
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observation of drug release from aqueous solution, we next investigated light-responsive drug 

release from PVA fiber systems. 

The next control experiment prior to using NIR irradiation was to test the release of 

levofloxacin from hvL-PEG/PVA fibers upon UV irradiation. For quantative analysis, the 

extinction coefficient of levofloxacin in PBS at 289 nm was first determined to be 32056 L mol-1 

cm-1 (Figure 31) and used to calculate the amount of levofloxacin released from fibers at given 

times with its absorbance obtained of levofloxacin using the Beer-Lambert equation. As seen in 

Figure 30b, no release of levofloxacin was observed until exposure to UV irradiation. Upon UV 

radiation, levofloxacin molecules abruptly released, reaching 65% in the first 30 mins, and then 

gradually increased with time. In another set of control experiments, free levofloxacin embedded 

PVA fibers were used for comparison (Figure 30c). Similar to the hvL-PEG-embedded fibers upon 

UV irradiation, an abrupt release of free levofloxacin molecules was observed, and the 

accumulative release of levofloxacin reached to 70%; however, this system also showed 

incomplete release. These results from two fiber systems show that levofloxacin molecules can be 

released from hvL-PEG after cleavage of the ONB linkage upon UV irradiation. Compared with 

the accumulative drug release in the same time period, the release of levofloxacin from fibers 

appears to be slower than that for the system of free hvL-PEG in solution. This suggests that the 

release could be delayed due to several barriers such as crosslinking density of the fibers and 

diffusion of levofloxacin molecules from the crosslinked fiber network. 

Give these positive results, the release of levofloxacin from UCNP/hvL-PEG fibers was next 

examined (Figure 30d). Similar to hvL-PEG PVA fibers, no release was observed until exposure 

to NIR radiation. Upon NIR radiation, levofloxacin molecules were released abruptly and the 

accumulative release reached approximately 70%. As seen in Figure 27c, cleavage of the ONB 

linkage in the fibers could be a consequence of the spectral overlap of the ONB UV/vis absorption 

spectrum with the emission spectrum of the UCNPs at 289 nm. Furthermore, these fibers had 

comparable release rates and accumulative levofloxacin release with the hvL-PEG/PVA fibers 

upon UV irradiation. This is extremely promising in that the PMAO-x/UCNP colloids and hvL-

PEG could be confined in suitable proximity to allow for energy transfer from the UCNP emission 

to the ONB absorption within the fibrous mesh. 
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Figure 30.  The release profile for (a) aqueous solutions of levofloxacin and hvL-PEG as well 

as (b) fibers of hvL-PEG upon UV irradiation after 1 day, (c) free Lev (c), and (d) 

both PMAO-x/UCNP and hvL-PEG upon NIR irradiation after 1 day. 
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Figure 31. Calibration curve of levofloxacin in PBS solution. 

 

 

 

Figure 32.  UV-vis absorption spectrum of drug release under NIR irradiation (980 nm, 1 W).  
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4.5 MIC determinations 

The Gram-positive bacteria Staphylococcus aureus (S. aureus) and  Gram-negative bacteria 

Escherichia coli (E. coli) are common pathogenic bacteria, with S. Aureus especially prevalent in 

skin infections.111, 117 Here, they were examined as model organisms to evaluate the antimicrobial 

properties of our nanofibers. Figure 33 shows the digital images of S. aureus (a) and E. coli (b), 

16-20 hrs after being cultured with various PVA fibers. This assay allows the determination of the 

zone of inhibition (ZOI) diameter as a measure of antibacterial activity. For S. aureus, the ZOI was 

close to zero with crosslinked, uncrosslinked PVA embedded without and with hvL-PEG 

conjugate (sampes 1-3). 

As the bacteria grew on the agar plate, the cleaved drug released from the fiber samples 5 and 

6 inhibited the growth of both bacterial strains (Figure 33b). Once the samples are pre-irradiated 

with NIR radiation (980 nm, 1W), as seen in samples 5 and 6, ZOIs are clearly seen (Table 2 and 

3). Both of the samples have a similar ZOI, in line with similar levels of drug released following 

1 hr and 2 hrs of irradiation. In the case of E. coli, sample 1 has a ZOI of 14 mm, suggesting PVA 

itself is toxic to E. coli. Sample 2 and 3 exhibited similar ZOIs of 19 mm and 18 mm respectively, 

higher in comparison to sample 1. But for sample 4, a larger ZOI of 21 nm was observed which 

can be attributed to the presence of UCNPs. To the best of our knowledge the anti-microbial 

properties of UCNPs has not been extensively studied, but this result suggests that they exhibit 

mild antimicrobial properties. In samples 5 and 6 the ZOIs were much larger (40 to 44 mm), 

suggesting effective hvL-PEG cleavage. These results offer evidence that the NIR irradiated 

samples will be useful antimicrobial fibers. 
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Figure 33.  The digital images of a) s. aureus incubation disks with samples 1-6, (b) e. coli 

incubation disks with samples 1-6 and (c) the graph of ZOI vs. sample number. 

 

Table 2.  Disc diameter (nm) and ZOI (nm) of samples incubated with gram-negative E-coli. 

Assay Number Disc Diameter (mm) Zone of Inhibition diameter (mm) 

1 9 14 

2 10 19 

3 10 18 

4 10 21 

5 10 44 

6 10 41 
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Table 3.  Disc diameter (nm) and ZOI (nm) of samples incubated with gram-positive S. 

Aureus. 

Assay Number Disc Diameter (mm) Zone of Inhibition diameter (mm) 

1 9 0 

2 10 0 

3 10 0 

4 10 13 

5 10 40.5 

6 10 40 
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Chapter 5 Conclusion and future possible directions 

 

5.1 Summary  

In this work, a NIR initiated drug delivery system based on electrospun nanofibers was 

developed using embedded light-sensitive polymer prodrugs and UCNPs. Polymer prodrugs were 

successfully synthesized and tested for drug release. The model antibiotic – levofloxacin, can be 

cleaved from the ONB group under the UV emission of UCNPs at 365 nm. The light-triggered 

release was monitored and there was no release on exposure to ambient light. The disk diffusion 

test demonstrated anti-microbial properties of the composite electrospun fiber mats against gram-

positive and gram-negative bacteria. The controlled drug release, actualized through NIR 

irradiation, can potentially be extended to other drugs for controlled release and to prevent 

unfavorable side effects of using UV radiation. 

Although this project is a proof-of-concept which set out to test the feasibility of this kind of 

drug delivery, there are some limitations of this system. The protocol described herein can only be 

used for drugs bearing -OH groups, which is required for conjugation to the photosensitive ONB 

polymer. Also, the system, as tested, displayed an abrupt drug release once it was irradiated with 

NIR light, which indicates that prolonged and sustained drug release was not achieved.                                                                                                                            

In future, first of all, ‘on’ and ‘off’ NIR radiation can be tried to probe if drug release can be 

toggled ‘on’ and ‘off’ – which would create an on-demand drug release system. Second, more 

investigations can be performed by varying the ratio of PMAO-UCNP colloids and hvL-PEG, for 

example, to see their effects on the drug release profile. Third, the intensity of NIR radiation can 

be varied to see if the rate of drug release can be modulated. Finally, cell viability tests should be 

performed since the effect of the sample on healthy cells is still an unknown. 

 

5.2 Suggested direction 1 - Incorporation of sensors  

Upconverting nanoparticles can be coupled to chemically sensitive dyes and quenchers.118 

This kind of coupling enables nanoscale measurements to prevent lysosomal degradation of the 

drug prior to reaching the desired site. The pH-sensitive molecules can absorb energy from the UV 

emissions of the UCNPs, they have negligible background fluorescence and high signal-to-noise 
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ratios. In our case, pH is a biomarker for chronic wounds as chronic wounds typically have an 

alkaline pH 8-9.14 Tsai et al. found that in  NaYF4:Yb3+, Er3+ nanocrystals change their luminescent 

wavelength when exposed to different pH (Figure 34).118 UV-emitting nanocrystals may also have 

the ability to change luminescent wavelength when exposed to different pH conditions,90 to 

regulate the intensity of UV emission and hence control the drug release profile, finally 

establishing an automated drug release system.  

 

Figure 34.  Effect of different amounts of calcium red on the emission spectra of UCNPs in 

phosphate/citrate buffer of different pH values.118 

 

5.3 Suggested direction 2 - Other stimuli-responsive strategies for wound 

healing  

Chronic wounds have complex microenvironments, where a single stimulus may not be 

enough to determine the proper time of drug delivery. In view of this, a more effective strategy, a 

dual or multi-stimuli responsive drug delivery system, can be envisioned.119 A dual oxidation/pH 

trigger system for treating inflammations has been reported.120 Nanoparticles made up of N-

palmitoyl chitosan and poly-(1,4-phenyleneactone dimethylene thioketal) have been fabricated 

(Figure 35).120 Curcumin was subsequently loaded onto the nanoparticles for treating 

inflammatory status. Upon the stimuli of oxidative stress and reduced pH, the thioketal linkages 

can be cleaved and the curcumin can then be released to counteract the overproduction of reactive 

oxygen species and reactive nitrogen species. Negligible chemiluminescence was identified at the 
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healthy tissues. This type of nanoparticles can be incorporated into advanced wound dressings that 

have excellent swelling properties to enhance healing. 

 

Figure 35.  Schematic illustration showing the composition/structure of the dual-responsive 

nanoparticles developed.120 

 

Focus on stimuli responsive materials is crucial for the development of a sustainable drug 

release system. Therefore, the pathology of chronic wounds needs to be better investigated to 

design enhanced therapeutic strategies. The technologies that have been developed in the last 
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decade, including the one described within this thesis, are expected to provide significant health 

benefits in the near future. 
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Appendix 1 Exploration of RAFT polymerization to synthesize 

block copolymers 

 

A1.1. Introduction 

Reversible addition fragmentation chain-transfer (RAFT) polymerization is a successful 

technique for controlled radical polymerization (CRP) that allows for the synthesis of well-

controlled (co)polymers with various architectures, pre-determined molecular weight, and narrow 

molecular weight distribution. Furthermore, RAFT polymerization has been demonstrated to be a 

robust mean to synthesize block copolymers bearing multifunctionalities. My MSc research aimed 

to explore RAFT polymerization for several methacrylate monomers, including commercially-

available 2-hydroxyethyl methacrylate (HEMA) and oligo(ethylene oxide) monomethyl ether 

methacrylate (OEOMA) as well as a synthesized HEMA conjugated with lipoic acid (HEMA-LA). 

As illustrated in Figure A1.1, a poly(ethylene glycol) (PEG)-based RAFT agent was synthesized 

and used for RAFT polymerization of three methacrylate monomers in an attempt to synthesize 

well-defined PEG-based block copolymers.  

 

Figure A1.1.  The reaction scheme of PEG-based RAFT agent reacting with the three 

methacrylate monomers to produce PEG-based block copolymers. 

 

A1.2 Synthesis  

Synthesis of HEMA-LA.  An organic solution of lipoic acid (LA, 2.5 g, 12 mmol), HEMA 

(1.6 g, 12 mmol) and DMAP (0.7 g, 5.8 mmol) dissolved in chloroform (20 mL) was mixed with 

a solution of EDC (3.5 g, 18 mmol) in chloroform (10 mL) under stirring for 10 min in an ice-bath. 
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After being stirred 16 hrs at room temperature, the reaction mixture was washed with distilled 

water three times, and then dried over magnesium sulfate. After solvents were evaporated under 

vacuum by rotary evaporation, the product was precipitated from hexane (600 mL) and further 

dried in a vacuum oven set as room temperature for 16 hrs. 1H NMR spectroscopy was used to 

confirm the structure of HEMA-LA (Figure A1.2). 

 

Figure A1.2.   (a) Synthesis and (b) 1H NMR spectrum in CDCl3 of HEMA-LA. 

 

Synthesis of a PEG-RAFT agent. An organic solution of PEG-OH (5 g, 1 mmol), DMAP 

(37 mg, 0.3 µmol), and 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPTP, 1.1 g, 4.0 

mmol) dissolved in dichloromethane was mixed with EDC (0.8 g, 4.2 mmol) under stirring for 10 
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evaporated under vacuum by rotary evaporation. The product was precipitated from diethyl ether 

(600 mL) and further dried in a vacuum oven set at room temperature for 16 hrs. 1H NMR 

spectroscopy was used to confirm the structure of PEG-RAFT (Figure A1.3). 

 

Figure A1.3.   (a) Synthesis and (b) 1H NMR spectroscopy in CDCl3 of PEG-RAFT. 
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mg, 7.3 µmol) were dissolved in anisole (2 mL). The reaction mixture was heated at 70 C in an 

oil-bath. The polymerization was stopped at two hrs. For purification, as-synthesized polymers 

were precipitated from hexane (600 mL) and dried in a vacuum oven set at room temperature for 

16 hrs.121 
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A1.3 Results and discussion 

Table A1.1 summarizes the characteristics and results of a series of block copolymers 

synthesized by RAFT polymerizations of HEMA as well as OEOMA and HEMA-LA.  

Table A1.1.  Characteristics and results of a series of block copolymers synthesized by RAFT 

polymerizations of HEMA as well as OEOMA and HEMA-LA.a 

Monomer HEMA-LA OEOMA HEMA 

Polym time (day) 5 2 1 

Mn (kg/mol) No polymer 26.4 Gel 

Mw/Mn 
 

1.3 
 

a. Conditions for RAFT polymerization: [M]0/[PEG-RAFT]0/[AMBN]0 = 50/1/0.12; M/anisole = 

0.5/1 wt/wt, 70 C. 

 

Our experiment began with RAFT polymerization of HEMA-LA with initial mole ratio of 

[HEMA-LA]0/[PEG-RAFT]0 = 50/1 such that the degree of polymerization would be 50 at 

complete conversion. Under the conditions of [AMBN]0/[PEG-RAFT]0 = 0.12/1 and [HEMA-

LA]0/anisole = 0.5 wt/wt at 70C, no polymerization was observed by the analysis of 1H-NMR 

analysis. For HEMA, under the similar conditions, RAFT polymerization yielded a gel after 1 day. 

In contrast, the RAFT polymerization of OEOMA under similar conditions yielded well-defined 

PEG-b-POEOMA. Monomer conversion was determined to be 86% by 1H-NMR and the 

molecular weight as the number average molecular weight (Mn) of the formed block copolymer 

was 26.4 kg/mol with a narrow molecular weight distribution as Mw/Mn of 1.3 by GPC analysis 

(Figure A1.4).  
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Figure A1.4.  GPC plots of PEG-b-POEOMA compared with PEG-RAFT. 
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Appendix 2 Synthesis of multidentate block copolymer by ATRP 

 

A2.1 Introduction 

Atom transfer radical polymerization (ATRP) was examined to synthesize a double 

hydrophilic multidentate block copolymer (MDBC) consisting of PEG and poly(methacrylic acid) 

blocks, thus forming PEG-b-PMAA. Figure A2.1 depicts our synthetic approach.  

 

Figure A2.1.  Our approach to synthesize well-defined PEG-b-PMMA, utilizing ATRP of tBMA 

in the presence of PEG-Br, followed by hydrolytic cleavage of the t-butyl group in 

the presence of trifluoroacetic acid. 

 

A2.2 Synthesis of PEG-b-PMAA MDBC  

For the synthesis of PEG-b-PtBMA, PEG-Br (2.5 g, 0.5 mmol), t-butyl methacrylate (tBMA) 

(3.4 g, 24 mmol), tris(2-pyridylmethyl)amine (TPMA, 21 mg, 72 µmol), [Cu(II)/TPMA-Br]Br (12 

mg, 24 µmol) and anisole (1 mL) were mixed in an oil-bath at 45 C and purged under nitrogen 

for 40 mins. A nitrogen-purged tin(II) ethylhexanoate (Sn(II)(EH)2, 78 mg, 0.19 mmol) was then 

added to start the polymerization. After 2 hrs, the polymerization was stopped by exposing it to 

air. For purification, as-synthesized polymers were precipitated from hexane (600 mL) and dried 

in a vacuum oven set at room temperature for 16 hrs. In the next step, PEG-b-tBMA (1.9 g, 0.23 

mmol) was mixed with trifluoroacetic acid (CF3COOH, 5.4 g, 47 mmol) under stirring for 24 hrs. 

The polymer was precipitated from hexane (600 mL).122 
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well-defined PEG-b-PtBMA block copolymer. After being purified by our standard methods17, 

1H-NMR analysis showed the presence of PEG and PtBMA. The integral ratio with a DP = 113 of 

PEG block allowed for the determination of the DP of PtBMA block to be 29 (Figure A2.2). The 

purified block copolymer had a Mn = 11.6 kg/mol with Mw/Mn = 1.1 by GPC (Figure A2.3). 

Next, the purified PEG-b-PtBMA was subjected to hydrolytic cleavage of the t-butoxy group 

in the presence of CF3COOH. The complete cleavage was confirmed by 1H NMR spectrometry 

(Figure A2.2.). The purified and dried PEG-b-PMAA was used for our investigation on surface 

modification of colloidal UCNPs in the next section. 

 

Figure A2.2.   (a) 1H-NMR spectra of PEG-PtBMA in CDCl3 and (b) PEG-b-PMAA in DMSO-d8. 
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Figure A2.3.  GPC diagram of PEG-PtBMA (red) compared with that of PEG-Br (black).  
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Appendix 3 Studies of ligand exchange of UCNPs 

 

A3.1 Introduction 

Colloidal UCNPs were synthesized in the presence of OA by the thermal decomposition 

method. The resultant OA-stabilized UCNPs (OA-UCNPs) have a hydrophobic surface, which is 

not compatible with an aqueous environment. The hydrophobic UCNP surface needs to be 

modified for the UCNPs to become water dispersible. Ligand exchange processes were 

investigated with a multidentate PEG-b-PMAA block copolymer and small molecule citric acid 

(Figure A3.1). 

 

Figure A3.1.  (a) Schematic illustration of ligand exchange of an OA-UCNP with MDBC to 

fabricate aqueous MDBC/UCNP colloids, (b) chemical structures of PEG-b-

PMAA and (c) citric acid tridentate ligand. 
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dispersed in chloroform and precipitated from hexane again. The procedure was repeated three 

times and the final precipitates were dispersed in water (5 mL) to form aqueous MDBC/UCNP 

colloidal solution at 5 mg/mL. 

A.3.2.2 Biphasic ligand exchange with citric acid. An organic solution of OA-UCNP (50 

mg) in hexane (25 mL) was mixed with an aqueous 0.2 M sodium citrate buffer solution (25 mL, 

pH = 3-4) under stirring for 3 hrs at room temperature. The aqueous bottom layer was separated, 

and the organic layer was washed with water. The aqueous solution was mixed with acetone (30 

mL) and the resulting mixture was subjected to centrifuge (7000 rpm, 25 min, room temperature). 

The precipitate was dispersed in 0.2 M sodium citrate buffer solution (25 mL, pH 3-4) again and 

the purification process was repeated two more times. The final precipitates were dispersed in 

water to form aqueous citrate-stabilized UCNP colloids at 5 mg/mL. 

 

A3.3 Results and discussion 

Aqueous UCNP colloids stabilized with PEG-b-PMAA MDBC (MDBC/UCNP colloids) and 

small molecule citrate acid (citrate/UCNP colloids) were fabricated through ligand exchange 

processes with an organic OA-UCNP solution. They were characterized for size and morphology 

by TEM (Figure A3.2a-2b) and DLS (A3.2c-2d). For aqueous MDBC/UCNP colloids, TEM 

images showed that the colloidal nanoparticles appeared to be distinct with an average core size 

of 30  2 nm. The DLS plots showed monomodal distribution with an average diameter of 118 nm, 

which is close to that of the original OA-UCNP colloids dispersed in hexane (136 nm). This result 

suggests no significant occurrence of aggregation during the conventional ligand exchange process 

with the MDBC. However, the DLS diameter was much larger than the TEM diameter, which 

could be attributed to undesired aggregation of OA-UCNPs during storage. Note that precipitates 

of MDBC/UCNP colloids were observed in a vial one day after fabrication.  

In contrast, TEM images of citrate/UCNP colloids showed their existence as clusters. This 

could be due to the drying effect during TEM sample preparing. The DLS plots showed a 

monomodal distribution with an average diameter of 242 nm, which is close to that for OA-UCNP 

colloids dispersed in hexane (183 nm).  
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Figure A3.2.  TEM images of aqueous (a) MDBC/USNP colloids and (b) citrate/UCNP colloids; 

(c & d) their DLS diagrams by volume compared with OA-UCNPs. 
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